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Abstract
Although most sources of greenhouse gases (GHG) have been extensively
studied, relatively little is understood about the interactive effect of warming and nitrogen
addition on methane (CH4) emissions from boreal peatland. Since methane is a
considerably more potent GHG compared to carbon dioxide (CO2), studies investigating
what physical and biological factors control methane emissions in boreal peatlands are
becoming increasingly important as an increase in temperature increases the rate of CH4
emission as well as enhancing the decomposition of dissolved organic matter (DOM). In
this experiment, I investigated the response of CH4 emissions and dissolved organic
carbon (DOC) concentrations and optical characteristics to warming and nitrogen
fertilization in boreal peatlands as a result of global climate change at a peat bog complex
in western Newfoundland, Canada. I found that climate warming increased CH4 emission
and DOC concentration at 40 cm peat depth. In contrast, nitrogen (N) addition did not
increase CH4 emission in a boreal peatland. However, the interactive effect of warming
and nitrogen addition decreased the rate of CH4 emission due to the reducing effect of Naddition which counteracted the positive effect of warming in increasing the rate of CH 4
emission from boreal peatlands. This unexpected trend suggests unforeseen factors are
involved in the process of methanogenesis that were beyond the scope of this experiment.
However, the interactive effect of warming and N addition synergistically increased the
DOC and total nitrogen (TN) concentrations at the 40 cm depth due to root exudates
favoring DOC mineralization in boreal peatlands. The results further indicate that specific
ultraviolet absorbance (SUVA254) increased peat aromaticity. Furthermore, fluorescence
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index (FI) indicated the peat was of microbially (1.53-1.65) processed dissolved organic
matter (DOM) over vascular plant derived DOM in peatland. Humification index (HIX)
values for the treatment effects ranged between 0.15-0.17, indicating the peat carbon was
not highly degraded and composed of less condensed molecules, indicating a decrease in
recalcitrant humified carbon production.
Keywords: Peatland, Methane, Nitrogen, Warming, CO2, DOC, TN, DOM, FI, SUVA254,
HIX
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Chapter 1
1.0 Introduction and overview
1.1 Introduction
Peatlands are carbon (C) rich ecosystems with slower decomposition rates of peat
organic matter under water logged conditions (Turunen, 2002; Yu et al., 2010) and plays
an important role in C cycling. Peatlands also store more carbon than any other terrestrial
ecosystem and covers about 3% (400 million ha) of Earth's land area (Turunen et al.,
2002; Wu, 2012), of which 350 million (ha) are found in the northern hemisphere of the
north America, Russia and Europe (Strack, 2008). Nearly 60% of these peatlands can be
found in Canada (Tarnocai, 2009). They further account for 5-10% of the global methane
(CH4) in the atmosphere (Blodau, 2002; Mikaloff-Fletcher et al., 2004). Ombrotrophic
peatlands receives all of its water and nutrient from precipitation, rather than from
streams or springs and are often dominated by Sphagnum mosses. Fens on the other hand
gain nutrient and water through groundwater and surface precipitation which results in a
nutrient rich and a more alkaline ecosystem with a pH greater than 6 (Keddy, 2011). In
addition, the peat pore water dissolved organic carbons (DOC) accounts for about 24%
net ecosystem C uptake and plays an important role in the ecological, chemical functions
as well as serving as microbial substrates. Spectroscopy techniques have led to the use of
optical characteristic such as fluorescence and absorbance to assess dissolved organic
matter (DOM) composition to infer the source. Little information is available to assess
the impact of warming and N deposition to determine whether they provide any unique
changes that can be linked to original DOM source in peatlands. Peatlands which serve as
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C sinks are currently being threatened by increasing global atmospheric temperature
causing positive C feedbacks. Also, studies show that atmospheric nitrogen deposition
can change the release of CH4 not only through increased vegetation growth but also by
changing the species cover in the peatland (Nykänen et al., 2002). In addition, it is
indicative that climate change could reduce the ability of northern peatlands to sequester
atmospheric carbon (Wu & Roulet, 2014) which may be dependent on how the
interactions with climate change affect CH4 emissions. Anthropogenic activities have
increased the global atmospheric concentration of CH4 by 145% based on the
International Panel on Climate Change (IPCC) data (Greatorex, 2000). However, there is
still a great deal of uncertainty on the interactive effect of warming and nitrogen addition
on CH4 emission and DOC concentration in boreal peatland ecosystems. This may in turn
affect plant productivity and species composition involved in the production, oxidation
and transport of CH4 (Joabsson et al., 1999; Lai et al., 2014) in boreal peatland. There
have been some contradictory statements Saarnio et al. (2000a,b) being reported that N
addition (fertilizer application) to peatlands does not have any effect on CH4 emission
despite Nykänen et al. (2002) reporting an increase in CH4 emission. The contradicting
responses may come as a result from changes in the soil microbial C use efficiency
following N addition, thus the proportion of microbially assimilated C that may be
incorporated into the microbial biomass, and the different temperature and moisture
conditions. The N addition introduced in peatlands is to mimic the atmospheric nitrogen
deposition associated with climate change. In view of this, carefully accounting for CH4
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fluxes and DOC concentration and their environmental controls is essential for an
accurate assessment of the climate impacts of boreal peatlands.
1.2 Research questions and objectives
1.2.1 Research Questions
I seek to address the following research questions:
(i)

Which environmental variable, such as water table, soil temperature and soil

moisture, alters the CH4 emission and DOC concentration from boreal peatlands?
(ii)

How does atmospheric nitrogen deposition affect the rate of CH4 emission from

boreal peatlands?
(iii)

How can climate warming affect CH4 emissions from boreal peatland?

(iv)

How does the interactive effect of warming and N addition affect the rate of CH4

emissions from boreal peatlands?
(v)

What effect does warming have on the DOC concentration in a peatland

ecosystem?
(vi)

How does N fertilization influence the DOC concentration in a boreal peat land?

(vii)

How does the interactive effect of warming and N addition influence the soil pore

water DOC and TN concentration and composition in an ombrotrophic peatland?
1.2.2 Hypothesis:
I hypothesized that: i) Addition of nitrogen fertilizer increases CH4 emissions by
enhancing vascular plant cover, which can stimulate plant root exudation and plantmediated transport of CH4; ii) Climate warming will significantly reduce the capacity of
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ombrotrophic peatlands to sequester atmospheric carbon; iii) The effect of each of the
single factors may change in combination with each other; thus the positive effect of
warming treatments being counteracted by increased addition of nitrogen fertilizer; iv)
warming, N addition and the interactive effect of warming and N addition would increase
the DOC concentration by increasing the decomposition of soil organic matter and alter
the optical characteristics of microbial and plant derived DOC.
1.3 Thesis outline
This thesis consists of five chapters.
Chapter #1 is an introductory chapter to the research.
Chapter #2 is the literature review where the characteristics of peatlands, C cycling,
effect of temperature and water table on CH4 emission, atmospheric nitrogen deposition,
transport and exchange of DOC, influence of water table and DOC, the spectral
characteristics of peat pore water was explained.
Chapter #3 and #4 are the main contribution of the thesis, of which each chapter would
be considered for submission for publication in peer-review journals. Chapter #3 presents
the results of the response of methane emission to warming and nitrogen addition in a
boreal peatland. Chapter #4 presents the response of dissolved organic carbon to
experimental warming and nitrogen fertilization in a boreal peatland.
Chapter #5 is made up of the summary and conclusion of the important findings from my
research which will contribute to the global scientific body.
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1.4 Contribution statement
The research objectives were conceived and defined under the supervision of Dr.
Jianghua Wu who also provided the funding for the research to be carried out. I
personally wrote the first draft of my thesis and the two manuscripts that make up the
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Chapter 2

2.0 Literature review
2.1 Peatland characteristics
Peatlands are carbon (C) rich ecosystems with slower rates of decomposition of
peat organic matter under water logged conditions (Turunen, 2002) and play an important
role in C cycling.

The recalcitrant Sphagnum moss decomposition under anoxic

condition greatly contributes to the peatland formation and C sequestration (Luan & Wu,
2014). Peatlands typically cover nearly 3% (400 Mha) of the entire world and hold about
470-620 Pg of C, making them the single largest terrestrial C store (Turunen et al., 2002;
Lavoie et al., 2005; Porcal et al., 2009; Page et al., 2011). However, a total of 350 Mha
of these peatlands are located in the Northern hemisphere, including the North America,
Russia and Europe (Strack, 2008). With the North America contributing a staggering
186.5 Mha (Wang et al., 2017) and Canada alone contributing nearly 60% (124 Mha) of
the total peatlands in the northern hemisphere (Tarnocai, 2009, Wang et al., 2018). These
peatlands are often characterized base on their nitrogen (N) depositions and water levels.
Ombrotrophic peat bogs normally receive nutrients and water by means of precipitation
resulting in a nutrient poor and acidic conditions with pH <5 (Keddy, 2011). Fens on the
other hand gain nutrient and water through groundwater and surface precipitation which
results in a nutrient rich and a more alkaline ecosystem with a pH greater than 6 (Keddy,
2011). Peatlands vegetation is mostly made up of sedges, shrubs and Sphagnum moss.
However, Sphagnum moss serves as the largest ground cover for any or all peatlands
ecosystem Lund & Wu, 2014).
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2.2 Peatlands role in global C cycling
2.2.1 Peatlands C pool
Natural peatlands have long been regarded as C sinks due to the imbalance
between primary production and decomposition (Gorham, 1991). The C pools in
peatlands ranges from 234 to 547 Gt C (Turunen, et al., 2002; Yu et al., 2010) with
maximum accumulation in early Holocene in response to high insolation and stronger
summer-winter seasonality. Yu et al. (2010) found that the C accumulation is controlled
by increased plant production during warm summers and reduced peat C respiration
during the cold winter in Alaska peatlands. Although global peatland C sink intensity has
varied greatly over time, peatlands have accumulated >600 Gt C over the Holocene,
serving as a long-term persistent C sink of >5 Gt C per century on average (Yu et al.,
2010).
2.2.2 CH4 exchange in peatland ecosystem
CH4 is produced in the anaerobic zones of submerged soils by methanogens,
oxidized to form CO2 by methanotrophs in the aerobic zones, and is emitted to the
atmosphere when the balance between the production and consumption is positive
(Abdalla et al., 2016). CH4 directly produced in peat can be oxidized as an energy source,
or used for biosynthesis by methanotrophs. In a recent review, Turetsky et al. (2014)
concluded that the CH4 flux from fens is more sensitive to the vegetation type present and
less sensitive to soil temperature than fluxes from bog or swamp ecosystems. However,
the major controlling factors of CH4 emission in northern pristine peatlands such as the
peat soil temperature and the water table, but the vegetation composition (vascular plants)

23

may to some extent override the transport (Abdalla et al., 2016) of CH4 emission to the
atmosphere. Thus avoiding the oxidation stage of CH4 emission in an ombrotrophic
peatland due to the presences of sedges and shrubs which serves as conduits for the CH4
emission. Other studies also identify soil moisture content, atmospheric N deposition,
peat pH and the availability of quality substrates to influence the rate or control the CH 4
emission (Granberg et al., 1997; Bodelier & Laanbroek, 2004). However, there is some
uncertainty with pH on CH4 emission because the measured pH in mesocosms may differ
from field pH, which could be due to the presence of other environmental factors since
most works have been done in laboratory mesocosms. CH4 emission from spring thaw for
instance, may contribute up to 11% of the annual emission (Tokida et al., 2007) while
other frozen sources emit CH4 to the atmosphere in the form of ebullition. In view of this,
higher CH4 emissions could lead to a positive feedback on climate change and thereby
further disturbance of peatland C stocks (Friedlingstein et al., 2006; Abdalla et al., 2016).
2.3 Influence of N deposition in CH4 emission
Nitrogen deposition in peatland ecosystems can alter soil biogeochemistry (Aber
et al., 1998) and increase plant N concentration and growth (Fu & Shen, 2016), as well as
N losses through soil gaseous emissions and nitrate leaching to waters. Nitrogen plays a
regulatory role in CH4 consumption (Bodelier & Laanbroek, 2004). Since pre-industrial
times, the global nitrogen cycle has been greatly influenced by anthropogenic activities
(Fowler et al., 2015). With elevated N deposition having been observed to influence the
emission of some greenhouse gases over the last couple of decades and these N
depositions favor most nitrophilic plant species, such as graminoids and vascular plant
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species in peatland ecosystems. Some studies have indicated N addition focus on
inhibiting CH4 emission by direct denitrification and indirectly by microbes (Bodelier,
2011; Crill et al., 1994). The tight coupling between methane and nitrogen cycling and
the associated implications for atmospheric methane concentrations has called to mind
numerous studies such as Nykänen et al. (2002) and Bodelier (2011) to assessing N
deposition effects on methane emission, consumption and underlying microbial
processes.
2.4 Effect of temperature on CH4 emission
Temperature has long been said to be correlated with CH4 flux in peatlands.
However, increasing temperature may not only increase CH4 production but also CH4
oxidation to some extent (van Winden et al., 2012). Dinsmore et al. (2009) reported that
high water table increased CH4 emission with increasing temperature in peat mesocosms
and under-low water table and low temperature. At high water table conditions,
methanogens increase CH4 emissions as microbial activities increase with respect to
increasing peat temperature in the anoxic zone. Abdalla et al. (2016) suggested that the
response of CH4 emission in peatlands to temperature appeared to be unpredictable,
despite other studies (Christensen et al., 2003; Updegraff et al., 2001) reporting a clear
dependence of CH4 emission intensities on the peat soil temperature. Turetsky et al.
(2008) reported an increase in CH4 emission in a warming treatment in an Alaskan
wetland whiles Updegraff et al. (2001) also reported similar findings in bogs and fens in
northern Minnesota, USA.
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2.5 Effect of water table depth on CH4 emission
Water table is one of the three most important controlling factors of CH4 emission
in pristine peatland ecosystems as it determines the oxic and anoxic boundary and redox
level within the peat (Dinsmore et al., 2009). Water table of peatlands controls the CH4
emission by mediating the volume of peat substrate which is exposed to oxygen,
influencing the microbial activities and decomposition (Teh et al., 2005). It has often
been reported that at depth >20 cm below peat surface, a near zero CH4 emission occurs
or a net uptake from the atmosphere (Couwenberg et al., 2010). Water table can cause
certain plant species to transport O2 from the atmosphere to the rhizosphere and vice
versa, completely by-passing the aerobic peat horizon (Minkkinen & Laine, 2006) and
accounts for >80% of the CH4 emissions especially from rice fields (Yu et al., 1997;
Butterbach-Bahl et al., 1997). Lowering the water table in peatlands increases C
mineralization and decrease the CH4 emission (Dinsmore et al., 2009) and may often lead
to a net increase in N2O emissions (Aerts & Ludwig, 1997). Saturated water table in
sedges/hummock mesocosms has been found to increase CH4 emissions (Dinsmore et al.,
2009), indicating a seasonal shift in the balance of positive and negative effect of
vascular plants on CH4 emission. Abdalla et al. (2016) also reported a significant
decrease in CH4 emission in a drained peatland irrespective of the vegetation cover or
land use, while rewetting increased CH4 flux by an average of 1.3±6.5 g C m-2 year-1.
Water table can act as an “on-off” switch in regulating the rate of CH4 and CO2 emission
in peatlands as reported by Luan & Wu (2015), thus making peat substrate swell and
shrink depending on water inputs (Carlson et al., 2015). This water fluctuation may
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encourage other important environmental factors to influence CH4 emission if water
tables drop below a certain threshold (Dinsmore et al., 2009; Luan & Wu, 2015).
Therefore, the relationship between water table and CH4 flux can be complicated under
field conditions.
2.6 DOC exchange and transport
Peatlands are substantial source of dissolved organic carbon (DOC) to surface
water (Clark et al., 2005) and contributes up to about 35% to the overall peatland carbon
budget (Worrall et al., 2003). Dissolved organic matter (DOM) consists of a continuum
of organic substances ranging from defined small molecules to highly polymeric humic
substances. The DOM continues to contribute greatly to carbon, nitrogen, phosphorus and
nutrient budget (Michalzik & Matzner, 1999) and the transport of metals (Guggenberger
et al., 1994). Recent report indicate that vascular plants influence the quality of peatland
DOC by enriching it with low molecular weight (LMW) compounds, which increased
heterotrophic microbial activity in the peat (Robroek et al., 2016). In addition, an
increase of vascular plant cover in response to climate change can potentially alter the
organic matter (OM) in peatlands, leading to increased C losses.
2.7 Specific ultraviolet absorbance (SUVA254)
Specific UV absorbance (SUVA 254), defined as the UV absorbance at 254 nm
normalized for DOC concentration (L mg C-1 m-1), is used for estimating the aromaticity
of each DOC fraction aromaticity index (Weishaar et al., 2003). Report indicates that
SUVA254 from DOM increases with temperature due to increased microbial activity
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leading to the partial decomposition in a lysimetric experiment (Karavanova &
Milanovskiy, 2016). It has been reported that, aromaticity of DOM depends on the season
and source as they often tend to differ, thus DOM eluted from plant residues such as
leaves and grasses has high aromaticity which could be due to the presence of tannin
compared to DOM from chernozen (black-colored soil) (Karavanova & Milanovskiy,
2016).
2.8 Fluorescence index (FI)
Fluorescence spectra are used to assess the origin and transformation degree of
DOM through calculation of several fluorescence indices. McKnight et al. (2001) found
the fluorescence index (FI) to have a significant relationship with DOC concentrations.
However, the FI values may vary within different flow path with little change in the DOC
concentration. It has been reported that increasing FI values for increasing residence time
of water within a terrestrial ecosystem, decreases the DOC concentration with increasing
hydrologic residence time (Johnson et al., 2011). These differences have enabled
researchers to characterize the DOC sources with the use of fluorescence spectroscopy in
a diverse range of settings. Johnson et al. (2011) reported that FI value in a base flow was
inversely related to the DOC concentration. In addition, FI value between 1.5-1.8 may
indicate a microbial derived source of DOM and 1.2-1.4 for plant-derived source of
DOM (McKnight et al., 2001). An intermediate values suggest a contribution of a
combination of the two sources (Johnson et al., 2011). A lower DOC: DON (dissolved
organic nitrogen) ratio is indicative of newer and more labile carbon inputs in the form
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of recently synthesized plant exudates, whereas older terrestrially derived DOM is
usually nitrogen poor (Fenner et al., 2007).
2.9 Humification index (HIX)
Humification index (HIX) is a sensitive and simple parameter, which is often used
to characterize DOM and calculated from the fluorescence emission spectra obtained at
excitation wavelength of 254 nm. It was first introduced by Zsolnay et al. (1999) and
later modified by Ohno (2002) to estimate the degree of maturation of soil DOM and has
since been used to by several scientists. The HIX increases with increasing degree of
DOM aromaticity in the soil.
2.10 Potential drivers of change in DOC
2.10.1 Temperature change
Laboratory studies have consistently shown a positive influence of temperature on soil
DOC production (Moore & Dalva, 2001), and positive within-year correspondence
between DOC and temperature has been observed in field studies of a range of soil
waters (Michalzik & Matzner, 1999). However, the influence of temperature on temporal
variations at an individual site may appear very different. The production of DOC is a
microbially mediated, oxidative decomposition of the organic matter in the peat. All
microbially mediated reactions will increase in rate with increasing temperature, and so
the rate of production of labile carbon will increase as temperature increases.
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2.10.2 Water table depth
One of the main controls of DOC is the water table depth as it determines the depth of the
oxic/anoxic boundary and redox level within the soil. Increasing precipitation generate
additional runoff from wetland areas and thus increased DOC flux. In a controlled
laboratory experiments, Clark et al. (2009) observed that water table draw-down can
cause an increase in net DOC production. The general consensus from these studies is
that lowering the water table increases C mineralization and decreases CH4 emissions
(Aerts & Ludwig, 1997).
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Chapter 3
3.0 Response of methane emission to warming and nitrogen fertilization in a boreal
peatland
3.1 Introduction
Methane (CH4) is one of the most important greenhouse gases (GHG) as it has a
major role in warming of the Earth’s climate (IPCC, 2013). CH4 is a potent GHG that is
86 and 25 times more effective than CO2 in absorbing long wave radiation in the
atmosphere with a 20-year and 100-year time horizon (Forster et al., 2007; IPCC, 2013).
Global CH4 emission is about 500-600 Tg CH4 per year (Wang et al., 2004; Conrad,
2009; Bruhwiler et al., 2014) with approximately 40% of the emissions coming directly
from natural sources such as wetlands (Abdalla et al., 2016). Over the last two centuries,
methane concentrations in the atmosphere have more than doubled, largely due to human
related activities (EPA, 2017). Cold climates in boreal peatlands slow down
decomposition rates of organic matter (Mikaloff-Fletcher et al., 2004, Luan & Wu,
2015). These decomposition rates are regulated by saturated, anaerobic soils and the cool
climate conditions associated with relatively northern latitudes where peatlands are
predominantly found (Luan & Wu, 2015). Thus, boreal peatlands emit methane that is
produced under anaerobic conditions (Frolking et al., 2006) and contribute approximately
5-10% of global CH4 emitted to the atmosphere (Mikaloff-Fletcher et al., 2004). For most
CH4 sources, the rate of production is usually much larger than the rate of CH4 emission
since CH4 is consumed by microorganisms before entering the atmosphere (Hanson &
Hanson, 1996; Conrad, 2009).
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CH4 can be transported from the anoxic peat via three main pathways: diffusion,
ebullition, and plant mediated transport (Lai, 2009). CH4 is transported to the atmosphere
by diffusion due to the concentration gradient from the peat to the atmosphere. This
diffusion process, despite being slower compared to the other modes of CH4 transport, is
an important component of the biogeochemical cycle that controls the rate of microbial
CH4 consumption (Lai, 2009). About 64% of the total CH4 flux in northern peatlands is
transported via ebullition when there is a sudden drop in atmospheric pressure (Tokida et
al., 2007), a rise in temperature (Fechner-Levy & Hemond, 1996), and a reduction in
hydrostatic pressure (Strack et al., 2005). Aerenchymatous tissues of some vascular
plants serve as conduits for transporting CH4 from roots in the anaerobic zone to the
atmosphere, therefore bypassing the aerobic and methane oxidizing peat layers (Whalen,
2005). Mechanism controlling CH4 emission in boreal peatland may include, but are not
limited to, the quality of substrate for methanogenesis (Lai, 2009), water table depth
(Dise et al., 1993; Bellisario et al., 1999), peat temperature (Granberg et al., 2001; Lai,
2009), soil pH (Dunfield et al., 1993), and peat vegetation (Bubier et al., 1995). Studies
show that atmospheric nitrogen deposition can change the release of CH4 not only
through increased vegetation growth but also by changing the species cover on the
peatland (Nykänen et al., 2002). Although it is well-known that N fertilizer is beneficial
to both methanogens and methanotrophs (Bodelier, 2011), there is still a great deal of
uncertainty on the interactive effects of warming and N fertilization on CH4 flux in boreal
wetlands because CH4 flux largely depends on environmental and physical factors
(Granberg et al., 2001; Olefeldt et al., 2013; Luan & Wu, 2015). For example, CH4 flux
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within a wetland shows large spatial heterogeneity, in which hollows are noted for being
CH4 sources, hummocks CH4 sinks, and lawns the transition zones between the two (Luan
& Wu, 2015; Lozanovska et al., 2016). Global temperature is predicted to increase by
0.3~4.8 oC at the end of this century (IPCC, 2013), causing an increase in the rate of
decomposition. However, the current average increase across land and ocean surface
areas has reached a record high of 0.94 °C in 2016, above the 20th century average of
13.9 °C, surpassing the previous record warmth of 2015 by 0.04 °C in the last 41 years
(NOAA, 2018) with a 4% increment in temperature. Furthermore, atmospheric N
deposition rates are predicted to continuously increase and may double from current
values by 2050 (Bobbink et al., 2010; Phoenix et al., 2011), greatly increasing the
number of regions receiving damaging levels of N inputs. Due to these anticipated
changes, it has become necessary to study the interactive effect of warming and nitrogen
deposition on CH4 emissions from boreal peatlands.
Chen et al. (2017) found warming suppressed the rate of CH4 emission due to a
decrease in the soil moisture content in an alpine meadow. Earlier research also indicated
that warming (van Winden et al., 2012) can have significant effects on ecosystem CH4
emissions in peatlands via increase of the methanogens both in the number and
abundance at surface soil. Turetsky et al. (2014) found that CH4 flux from bogs is less
sensitive to soil temperature while flux from fens is more sensitive to the vegetation type
present. Ward et al. (2013) also found, CH4 emission in a boreal peatland was more
strongly controlled by the vegetation composition than by warming. However, warming
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may accelerate changes in soil microbial processes, vegetation dynamics and chemistry
of pore water, all of which affect CH4 cycling (Weltzin et al., 2003).
Despite the fact that global warming and N deposition may occur simultaneously,
very few studies have actually focused on their interactive effects on CH4 emission from
boreal peatlands. In order to prevent over estimation of the rate of CH4 emission from
boreal peatlands due to climate change, I conducted a warming and N deposition
experiment in a peatland complex. Therefore, the present study was intended to
contribute to understanding the effects of warming and N deposition on CH4 flux in
peatland ecosystems to help to assess the effects of N and warming globally to make an
informed decision on future climate change. I hypothesized: i) that addition of nitrogen
fertilizer increases CH4 emissions by enhancing vascular plant cover, which can stimulate
plant root exudation and plant-mediated transport of CH4; ii) climate warming will
significantly reduce the capacity of ombrotrophic peatlands to sequester atmospheric
carbon; iii) that the effect of each of the single factors may change in combination with
each other; thus the positive effect of warming treatments being counteracted by
increased addition of nitrogen fertilizer.

3.2 Materials and methods
3.2.1 Site description
The study was carried out at the Robinson peat bog (48°15’ 44” N, 58°40’ 03”
W), ~100 km southwest of Corner Brook, Newfoundland and Labrador (NL). The
experimental site has a temperate climate with an annual precipitation of 1340 mm and
yearly average temperature of 5 °C, with January and July temperature of between −9 and
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−2 °C and 13 and 20 °C respectively (1981–2010 averages; data from the nearest weather
station in Stephenville, ∼50 km away from our site). The manipulative experiment was
established at the natural peatland. The natural peatlands are a lot wetter than the drained
peatlands, which include some wet depressions and peatland pools (permanently
inundated with about 40–60 cm of standing water from about 10–200 m2 in area).
Vegetation consists of an approximately equal distribution of graminoids (Trichophorum
cespitosum, Carex chordorrhiza) and dwarf shrubs (Gaylussacia baccata, Rhododendron
groenlandicum, Andromeda glaucophylla, Ledum palustre ssp.), with bryophytes
(Sphagnum spp., Hylocomium splendens, Aulacomnium turgidum) (Luan & Wu, 2015).
Sphagnum moss serves as the major ground cover for the peat bog and its sponge-like
characteristics gives its unique ability to absorb water and trap gases within its structure.
3.2.2 Experimental design
The experiment was conducted using randomized complete block design (RCBD)
to analyze the effects of four treatments with four replicates. In detail, it consisted of four
(4) main plots of 16 m×16 m dimensions separated from each other by a 4 m buffer
space. Of these, each individual main plot consisted of four 2 m×2 m subplots with 2 m
buffer space between the subplots. Within each main plot, subplots were assigned to one
of four treatments: warming (W), nitrogen fertilizer application (N), interactive effect of
warming and nitrogen fertilizer application (W+N) and a control treatment (C). Each
treatment was replicated four times to cover the scope of the research. Boardwalks are
installed next to each plot to reduce disturbance during sampling without necessarily
compressing the surrounding peat, which could enhance the escape of the trapped gases.
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Figure 3. 1 Plot 2 x 2 m, buffer zone 4 m, red filled means warming treatment (W), blue filled means nitrogen addition
(N)(6.4g N/m2/yr), green filled means warming and N addition (W+N) (6.4g N/m2/yr) and control (C) treatment.

The manipulative warming was achieved using an open top chamber (OTC) (Marion et
al., 1997; Teh et al., 2011; Ward et al., 2013) constructed with 0.125ʺ thickness of
transparent plexiglass acrylic sheet paper. The OTC was expected to achieve an average
warming of about ~1-2 °C during the growing season. The method offers a strong means
to examine the effects of warming without the need for a power supply and has been used
repeatedly in peatland ecosystems (Walker et al., 2006; Dorrepaal et al., 2009) because it
is inexpensive and easy to construct. At each subplot, a piezometer made of perforated
1.5 m ABS (Acrylonitrile Butadiene Styrene) pipe with a sealed bottom was inserted into
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the peat to measure the water table depth. The peatland water table was measured from
the perforated pipes with a ruler. Peat temperatures at different depth (5 cm and 20 cm)
were measured with temperature probes (Digi-sense calibrated long stem, Quebec,
Canada), moisture at 5 cm depth below peat surface was measured regularly with GS3
probe connected to a ProCheck reader (Decagon Devices Inc, Washington, USA) during
gas sampling. Furthermore, the Lascar USB temperature/humidity data logger (Lascar
Electronics Ltd., UK) at a warming subplot and a non-warming subplot continuously
measured air temperature at a half-hourly average basis.
N fertilizer was added in the form of ammonium nitrate (NH4NO3) dissolved in a
5.678 L of water drawn from a nearby pool. A total amount of 36.6 g N per subplot
(corresponding with 6.4 g N m-2 year–1) which is ten times higher than the N deposition in
the region (Reay et al., 2008) was added to each N treatment subplot and W+N treatment
subplots one week prior to the first gas sampling using a 7.571 L capacity watering can.
Fertilizer application was done twice in each growing season (May and July) to mimic
the atmospheric N deposition in the region and to conform to other research works being
carried out (Luan & Wu, 2014; Gong et al., 2019). The unfertilized plots were watered
with the same amounts of water drawn from the pool. N inputs were intended to stimulate
the microbial community and result in broad differences in fluxes of CH4 thus providing
a better dataset on which to compare the fluxes from the treatments.
3.2.3 Gas sampling and analysis
Gas sampling ensued from June to September in 2015 and 2016 and June to
October in 2017. Gas samples were taken between the midday times of 10:00 and 16:00
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every two weeks. Gas sampling at each subplot was collected using static opaque
chambers made of polyvinyl chloride (PVC) of 50 cm height and 26.3 cm diameter. A
collar of 26 cm inner diameter with a groove on the top was permanently inserted into the
peat at depth of 10-15 cm at least two weeks prior to my first sampling (i.e. during the
field maintenance stage). During each sampling, the chamber was fitted on a water-filled
groove on the collar, enabling an airtight seal between the headspace air and surrounding
atmosphere. The openings on the covers remained open to avoid pressurizing the
chamber air, which has the potential to cause a large measurement error (Hutchinson &
Livingston, 2001). The concentration of the emitted gas in the chamber increases with
time and gas exchange rate can be estimated based on its concentration changes in the
chamber headspace during the sampling (Kutzbach et al., 2007). In addition, as samples
are drawn from the chamber, it is important to replace the sampled air by an equal
volume of air so as to avoid any artifacts of negative pressure within the chamber as low
pressure will draw more gas from the soil to compensate. In doing so, the chamber air
was circulated during flux measurements by syringe pumping (mixing). Four gas samples
were taken within intervals of 0, 10, 20 and 30 min after the immediate deployment of the
opaque chambers on the grooves of the collars, after which CH4 concentrations were
measured according to Yu et al. (2013) and Luan & Wu (2014). Samples were
temporarily stored in a 60 mL polypropylene syringe fitted with a polycarbonate/nylon
stopcock and subsequently analyzed using a gas chromatograph (Scion 456-GC, Bruker
Ltd., Canada) equipped with a flame ionization detector (FID) to analyze the CH4
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concentration within 24 h. An amount of 8 mL gas is transferred into a pre-vacuumed 12
mL glass vial, which is sealed with a butyl rubber septum.
3.2.4 Methane analysis and emission rate calculations
CH4 flux was calculated from the linear regression slope of the concentration
change in the chambers over time. Three criteria were used to reject erroneous or
insignificant methane flux measurements. First, to avoid introduction of artifacts due to
disturbance during the chamber deployment, all measurement series with a starting value
above twice the ambient methane concentration were rejected. Second, CH4 fluxes were
calculated by performing a linear regression (Holland et al., 1999) and using the slope of
the linear regression to calculate the flux:
F = S • V • A-1

(1)

where F is the flux (mg m-2 h-1), S is the slope of the regression (dc/dt)(s), V is the
chamber volume (L), and A is the chamber area (m2). Thirdly, data points were evaluated
based on goodness of fit through visual inspection and excluding points showing signs of
plateau. I used a minimum of three time points for flux calculation, established a
consistent protocol and rejected any time series that failed to meet that protocol’s
standards for linearity to minimize introduction of long-term errors due to possible
diurnal variation in CH4 emission. A non-linear regression analysis was used to explore
the trend of CH4 emission with the environmental variables.
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3.2.5 Data analysis
I used Minitab17 (Minitab 17 statistical software) and Sigma plot 12.5 for data
exploration, conditioning and analysis. CH4 flux values were log10 transformed to
normalize the data before any statistical analysis was performed to minimize
heterogeneity of variance effect.

The data used were the treatment means of each

sampling day for the three years. General linear model (GLM) was used for the repeated
measures ANOVA to determine the effect of warming and nitrogen deposition on CH4
emission and environmental variables were treated as covariates. A post hoc Tukey’s test
was used to determine the differences between means of the treatment. A non-linear
regression was used to observe the relationship between CH4 fluxes and environmental
variables.

3.3 Results
3.3.1 Environmental variables influencing CH4 emission
The average air temperature was 16.8 oC and 14.3 oC for the warming plot and
ambient (control) for the 2017 growing season (Figure 3. 2), which suggested that my
OTC increased the air temperature by 2.5 oC. However, peat soil temperature decreased
by 0.4 oC at the 5 cm and increased by 0.2 oC at the 20 cm depth in the same growing
season (2017) (Table A. 1). The peat soil temperature increased by 0.4 oC at both 5 cm
and 20 cm depth with respective to control during the growing season when all data was
pooled together (Table 3. 1). There was no significant difference in peat soil temperature
at 20 cm depth (F3,68 = 0.09, p = 0.97) but significant difference between the years was
observed (F2,68 = 4.34, p = 0.017). In addition, there was no significant difference in the
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water table depth (F3,68 = 0.04, p = 0.99) but there was significant difference between the
years (F2,68 = 7.38, p = 0.001). Also no significant difference was observed at the peat soil
temperature at 5 cm (F3,68 = 0.17, p = 0.92). Soil moisture content at the boreal peat land
was not significant (F3,52 = 042, p = 0.74) between the treatment and the years (F2,52 =
0.69, p = 0.5). There was a correlation between the following environmental variables
and Log10(CH4) flux: the peat soil temperature at different depths (T5 cm and T20 cm) were
positive and significantly correlated at (p = 0.001) for T5

cm

and (p < 0.001) at T20

cm

(Table 3. 2) when all treatments were pooled together in a Pearson’s correlation. Water
table depth on the other hand, was not significantly correlated with methane flux when all
treatment effects were pooled (p = 0.339). The environmental variables explained 64% of
the variation in the CH4 emission when treatment and year was used as factors when all
the data was pooled in a GLM.

Table 3. 1 Three years mean values of environmental variables over the growing season
(2015-2017).
Treatment

Soil Moisture
Content (%)

Soil Temp. 5 cm
(oC)

Soil Temp. 20 cm
(oC)

Water Table
Depth (cm)

C

66.7±14.9a

16.1±3.5a

14.7±2.9a

9.0±7.0a

N

66.7±14.1a

16.1±3.6a

14.7±2.9a

9.0±6.7a

W

61.7±13.2a

16.5±3.9a

15.1±2.9a

8.3± 6.1a

W+N

65.3±13.5a

15.9±3.7a

14.8±2.9a

9.2±7.5a

Data values are means±SD for the different treatment effect. Control (C), Nitrogen addition (N), Warming (W) and
Warming and Nitrogen addition (W+N). Similar lowercase letters represent no significant differences (p > 0.05)
between the treatments.
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Figure 3. 2 Daily mean air temperature in the open top chamber (red line) and the ambient (black line) for 2017
growing season.

Table 3. 2 Pearson correlation (r) coefficients between Log10(CH4) flux and
environmental variables in a northern natural peatland.
Log10(CH4)
Flux (mg m-2
h-1)
-0.0.39

Soil Moisture Soil T5 cm
Content (%)
(oC)

Soil T5 cm (oC)

0.361***

-0.456***

Soil T20 cm (oC)

0.509***

-0.362**

0.883***

WTD (cm)

-0.109

-0.736***

0.454***

Soil Moisture
Content (%)

Soil T20 cm
(oC)

Water Table
Depth(cm

0.339**

Coefficient values without (*) are not significant. *p= 0.05, ** p ≤ 0.01, *** p ≤ 0.001. Soil moisture content (SMC),
Log10(CH4) flux (mg m-2 h-1), Soil temperature (T5 cm and T20 cm), Water table depth (WTD).
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Figure 3. 3 Non-linear relationship between CH4 emission and peat soil temperatures (oC) at different soil depth when
all treatments were pooled together. Temperature at 5 cm (T5 cm) (A) and temperature at 20 cm depth (T20 cm) (B).
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A non-linear regression analysis showed CH4 flux increased with increasing T5 cm (r2 =
0.162, p = 0.0002) when all treatment was pooled together while an increasing T20 cm led
to an increase in the CH4 flux over the duration of the experiment (r2 =0.356, p < 0.0001)
(Figure 3. 3). A non-linear regression between the cumulative CH4 flux and water table
depth (WTD) for the three (3) years showed no correlation (F1,78 = -2.5, p = 1.0) and soil
moisture content was not correlated to cumulative CH4 flux (mg m-2 h-1) (F1,62 = -1.15, p
= 1.0).
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Figure 3. 4 Overall CH4 flux for three years under different treatment effects. Control (C), nitrogen addition treatment
(N), warming treatment effect (W) and interactive effect of warming and nitrogen addition (W+N). The solid bar
represents the means and error bar indicates standard error (means±SE), sample size (n=80). Non-identical letters mean
corresponding treatments are significantly different (p ≤ 0.001).

3.3.2 Effect of N fertilizer application on CH4 flux
The cumulative mean CH4 flux in the N-treatment effect was 1.7 mg m-2 h-1 for
the duration of the experiment. The average CH4 emission in the N-treatment effect for
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the growing season was 2.0±1.6 mg m-2 h-1, 1.9±1.1 mg m-2 h-1 and 1.3±0.8 mg m-2 h-1 for
the year 2015, 2016 and 2017 respectively (Table A. 1). CH4 emission decreased by 23%
in nitrogen addition treatment relative to the control treatment. CH4 emission in the N
addition treatment effect decreased by 32% from 2016–2017 and decreased by 5% from
2015-2016, compared to the control treatment effect which also increased by 14% from
2015-2016 and decreased by 17% from 2016-2017. Further, a non-linear regression
indicated a relationship between CH4 flux and soil temperature at 20 cm (r2 = 0.361, p <
0.0001) and 5 cm (r2 = 0.176, p = 0.007) in the N-treatment (Figure 3. 5) but no
significant relationship was observed in the remaining environmental variables. Also,
peat soil temperature at 5 cm and 20 cm depth explained 18% and 36% of the variation of
CH4 flux in the N addition treatment effect. Emissions from the N-treatment followed the
same pattern as the rest of the treatment effect with peaks of CH4 flux occurring in the
summer periods in 2015 (Figure 3. 6) and decreased towards the end of the summer
period of the subsequent years. My data indicated that N addition alone did not have a
significant effect on CH4 flux. Furthermore, data indicates a significant difference
between W and N-addition treatment (t = 4.11, p = 0.001) and no significant difference
was observed with C and N treatment (t = -1.11, p = 0.68) (Figure 3. 4).

45

5
r2 = 0.176
p = 0.007

CH4 Flux (mg m h )

4

A

-2 -1

3

2

1

0

-1
10

15

20

25

o

Soil Temperature (T5cm ) ( C)

5
r2 = 0.361
p <0.0001

B

-2 -1

CH4 Flux (mg m h )

4

3

2

1

0

-1
8

10

12

14

16

18

20

o

Soil Temperature (T20cm ) ( C)
Figure 3. 5 Non-linear regressions of CH4 flux and peat soil temperature at 5 cm (A) and 20 cm (B) depth in the Ntreatment effect.
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3.3.3 Effect of warming on CH4 flux
The cumulative mean CH4 flux for the warming treatment was 3.5±2.0 mg m-2 h-1
and the highest instantaneous CH4 flux recorded was 4.1±2.7 mg m-2 h-1 which occurred
in 2016, followed by a 3.4±1.9 mg m-2 h-1 in 2015 and the least recorded was 2.9±1.2 mg
m-2 h-1 in 2017 (Table A. 1). A post hoc Tukey’s test indicated that, there was a
significant difference in the cumulative CH4 flux between W and W+N (t = -4.15, p =
0.001), W and N (t = 4.11, p =0.001) and W and control (t = 3.0, p = 0.019) respectively
during the three-year manipulative experiment. Also, CH4 emission increased by 59% in
the W-treatment effect with respect to the control for the duration of the experiment. CH4
flux decreased by 29% between 2016-2017 in the warming treatment. However, there
was a 21% increase in the CH4 flux in the W-treatment between 2015 and 2016 growing
season. But no significant difference (F3,16 = 0.89, p = 0.469) in CH4 flux was observed
between the W-treatment effect and the control, N and W+N treatment effect in 2015, but
there was a significant difference between W and W+N treatment effect (t = -3.02, p =
0.029) in 2016 and also a significant difference between W and N addition (t =3.09, p =
0.022) and W and W+N (t = -2.89, p = 0.035) treatment effects in 2017 respectively. A
non-linear regression analysis in the W-treatment effect showed a positive non-linear
relationship between CH4 flux and soil temperature at 20 cm depth (r2 = 0.475, p = 0.001)
and relationship for soil temperature at 5 cm was not significant (r2 = 0.156, p = 0.085)
(Figure 3. 7). Furthermore, no significant correlation (p > 0.05) was observed in the
warming treatment effect between the CH4 flux and the environmental variables.
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Figure 3. 6 Monthly fluctuations of CH4 flux under control (C), nitrogen addition (N), warming (W) and interactive
effect of warming and nitrogen addition (W+N) treatment effects for the 3years.
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Figure 3. 7 Non-linear regressions of CH4 flux and peat soil temperature at 5 cm (A) and 20 cm (B) depth in the Wtreatment effect.
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3.3.4 Interactive effect of warming and nitrogen addition on CH4 flux.
The mean CH4 flux for the W+N treatment effect was 1.5±1.0 mg m-2 h-1 for the
duration of the experiment. The highest CH4 flux in the W+N treatment was recorded in
2015. However, the interactive effect of warming and nitrogen addition in the
manipulative experiment showed a decrease in CH4 emission by 32% with respect to the
control for the entire duration of the experiment. In addition, CH4 emission in the W+N
treatment effect decreased by 51% from the year 2015–2016 and increased by 31% from
2016–2017 growing season (Figure 3. 8). There was no significant difference between
the W+N treatment effect and the control (t = -1.19, p = 0.637), W+N and N addition (t =
-0.09, p = 1.0) but there was a significant difference between the W+N and W-treatment
(t = -4.15, p = 0.001). There was also a significant but non-linear relation between CH4
flux and soil temperature at 20 cm depth (r2 = 0.331, p = 0.008) and there was no
significant relationship between CH4 flux and soil temperature at 5 cm depth (r2 = 0.186,
p = 0.057) (Figure 3. 9). There was no significant correlation between CH4 flux and the
environmental variables (soil moisture content and water table) at the W+N treatment
plot.
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Figure 3. 8 Response of CH4 flux (mg m-2 h-1) to various treatment effects for the growing seasons. Control (C),
nitrogen addition (N), warming (W) and interactive effect of warming and nitrogen addition (W+N) treatment effect.
Error bars represent standard errors (SE). Letters on error bar indicates significant differences (p <0.05) between
treatment effect within the respective year.
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Figure 3. 9 Non-linear regressions of CH4 flux and peat soil temperature at 5 cm and 20 cm depth in the W+N
treatment effect.
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3.4 Discussion
3.4.1 Impact of environmental variables
A number of environmental variables have been known to control CH4 emissions
in northern peatlands such as temperature, water table and moisture content. My study
used a unique experimental setup that simultaneously examined the effect of warming
and nitrogen addition in natural boreal peatland over the growing season and the
environmental conditions that altered CH4 flux. The OTC in my manipulative experiment
generated an increased air temperature of 2.5 oC similar to what was reported in Gong et
al., (2019). The OTC allowed excess heat to dissipate via the top opening by free
convection aided by the forced convective flow of wind preventing the OTC from over
heating as both moisture and gas concentrations could be potentially affected by the
degree of enclosure. After three years of the warming and nitrogen addition experiment,
peat soil temperatures were the only major contributing factor that influenced the rate of
CH4 fluxes in my experiment which is in accordance with previous studies conducted
(Granberg et al., 2001; Luan & Wu, 2015), where temperature contributed to about 18%
of the total variation in CH4 flux during the wet season (Luan &Wu, 2015). CH4 has often
been known to be produced under anoxic conditions in boreal peatlands. However, our
results indicated neither water table nor soil moisture content had a significant effect on
CH4 flux (F1,53 = 1.33, p = 0.254 and F1,53 = 0.03, p = 0.857 respectively). This indicates
that the water table may function as an “on-off switch’’ depending on the variability of
CH4 flux (Luan & Wu, 2015) in peatland ecosystems. Similar results were observed by
Dinsmore et al. (2009) in a mesocosm experiment with Juncus/hummock,
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sedge/hummock and hollows. My research allowed me to identify the seasonal CH4 flux
response to warming and N addition in a manipulation experiment over the growing
season (Figure 3. 8). For the entire growing seasons, fluctuations of CH4 was often
increased days after nitrogen fertilization but was not significant and periods where the
temperature

conditions

increased

thereby

enhancing

the

activities

of

some

microorganisms.
3.4.2 Response of CH4 flux to N addition
In general, N addition tended to decrease CH4 flux over the duration of the
manipulative experiment (Figure 3. 8) compared to the control. Similar findings have
also been reported by Bodelier (2011) who found nitrogen addition to decrease CH 4
emission. The N addition effect mainly focused on the direct inhibition by denitrification
or the indirect inhibition of microbes or plants by increasing their biomass. A possible
explanation for the lower CH4 emission following N addition may be due to simulation of
CH4 consumption rather than CH4 production in the ombrotrophic peatland. This is
similar to a previous study by Crill et al. (1994) in a drained peatland where they
observed N addition inhibiting CH4 emission. This may have reduced carbon
sequestration due to the shift towards more easily decomposable litter (Berendse et al.,
2001; Malmer & Wallén, 2005) mainly during the summer periods (Figure 3. 6). Aerts et
al. (2001) also argued that N addition may initially ease the nutrient limitation to plant
growth, while in the long term other environmental factors such as temperature and
dissolved organic carbons (DOC) may become increasingly important.
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In view of this, continuous N deposition to natural peatlands over prolong period
reduces or has no effect on CH4 emission (Watson & Nedwell, 1998; Granberg et al.,
2001) despite rapid increase in sedge coverage after fertilizer application. This may have
occurred when the Sphagnum filters were no longer able to trap the high rate of N
deposition and the excess N leached through the Sphagnum filters, which was later made
available for vascular plant uptake (Lamers et al., 2000; Rydin & Jeglum, 2006). There
are several contradictory statements made about how N addition in peatland can affect
the rate of CH4 emission (Nykänen et al., 2002). For example, Nykänen et al., (2002)
reported N addition increased the rate of CH4 emission in an ombrotrophic peatland due
to the rapid coverage of Eriophorum (sedges), despite Frenzel & Rudolph (1998)
reporting that the Eriophorum lacked the ability to oxide CH4. Also Dise & Verry (2001)
reported no significant difference in the N-addition treatment effect and the control
treatment in relation to CH4 emission but observed an enhanced plant productivity.
Furthermore, studies by Saarnio & Silvola (1999) and Dise & Verry (2001)
showed no effect of nitrogen addition increasing CH4 emission in peatland. In view of
this, nitrogen addition may be seen to have both positive and negative effects on the CH 4
flux similar to what was observed in an alpine meadow (Chen et al., 2017). Other
research suggests that increase in N leaching is unlikely to occur in the short term
(Wright et al., 2001) but may likely lead to the emission of the third most important
greenhouse gas N2O which has a global warming potential of 298 over an atmospheric
lifespan of 114 years (Nykänen et al., 2002; IPCC, 2013). However, this was beyond the
scope of my research at this point since I did not focus on N2O emission.
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3.4.3 Response of CH4 flux to warming
The positive effect of CH4 emission due to increased temperature in the warming
treatment was closely related to the presence of some vascular plants such as sedges and
shrubs. And this effect is mainly due to increased CH4 production in the anoxic region of
the peatland as my research showed air temperature stimulate CH4 production directly, or
indirectly via effects on the vegetation present. Emission of CH4 were high throughout
the growing season and the highest CH4 peak was observed in the latter part of the
summer of 2016 (Figure 3. 6). It has long been anticipated that carbon cycling processes
in peatlands are susceptible to changes in climate and I found that there was a significant
difference between CH4 emission in the W-treatment and control for the entire duration
of the manipulative experiment. Emissions in the W-treatment followed similar pattern as
the W+N treatment effect in the first year. Throughout the growing season, the warming
plot was observed to be a continuous CH4 source (Figure 3. 6) in my manipulative
experiment. This was interpreted as an increase in CH4 production in the anoxic regions
of the peat (Granberg et al., 2001) directly and indirectly via the effects on the plants
(sedges and shrubs) which modulate the transport of CH4. Thus increased temperature
may enhance the photosynthetic carbon fixation rates and also increasing the root
exudation by the sedges.
Recent studies showed that climate warming affected CH4 flux more than did
water table depth (Lafleur et al., 2005) and this was confirmed by our experiment as CH4
flux was seen to positively correlate with peat soil temperature at T20 cm compared to the
water table (Figure 3. 7) and my result is similar to what was observed by Rinne et al.

56

(2018). However, another study found peat temperature at 30 cm depth to be the best
predictor of CH4 emission in peatlands (Nykänen, et al., 1998). Peat warming caused an
increasing proportion of easily decomposable peat components to decay leading to
peatlands becoming sources of CH4 (Malmer et al., 2005) as observed in our
manipulative experiment. In addition, Moore (1995) showed that warming contributes to
about 2.3 x 1012 g of CH4 m-2 yr-1emission from boreal peatlands in Canada. In view of
this, final observations in our experiment support our hypothesis that warming will
increase the rate of CH4 emission from boreal peatland making them C source.
3.4.4 Interactive effect of warming and N addition on CH4 flux
Warming and nitrogen addition has often been reported in the literature to
influence or alter the rate of CH4 emission. However, its interactive effects (W+N) are
seldom examined. Our manipulative experiment showed a decrease (32%) in the rate of
CH4 emission in the W+N treatment effect with respect to the control. In addition, CH4
emission decreased by 57% between the W-treatment and the interactive effect of W+N
treatment and the percentage change in the rate of CH4 emission was not due entirely to
the environmental variables in the peatland ecosystem. The decrease in CH4 emission in
the W+N treatment was due to the additive effect experienced in the W+N treatment
effect by the addition of ammonium based nitrogen fertilizer. In part, this counteracting
effect of N addition on the positive effect of warming may be related to the changes in
the temperature regime and vegetation composition. This may also indicate a
biogeochemical effect, in which the competition from nitrogen reducers on CH4
production counteracted the positive effect of warming induced changes in vegetation.
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From all indication, the N addition may have led to higher oxidation potentials of CH4 in
our manipulative experiment and hence one of the reasons for the reduced CH4 emission
in the treatment. Looking at the nature and trend of our W+N treatment, we can anticipate
an increase in CH4 emission occurring subject to a decreasing warming effect in future.
Therefore, if care is not taken when interpreting results of the interactive effect of
W+N, we may be over estimating the rate of CH4 emission in peatlands since our results
has shown N addition to have a negative effect on peatland ecosystem. However, the
negative effect of N addition on CH4 emission may likely lead to the emission of the third
most important greenhouse gas N2O which has a global warming potential of 298 over an
atmospheric lifespan of 114 years (Nykänen et al., 2002; IPCC, 2013), however this was
not considered in our present study.

3.5 Conclusion
The primary goal of this study was to examine the role of increasing warming and
N addition on the CH4 fluxes of an ombrotrophic peatland under climate warming. Our
findings showed that CH4 emission in the ombrotrophic peatland was highly correlated
with peat soil temperature at 20 cm depth. Also, our finding showed that increasing N
addition tend to decrease the rate of CH4 emission in peatland over a prolong period of
time and warming continuously increased the rate of CH4 emission. The present study
further demonstrates the interactive effect of increasing warming and N addition can
make a substantial contribution to the GHG budget in peatland ecosystems. These
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findings will prevent over estimating CH4 emission due to the counteractive effect of the
presence of nitrogen.
In addition, in order to draw general conclusion about experimental treatment
effects, it is essential to evaluate findings over several field seasons, since response
patterns can be strongly confounded by interannual variations in the weather. It is evident
that short-term manipulative experiment mainly demonstrated transient response patterns
and may not be convictive enough hence the need for a long-term manipulative
experiment. This should not be ignored because of the larger soil organic carbon pool and
higher temperature sensitivity of the peatland ecosystem. The present study deepens our
understanding of the interactive effect of warming and N addition impacts on GHG
balance in the peatland ecosystem, and help us assess the global C effects in order to
avoid the over estimation of the global CH4 emission.
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Chapter 4
4.0 Response of Dissolved Organic Carbon (DOC) to Experimental Warming and
Nitrogen Fertilization in Boreal Peatland
4.1 Introduction
Dissolved organic carbon (DOC) is a ubiquitous component of the freshwater
carbon cycle, produced by the decomposition of dead plant material and the release of
exudates from growing plants (Hope et al., 1997; Fenner et al., 2004; Freeman et al.,
2004, Dieleman et al., 2016; Wang et al., 2017). DOC concentrations and characteristics
vary over time based on climate, hydrology and catchment due to seasonal changes in
production, consumption and transport (Fellman et al., 2009; Broder et al., 2017). DOC
concentration in peatland pore water accounts for about 24% of the net ecosystem carbon
(C) uptake (Dinsmore et al., 2010) and plays several ecological and chemical functions as
well as serving as microbial substrate (Porcal et al., 2009; Strack et al., 2015;
Pinsonneault et al., 2016). The transfer of fresh DOM from the peat surface to deep
layers can induce methanogensis or microbial decomposition in temperate peatlands,
thereby producing carbon dioxide (CO2) and methane (CH4) deep in the peat.

In

addition, DOC producing peatlands occupy approximately 3% of the Earths total land
surface and hold about 470-620 Pg of C, making them the single largest terrestrial carbon
store (Lavoie et al., 2005; Porcal et al., 2009; Page et al., 2011). However, peatlands are
at risk due to climate change (Clark et al., 2010; Gallego-Sala & Prentice, 2013) as a
result of global warming, N deposition, and changes in hydrology, affecting peatlands

60

substantial loss of carbon due to increased CO2 released from decomposition and lower
carbon accumulation rates (McDowell et al., 1998; Yano et al., 2000; Jorgenson et al.,
2013; Selvam et al., 2017) and the increased CH4 emissions to the atmosphere (Roulet et
al., 1992). There are numerous pathways for releasing carbon from peatlands which are
related to changes in the depth of the water table. For instance, increased decomposition
following increased aerobic condition as the water table depths increase (Dieleman et al.,
2016) and nitrogen supply changes may cause the shifts in carbon storage (Weltzin et al.,
2003). Among these pathways of carbon release is the flux of DOC and therefore, the
control of DOC release is important in managing carbon balance in peatlands.
The principal controls on production and consumption of DOC in peatland are
complex, and include vegetation composition, hydrology, and soil chemistry. For
instance, vegetation composition in peatland ecosystems may influence the local
hydrology and soil temperature, and plants stimulate microbial activity through the
release of root exudates (Bubier et al., 1995; Peacock et al., 2014). In addition, there is
collective evidence of increasing carbon turnover, which indicates that peatlands are on
the verge of switching from being a carbon sink to a carbon source due to climate change
(Boothroyd et al., 2015).
Several studies have indicated that enhanced temperature and microbial activities result
in a rise in DOC as a consequence of higher peat decomposition (Freeman et al., 2001;
Clark et al., 2005; Dinsmore et al., 2013; Ward et al. 2013; Dieleman et al., 2016; Yuan
et al, 2018). The sensitivity of DOC production to temperature is affected by the water
table within the soil (Clark et al., 2009). As climate change scenarios suggest that
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increased temperature and a reduction in summer rainfall across the northern hemisphere
could simulate decomposition of organic matter leading to an increase in the production
and release of DOC. However, increasing evapotranspiration in peatland due to climate
change may negate and perhaps lower DOC export despite increasing temperatures
(Pastor et al., 2003, Kane et al., 2014) and potentially drive these ecosystems towards
acting as net carbon sources, rather than sinks.
Very few studies have been conducted in situ, most of the experiments carried out
so far were done in laboratory mesocosms (Dieleman et al., 2016) and with very few
studies covering forest ecosystems (Dillon & Molot, 2005). Also, how far these
laboratory findings can actually be replicated under field conditions is uncertain.
Compared to laboratory studies, findings from field monitoring often tend to show
contradictory results. Increasing atmospheric nitrogen deposition has also been linked to
increase DOC concentrations in peatland (McDowell et al., 1998; Yano et al., 2000). The
amount of atmospheric N deposition has continued to increase significantly (Yuan et al.,
2018) due to increasing industrialization over the past couple of decades. This has
resulted in the mineralization of nitrogen content in peatland vegetation and has affected
DOC cycling. Concerns regarding the impact of N deposition has led to several studies
over the last two decades with focus on those simulating increased N deposition via
application of N to experimental plots (Worrall et al., 2006). Increases in anthropogenic
N deposition can increase productivity, C assimilation and also release C if
decomposition rates are accelerated through changes in N availability or vegetation
composition. According to a report by IPCC (2013), N deposition has become one of the
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major contributors to global climate warming for more than half a century. Scheffer et al.
(2001) documented that mineralization of N is faster in Sphagnum spp. dominated
peatland compared to vascular plant and bryophyte dominated peatlands. However, Aerts
et al. (1999) suggest there are no clear differences in N mineralization in bogs and fens of
North America and Europe, indicating that the various dominant plant community has a
stronger influence on nutrient cycling dynamics in peatlands. Recent studies have
acknowledged that N deposition increased DOC production (McDowell et al., 1998;
Yano et al., 2000) while other studies have shown no significant increase in DOC
production and export (Porcal et al., 2009). These contradictory findings indicate that
other mechanisms may play a major role in the changes in DOC concentration and
export.
Seasonal variations in both quantity and quality of DOC have been observed and
such changes will have ecological repercussions (Peacock et al., 2014). The quality of
DOC as a microbial substrate may influence the balance between C sequestration and its
mobilization in peatlands (Holden, 2005; Limpens et al., 2008). In view of this, warming
and nitrogen deposition may have the potential to alter the dissolved organic carbon
under the influence of other drivers (Froberg et al., 2013, Luan & Wu, 2014). Therefore,
a comprehensive understanding of how warming, nitrogen deposition and its interactive
effects influence DOC characteristics is lacking in peatland ecosystems.
In this study, I report three years of data on DOC concentration from the natural
peat bog complex with the aim of determining the response to warming, N deposition,
and interactive effect of warming and N addition on the quantity, quality and spectral
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characteristics of DOC. I hypothesized that warming, N addition and the interactive effect
of warming and N addition would increase the DOC concentration by increasing the
decomposition of peatland and alter the optical characteristics of microbial and plant
derived DOC. To the best of my knowledge, my research is the first to investigate the
interactive effects of warming and N addition in an in situ manipulative experiment in
northern peatlands. Although, some research has been conducted in laboratory
mesocosms (see Dieleman et al., 2016) and in a forest ecosystem (Dillon & Molot, 2005),
this study will provide a better understanding for elucidating the effects of global changes
on DOC in peatland ecosystems.

4.2 Materials and methods
4.2.1 Site description and experimental design
The study was carried out at the same site as mentioned earlier in Chapter #3 of
this research paper along with the experimental design. Also, a pipe with 1.8 cm internal
diameter was inserted at a 40 cm depth into the peatland and MacroRhizon (Rhizosphere,
The Netherlands) coupled with a female luer was subsequently inserted at a 10 cm depth
to collect soil pore water samples at 10 cm depth for DOC and total nitrogen (TN)
measurement. Measurement of all environmental variables has been reported in Chapter
#3 of this research paper. In addition, N inputs were intended to stimulate the microbial
community and result in broad differences in DOC and TN fluxes thus providing a better
dataset on which to compare treatment effects. In the first year (2015) of the manipulative
experiment, no water samples were collected at 40 cm depth for the DOC and TN
analysis.
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4.2.2 Water sampling
The water samples were collected using a 60 mL air tight syringe with a female
luer attachment and wells were flushed out at 40 cm depth and allowed to refill. Water
samples were also collected from the MacroRhizon (Rhizosphere, The Netherlands) at 10
cm. Once collected, the samples were transported immediately to the laboratory and
stored in refrigerator at 4 °C until DOC and TN measurement was carried out. Water
samples were pre-filtered with a 0.45 µm syringe filter (VWR International, Edmonton,
Canada) to remove particulates and the filtrates transferred into a 24 mL glass vial for
DOC and TN analysis. Each water sample was divided into three (3) aliquots to be used
for the different analysis. All samples, regardless of sampling time, were subjected to
cold storage which has been shown to ensure reasonable preservation of DOC between
time of sampling and analysis (Cook et al., 2016). However, DOC concentrations and
quality (absorbance and fluorescence properties) may change in stored water samples
over time even after acidification or freezing (Spencer et al., 2007; Fellman et al., 2008;
Cook et al., 2016).
4.2.3 DOC and UV-vis analysis
DOC concentrations were calculated using a calibration curve ranging from 0 to
100 mg L-1 based on potassium hydrogen phthalate (KHP) (Sigma–Aldrich, Ontario,
Canada) and potassium nitrate (Sigma–Aldrich, Ontario, Canada) standards. The DOC
analysis was carried out using a Shimadzu TOC-LCPH/TN analyzer (Mandel Scientific
Company Ltd, Guelph, Canada). Additionally, all water samples were acidified and
sparged to remove dissolved inorganic carbon (DIC), except for samples to be analyzed

65

using Agilent 8453 UV-Visible spectrophotometer (Agilent Technology, San Diego,
USA). Sparging is crucial as the presence of DIC in water samples cause interferences
leading to large errors with the determination of total organic carbon (TOC) and DOC
using Shimadzu TOC-LCPH/TN analyzer (Mandel Scientific Company Ltd, Guelph,
Canada). The organic carbon is oxidized to CO2, which when released from the sample is
detected and reported as mg L-1 or ppm TOC or DOC.
The ultra-violet absorbance (UVA) procedure also required that the sample be
passed through a 0.45 μm syringe filter and transferred to a quartz cuvette with 1 cm path
length. UV measurements were performed using distilled water as a blank at 25 °C at a
wave length 254 nm and absorbance reported as cm-1. The DOC and UVA determinations
are then used in the calculation of the specific ultra-violet absorbance (SUVA) (Tipping
et al., 2009; Peacock et al., 2014). The SUVA254, an indicator of aromatic C content
(Weishaar et al., 2003) is calculated by dividing the UV absorbance at 254 nm (cm-1) by
the DOC concentration of the sample (mg L-1) and then multiplying by 100. SUVA is
reported in units of L mg-1 m-1 as shown in equation 1.
[SUVA254 = Abs254 (cm-1) / DOC (mg L-1) x 100]

(1)

Where SUVA254 is the specific ultraviolet absorbance at 254 wavelengths (L mg-1 m-1),
Abs254 is the absorbance at 254 wavelengths (cm-1), DOC is the dissolved organic carbon
(mg L-1). Increasing SUVA254 values indicate a higher aromaticity (recalcitrant carbon
compound) and lower values indicate more labile compounds (Hansson et al., 2010).
This was used to determine the quality of DOC in peatlands.
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4.2.4 Fluorescence and humification index analysis
Water samples were further analysed using the Cytation3 imaging reader
(BioTek, Vermont, USA). Samples were placed in a 96-well microplate and analysed
alongside blanks and without blanks. However, only the data analysed without the blanks
was used for our research in order to conform to the previous year data analysis (thus
Raman scattering was not included). Fluorescence spectroscopy used to distinguish
between different classes of organic matter (Senesi, 1992; Alberts & Takacs, 2004).
Emission at 470-520 nm for excitation at 370 nm (Cory & McKnight, 2005) with 10 nm
increment was used to determine the fluorescence index (FI):
FI = I470 x (I520)-1

(2)

Where fluorescence index (FI), intensity at different wavelength (I) for excitation at 370
nm. The FI was used to differentiate between plant derived (FI=1.2-1.4) and microbial
derived DOM (FI=1.5-2.0) (McKnight et al., 2001; Cory & McKnight, 2005) as the ratio
represents a decrease in emission with increasing wavelengths of microbial derived
DOM. Emissions at 435-480 nm with a 5 nm wavelength increment were used to
determine excitations at 254 nm for the humification index (HIX) respectively. HIX was
calculated according to Ohno (2002) as sum of fluorescence intensities from 435 to 480
nm divided by the sum of fluorescence intensities from 300 to 345 nm and from 435 to
480 nm. HIX values in this formula range from 0 to 1 with increasing degree of
humification:
𝟒𝟖𝟎

𝟑𝟒𝟓

𝟒𝟖𝟎

𝐇𝐈𝐗 = ∑ 𝐈𝐧 × [∑ 𝐈𝐧 + ∑ 𝐈𝐧]
𝐧=𝟒𝟑𝟓

𝟑𝟎𝟎

-1

(3)

𝟒𝟑𝟓
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Where, (ΣIx →y) is the sum of the fluorescence intensity at emission wavelengths x→y
nm at an excitation of 254 nm and I is the fluorescence intensity at each wavelength
(Ohno, 2002).
4.2.5 Data analysis
Normality was tested using the Anderson-Darling test. Repeated measure
ANOVA(GLM) was applied to compare the means of the DOC flux between the
treatments across the growing season. Further, Tukey’s significant (p ≤ 0.05) difference
test was employed to identify differences among means. Pearson’s correlation was also
carried out to determine correlations between DOC and spectral characteristics. Minitab
17 (statistical software) and sigma plot 12.5 software were used for all data analysis and
preparing graphs/charts. Error estimates presented in this paper are standard error unless
otherwise stated based on the data being analyzed.

4.3 Results
4.3.1 Treatment effects on DOC and TN concentrations
The average air temperature was 16.8 oC and 14.3 oC for the warming and
ambient (control) plot for the 2017 growing season as mentioned earlier in Chapter #3.
The OTC warming increased the air temperature by 2.5 oC in the manipulative
experiment. There was no significant difference between the treatment effect of C, N, W
and W+N treatment effect on DOC concentrations at 10 cm depth (F3,48 = 0.15, p =
0.927) (Table 4. 1). Also, there was no significant difference between the treatment
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effects at DOC40 cm (F3,23 = 2.19, p = 0.117). Pair t-test between DOC10 cm and DOC40 cm
indicated a significant difference (t = 2.23, p = 0.031) between the two peat soil depths.
DOC in the W-treatment decreased by 1% and increased by 13% relative to the control
at10 cm and 40 cm peat depth respectively. The N addition treatment effect also
increased by 0.8% and 13% in the 10 cm and 40 cm peat depth respectively. DOC at the
W+N treatment effect increased by 1.3% and 20% in the 10 cm and 40 cm peat depth
respectively. In general, the DOC concentrations in our experimental system increased
with increasing peat soil depth. Monthly fluctuation of the DOC10 cm concentration in all
treatments followed a similar pattern with mostly (high DOC) peaks being observed in
August (summer) of 2016 and 2017, and a decline in DOC occurring in part of the Fall
season (Figure 4. 1A). There was a difference in TN40 cm (F3,39 = 3.43, p = 0.026) between
the W+N and W-treatment effect but no significant difference at the TN10 cm (F3,76 = 2.25,
p = 0.089) and a paired t-test also showed a significant difference between TN10 cm and
TN40

cm

(t = -7.76, p < 0.001) peat soil depth. Conversely, TN concentrations in the

treatment effect increased with increasing peat depth except the control at 40 cm. The Wtreatment decreased the total nitrogen concentration by 8.8% and 25.2% in the 10 cm and
40 cm peat depth, and the N addition treatment also increased TN by 11.8% and 10% in
the 10 cm and 40 cm depth respectively. There was also an increase of 33.3% and 26.2%
in the TN concentration at the W+N treatment at 10 cm and 40 cm peat depth. The
DOC40 cm and TN40 cm concentration data included only 2 years (2016 and 2017) since no
data was recorded for the first year of sampling at 40 cm peat depth.
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Table 4. 1 Mean DOC, TN concentration and spectroscopy characteristics of, SUVA254,
FI and HIX for 3 years of warming and nitrogen addition.
Peat
soil
depth
(cm)

Treatment DOC
(mg/L)

TN
(mg/L)

SUVA254
(L mg-1 m1
)

10

C
N
W
W+N

40

C
N
W
W+N

FI

HIX

38.60±7.71a
38.89±9.01a
38.21±6.57a
39.11±6.82a

1.02±0.34a
1.14±0.48a
0.93±0.45a
1.36±0.85a

2.79±0.64a
2.66±0.58a
2.76±0.75a
2.86±0.56a

1.53±0.06a
1.55±0.11a
1.56±0.06a
1.56±0.09a

0.17±0.07a
0.15±0.07a
0.16±0.07a
0.17±0.07a

34.91±9.17a
39.50±5.05a
39.44±8.29a
41.76±7.63a

2.02±0.63ab
2.22±0.98ab
1.51±0.47a
2.55±0.90b

3.02±0.65a
2.79±0.41a
2.79±0.33a
2.65±0.41a

1.59±0.12a
1.59±0.14a
1.61±0.08a
1.65±0.29a

0.15±0.05a
0.16±0.06a
0.16±0.05a
0.17±0.05a

Treatment symbols represent: control (C), nitrogen addition effect (N), warming effect (W), and interactive effect of
warming and nitrogen addition (W+N). Spectroscopy characteristics are fluorescence index (FI), humification index
(HIX), specific ultraviolet absorbance (SUVA254), total nitrogen (TN) and dissolved organic carbons (DOC). Data values
are (mean ± SD) of the respective treatment effects and superscripts represents significant differences (p < 0.05) between
treatments.
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Figure 4. 1 Monthly mean value of peatland dissolved organic carbon (DOC) (A) and total nitrogen (TN) (B) monthly
concentrations for the three-year period. Treatment effects are represented as: control (C), nitrogen addition treatment
(N), warming treatment (W) and interaction effect of warming and nitrogen addition treatment (W+N).

4.3.2 Spectroscopy index of DOC
4.3.2.1 Specific ultraviolet absorbance (SUVA)
The mean SUVA254 in the treatments at 40 cm were higher compared to SUVA254
at 10 cm (Table 4. 1) with the exception of W+N (2.65) which decreased at 40 cm. The

71

highest mean SUVA254 values at the different peat depth were found in W+N treatment
effect at 10 cm and control treatment effect at 40 cm peat depth (Table 4. 1). SUVA254 in
the W-treatment decreased by 1.1% and 7.6%, and in the N addition treatment by 4.7%
and 7.6% in the 10 cm and 40 cm peat soil depth respectively relative to the control.
Also, the interaction treatment effect increased SUVA254 by 2.5% and decreased by
12.3% at 10 cm and 40 cm peat depth respectively. There was no significant difference (t
= -0.36, p = 0.721) found between SUVA254 for the two peat depths. A significant
decrease in SUVA254 (r2 = 0.082, p = 0.01) in DOM aromaticity for 10 cm depth, and
significant decrease SUVA254 (r2 = 0.308, p = 0.0001) for the 40 cm was shown (Figure
A. 1) when all treatments were pooled with respect to DOC concentration at both peat
depths.
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4.3.2.2 Fluorescence index (FI)
The fluorescence index increased with increasing peat soil depth and ranged
between 1.53 to 1.65. The fluorescence index increased by 2%, 1.3%, and 2% in the Wtreatment, N addition treatment and interactive treatment effect of W+N respectively at
10 cm soil depth (Table 4. 1). Also, the W-treatment effect increased FI by 1.3% and
W+N treatment effect by 3.8%. However, there was no change in the FI values in the Ntreatment at the 40 cm soil depth with respect to the control treatment effect. There was
significant difference (t = -3.14, p = 0.003) between the fluorescence index at different
depth based on paired t-test. Furthermore, the fluorescence index decreased with
increasing DOC concentration at both 10 cm and 40 cm peat depth in all treatment
effects. In general, the FI values of all treatment effect varied between 1.53 and 1.65
indicating a domination of microbial or microbially processed DOM over vascular-plantderived DOM in the peatland.
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4.3.2.3 Humification index (HIX)
HIX values ranged between 0.15 and 0.17, which is within the range of reported
values for DOM with a principal humic nature (Table 4. 1) (Ohno, 2002). The HIX
decreased by 5.9% and increased by 6.7% in the W-treatment at the 10 cm and 40 cm
peat depth respectively. Similarly, HIX decreased by 11.8% and increased by 6.7% at the
10 cm and 40 cm depth in the N addition treatment. There was no change in HIX at the
10 cm depth of the W+N treatment effect with respect to the control treatment but
increased by 13.3% at the 40 cm peat depth. There was no significant difference (t = 1.70,
p = 0.095) between HIX at different peat depth. In addition, HIX in all the treatment
effects were <1 (Table 4. 1) and the mean HIX values in the control and W+N treatment
effect was the same at the 10 cm depth and mean HIX values in the N and W-treatment
effect were also the same at the 40 cm peat depth. Pearson’s correlation between DOC
and HIX are weakly correlated (r = 0.262, p = 0.026) in the 10 cm peat depth but no
significant correlation was observed at the 40 cm peat depth (r = 0.175, p= 0.262) (Table
A2). A linear regression subsequently showed HIX increase with increasing DOC
concentration at the N addition treatment (r2 = 0.102, p = 0.197) (Figure 4. 4A), W+N
treatment effect (r2 = 0.0725, p = 0.279) at the 10 cm peat depth (Figure 4. 4A) and was
not reciprocated at the 40 cm peat depth. However, the linear regression for the Wtreatment indicated a decreasing trend of HIX with increasing DOC concentration at the
40 cm peat depth (r2 = 0.246, p = 0.121) (Figure 4. 4B) and HIX at 10 cm showed an
increase but not significant relationship with increasing DOC

10 cm

concentration (Figure

4. 4A).
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4.4 Discussion
4.4.1 The effects of warming treatment on DOC
Plant litter quality, microbial decomposition of peat, and its mineralization
interactively defined the change of DOC concentrations in my experimental set-up.
Warming was found to increase the DOC concentration but not significant at 40 cm depth
in my study which is in accordance with several studies (Fenner et al., 2007; Worrall &
Burt, 2004; Ward et al., 2013; Delarue et al., 2014; Dieleman et al., 2016; Yuan et al.,
2018) despite a decrease of 1% in DOC at 10 cm peat depth. Delarue et al. (2014) also
found DOC concentration to decrease at the subsurface due to DOC consumption in the
process of in situ mineralization rather than the production of DOC associated with peat
decomposition at 10 cm. This finding is in agreement with a study by Hu et al. (2009)
which concluded that warming can increase nitrogen mineralization in soils by providing
the vegetation cover with the needed nutrients and by improving the microbial activities.
While Dieleman et al. (2016) also found high temperatures and lower water table
elevations in northern peatlands to increase DOC production. One study reported that
increasing microbial activities may often produce two different patterns in DOC
concentration (Delarue et al., 2014) which could be one of the reasons for the decrease in
the DOC concentration at the 10 cm peat depth. This further explains why Pastor et al.
(2003) also observed warming reduced the DOC flux in soil cores in a laboratory
experiment under temperatures between 1.6-4 oC. Worrall & Burt (2004) and Dillon &
Molot (2005) suggested that increased rates of precipitation due to climate change will
equally lead to increased DOC concentration and DOC export from the soil surface
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irrespective of the warming condition (temperature) in the soil. Moreover, these factors
(temperature and hydrology) may drive both positive and negative feedbacks to DOC
export (O’Donnell et al., 2012) in the soil. Warming decreased the total nitrogen
concentration at both 10 cm and 40 cm peat soil depth by 8.8% and 25.2% relative to the
control. However, the decrease in TN concentration at W-treatment could be due to the
rapid growth and utilization of the mineral nitrogen available for plant development in
the warming treatment with respect to their individual controls at 10 cm and 40 cm peat
depth. Peatlands are reported to be N-limited (Luan & Wu, 2014), and it is possible the
little nitrogen in the peat was immediately used up by the plants and or microorganisms
or even leached further in to deeper peat layer.
SUVA254 values, indicating the amount of aromatic carbon compounds in the
peatland where high values indicate more recalcitrant carbon compound and low values
indicate highly labile compounds (Hansson et al., 2010), decreased by 7.6% at 40 cm
depth compared to the control. A negative linear relationship between SUVA254 and DOC
at 10 cm peat depth and 40 cm at peat depth (Figure 4. 2) indicated that increasing DOC
concentration (thus increase in decomposition) reduce the aromaticity by the
decomposition of labile compounds (Moore & Clarkson., 2007; Hansson et al., 2010).
The FI of the W-treatment indicated that the peatland DOC at that region was of a
microbial derived source throughout the peat layers and was linearly correlated with
DOC (Figure 4. 3). The humification index increased by 6.7% at 40 cm depth despite a
5.9% decrease at 10 cm depth which was due to warming and demonstrate the extent of
the DOM humification. A decrease in HIX value at the 10 cm depth indicates that humic
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content did not provide enough suitable substrate for microbial demand. In general, the
HIX in our study ranged between 0.15-0.17 which indicate the carbon has less condensed
molecules and not entirely degraded as an increasing HIX increased the humification
(Dieleman et al., 2016).
4.4.2 The effect of N addition on DOC
Increase in DOC concentration at the 40 cm depth despite not being significant
could be due to an initial increase in peatland vegetation growth such as sedges and
shrubs and the decomposition of dead plant materials on peat surface (Fenner, et al.,
2007). This supports our hypothesis that increased N addition contributes to high DOC
biodegradability. Increased DOC concentration enhance labile carbon processing while
inhibiting recalcitrant carbon processing (Liu et al., 2018). Microbial communities in
peatlands are likely to respond more rapidly than plants to the changes of nutrient
enrichment because of their higher turnover rates (Lund et al., 2009). N addition
unequivocally increased the TN concentrations by 11.8% and 10% in the 10 cm and 40
cm depth with respect to the control. I anticipated that water table may have played a
role but found no differences between WTD at the control and N addition treatment (see
Chapter #3). This increase may be due to mineralization of N which has been found to be
much faster in Sphagnum spp. dominated peatland compared to vascular plants and
bryophyte dominated peatlands (Scheffer et al., 2001).
SUVA254 values decreased by 4.7% and 7.6% in the 10 cm and 40 cm peat depth.
Tfaily et al. (2013) also reported similar findings but at a different SUVA254 range of ~3
and ~4 L mg C-1 m-1 in peatland. The linear relationship indicated that SUVA254
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decreased with increasing peat DOC concentrations (Figure 4. 2), which means more of
the labile compounds are being decomposed increasing the DOC concentration while
reducing the aromaticity.
Despite the percentage decrease (11%) in the HIX at 10 cm peat depth with
respect to control treatment effect, a linear relationship between HIX and DOC 10

cm

exhibited correlation but no significant at 40 cm depth (Figure 4. 4). This may indicate
that decomposition was too low to be recognized at the 40 cm depth since peatland has
consistently been described as having highly humified and recalcitrant characteristics
(Dieleman et al., 2016). Also, HIX values were less than 1 at both peat depths which
indicates the lower decomposition rates of DOM (Table 4. 1).
4.4.3 The interactive effects of warming and N addition on DOC
DOC concentration for the interaction effects W+N increased by 1.3% in the 10
cm peat soil depth compared to 20% in the DOC concentration at the 40 cm peat depth in
the in situ manipulative experiment (Table 4. 1). At the 40 cm depth, increased DOC
concentration could be due to root exudates favoring DOC mineralization as reported by
Delarue et al. (2014). Also, increased DOC in the 40 cm depth may be due to increased
rates of leaching from the peat surface (Hongve et al., 2004; Porcal et al., 2009). DOC
and TN concentrations at the W+N treatment effects were the highest achieved in the in
situ manipulative experiment at both peat soil depths indicating a synergistic effect.
However, the increment in the DOC concentration was not significant (p > 0.05). Some
studies have suggested the rising DOC concentrations are a result of hydrological
changes including increased precipitation, climate warming (Freeman et al., 2001) and N
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deposition (Findlay, 2005). Nitrogen addition in the interaction effect W+N, increased
DOC concentration by 0.56% and warming by 2.36% at 10 cm in the manipulative
experiment. This indicates that, nitrogen applied in the interactive treatment effect was
mostly used up immediately by the vegetation (sedges and shrubs) since peatlands are
noted to be N-limiting hence the low impact on DOC concentration at the 10 cm peat
depth compared to warming in the interactive effect. The 2.36% increment in the DOC
concentration attributed to warming at the 10 cm peat depth was due to decomposition of
labile plant litter by micro-organisms and water table. In addition, DOC concentration in
the 40 cm was increased by 5.7% due to nitrogen addition and 5.9% due to warming in
the interactive effect W+N, but this increment was not significant at the 40 cm peat depth
and could be attributed to the water table level. The interactive effect of W+N treatment
increased the TN concentration at the 10 cm and 40 cm peat depth respectively.
Interestingly, a decreasing trend of TN concentration with increased DOC concentration
in our manipulative experiment despite our anticipation that an increased TN will cause
increased DOC concentrations at different peat depth. The highest mean SUVA254 value
2.86 L mg C-1 m-1 was found at 10 cm peat depth, which may be associated with high
iron concentrations in the peat as suggested by Moore & Clarkson (2007). However, our
research did not cover the scope of determination of iron concentrations in the peatland at
our experimental site. W+N had the lowest mean SUVA254 value 2.65 L mg C-1 m-1
which could be due to the high DOC concentration at the 40 cm depth and the possibility
of a nonlinear absorbance at high DOC concentration (Moore & Clarkson, 2007).
Furthermore, the fluorescence index increased with increasing peat depth suggested a
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more microbially derived source (1.5–2.0) of DOM over plant derived DOM (1.2–1.4)
(Mcknight et al., 2001; Cory & Mcknight, 2005). However, FI decreased with increasing
DOC concentration at the 10 cm (r2 = 0.329, p = 0.016) and at the 40 cm (r2 = 0.690, p =
0.0029) (Figure 4. 3) because the DOM lacks lignin and is less aromatic and more
aliphatic (low SUVA254 and high FI). The HIX of the peat DOM is often characterized by
the increasing degree of humification and our results indicated that HIX increased with
increasing peat depth as was the case at 40 cm peat depth (Table 4. 1) while there was no
change in the HIX at the 10 cm depth with respect to the control treatment effect.
However, the result indicate the peat was not entirely degraded at both depths (Dieleman
et al., 2016). The maximum water holding capacity of the peat may give a fairly accurate
picture of the degree of humification. Higher water tables, caused by wetter and/or
cooler climatic conditions, resulted in less decomposed peats. The low oxygen
concentration in the peat due to flooding inhibits the activity of phenol oxidase causing
accumulation of phenol compounds which inhibit the activity of hydrolase enzymes
responsible for the decomposition. However, lower water tables, occurring in warmer
and/or drier climates cause the peat to break down more as it sits in the acrotelm for
longer period.

4.5 Conclusion
Several potential mechanisms are responsible for the changes in DOC
concentrations, including climate warming, N deposition, atmospheric CO2 concentration
and hydrological changes in peatland ecosystems.
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Increasing global air temperatures due to climate change have a strong impact on
boreal peatland ecosystems. In view of this, warming increased DOC concentration at 40
cm depth but decreased DOC and TN concentration in the peat surface (10 cm) possibly
by reducing enzyme activities and microbial biomass and was not influenced by the water
table depth. Enhanced decomposition rates may slow down or reverse peat accumulation
compromising the stability of the peatland by exporting DOC rich pore water to other
ecosystems altering the environmental conditions. These will eventually lead peatlands to
become a carbon source instead of being a carbon sink. Warming also decreased
SUVA254 in both soil layers and HIX at 10 cm but increased the HIX at 40 cm peat soil
depth. Conversely nitrogen addition increased the DOC and TN concentration in the peat
layer but decreased the aromaticity at both peat depths and the degree of humification at
10 cm and increased HIX at 40 cm depth. Likewise, the interactive effect of W+N
addition led to increased DOC and TN concentrations, decreased aromaticity, increased
HIX in the 40 cm depth but a high SUVA254 value was indicative of an increased
aromatic fraction of DOC at the 10 cm peat depth was observed in the treatment effect.
The FI values of all treatment effect varied between 1.53 and 1.65 indicating a
domination of microbial or microbially processed DOM over vascular plant derived
DOM in peatland (Cory & McKnight, 2005), and was significantly correlated to DOC
concentration and increased with increased peat depth. In general, the HIX values for the
treatment effects also ranged between 0.15-0.17, indicating the peat carbon was not
highly degraded and composed of less condensed molecules, which in other words
indicate a decrease in recalcitrant humified carbon production (HIX <1). HIX did not
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consistently increase with peat depth as findings were in agreement with several studies
(Zaccone et al., 2018; Magnan et al., 2018) despite the different environmental
conditions associated with peat accumulation. In view of this, long-term simulation
experiments are now needed to elucidate the exact nature of the response of peatlands to
climate warming in regional carbon cycling under current and future climate change.
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Chapter 5
5.0 Summary and Conclusion
The purpose of this research was to examine the role of increasing warming, N
addition and their interactive effect of warming and nitrogen addition on CH4 emission,
and DOC concentration and the optical characteristics of DOM in boreal peatland
ecosystems under a manipulative field experiment.
In chapter #3, I found that, environmental variables such as peat soil moisture
content, water table depth not to have a significant effect on CH4 emission despite
previous research indicating water table to be one of the major controlling factor of CH 4
emission. However, I also found peat soil temperature at 20 cm to significantly influence
the CH4 emission in my experimental site and the OTC chamber increased the
atmospheric air temperature by 2.5 oC leading to an increase in the rate of CH4 emission
in the warming treatment. Furthermore, I found N addition to have a reduced effect on
CH4 emission relative to the control but was not statistically significant. This was in
contrast with Nykänen et al. (2002) who reported an increase in CH4 emission due an
increase in Eriophorum coverage. Research conducted in an alpine meadow showed N
addition to have both positive and negative effect on CH4 emission (Chen et al., 2017),
therefore long-term observations must be conducted to confirm the result as N deposition
may be in a transient state for the duration of the experiment. In addition, to previous
observations, I found the interactive effect of warming and nitrogen deposition to have an
addictive effect rather than a synergistic effect in my manipulative experiment. Implying
that if care is not taken we will continuously be over estimating CH4 emission in boreal
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peatlands leading to incorrect estimation of the global GHG budget due to climate
change.
In chapter #4, warming increased DOC concentration at 40 cm depth but
decreased DOC and TN concentration in the peat surface (10 cm) possibly by reducing
enzyme activities and microbial biomass following three years of warming and N
addition experiment. The effect of warming on DOC has been observed in field, and
laboratory studies where temperature differences were above 5 ºC (Dieleman et al.,
2016). It can be said that climate change may have the potential to produce more
microbial-like, labile carbon compounds in the surface of the peat thereby altering the
DOC quality.

Enhanced decomposition rates may slow down or reverse peat

accumulation made up of the stability of peatland by exporting DOC-rich pore water to
other ecosystems altering the environmental conditions. These will eventually lead
peatlands to become carbon source instead of being a carbon sink. N addition in the
short-term was beneficial for maintenance, by supplying the available nutrients to peat
vegetation. The interactive effect of W+N addition led to increased DOC and TN
concentrations, decreased aromaticity, increased HIX in the 40 cm depth but a high
SUVA254 value was indicative of an increased aromatic fraction of DOC at the 10 cm
peat depth was observed in the treatments. Given the rate of increased N loading due to
anthropogenic activities coupled with warming, long-term simulation experiments are
now needed to elucidate the response of peatlands to climate warming in regional carbon
cycling under current and future climate change.
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Appendices
Table A. 1 Environmental variables and CH4 fluxes under different treatments and years
for the entire growing season
Year

Treatment Soil
Moisture
Content
(%)

Soil
Temp. 5
o
cm ( C)

2015

C

67.6±9.4

N

67.4±9.4

2016

2017

Soil Temp.
o
20 cm ( C)

Water
Table
Depth (cm)

CH4
Flux
(mg m-2
h-1)

18.4±3.3 16.1±2.4

6.2±8.5

2.1±1.7

18.3±4.4 16.2±2.4

6.6±7.0

2.0±1.6

W

60.6±13.4 20.1±3.8 16.7±2.4

7.0± 6.1

3.4±1.9

W+N

63.0±14.4 18.6±3.3 16.4±2.3

6.8±8.0

2.2±1.3

C

71.0±16.3 14.7±2.8 13.7±3.5

6.9±5.0

2.4±2.0

N

68.8±10.5 14.9±2.6 13.7±3.3

6.4±5.0

1.9±1.1

W

64.9±6.9

15.2±2.8 14.2±3.3

6.1±4.6

4.1±2.7

W+N

70.3±4.3

14.6±3.2 13.8±3.5

6.7±5.0

1.07±0.8

C

64.0±17.4 15.9±3.8 14.7±2.8

12.7±6.6

2.0±1.5

N

65.3±18.3 15.8±3.8 14.8±2.8

12.8±6.8

1.3±0.8

W

60.7±16.5 15.5±3.8 14.9±2.8

11.0±6.8

2.9±1.2

W+N

63.9±16.5 15.4±4.0 14.6±2.7

12.8±8.4

1.4±0.8

Data values are means±SD for the different treatment effect; Control (C), Nitrogen addition (N), Warming (W),
Warming and Nitrogen addition (W+N).
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Table A. 2 Pearson correlation (r) coefficients between dissolved organic carbon (DOC) and the spectroscopy indexes.

DOC (mg/L)40

DOC
DOC
(mg/L) 10 (mg/L) 40

TN
(mg/L) 10

TN
(mg/L) 40

cm

cm

cm

cm

SUVA 10 SUVA
cm

FI10 cm

FI40 cm

HIX10 cm

40 cm

FI40
cm

0.843***

cm

TN (mg/L)10 cm

-0.064

-0.364*

TN (mg/L)40 cm

-0.392**

-0.434**

0.713***

SUVA 10 cm

-0.286*

-0.367*

0.040

0.338*

SUVA 40 cm

-0.322*

-0.556***

0.250

0.439**

0.337*

FI10 cm

-0.450***

-0.411**

0.521***

0.472***

0.099

0.366*

FI40 cm

-0.506***

-0.531***

0.563***

0.552***

0.309*

0.166

0.606***

HIX10 cm

0.262*

-0.040

0.358**

0.319*

0.502***

0.252

-0.051

0.092

HIX40 cm

0.235

0.175

0.402***

0.474***

0.429***

0.117

0.207

0.062

0.779***

Coefficient values without (*) are not significant. *p= 0.05, ** p ≤ 0.01, *** p ≤ 0.001. Correlation of dissolved organic carbon (DOC), total nitrogen (TN), specific
ultraviolet absorbance (SUVA),fluorescence index (FI) and the humification index (HIX) at different peat depth.
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Figure A. 1 Relationship between specific ultra-violet absorbance (SUVA254) and DOC (mg L-1) at 10 cm (A) and 40
cm (B) peat depth when all treatment effects were pooled
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Figure A. 2 The average annual treatment effect of SUVA254 and HIX at 10 cm peat depth. Legend labels represents
control (C), nitrogen addition (N), warming (W) and interactive effect of warming and nitrogen addition (W+N)
treatment effect. Bars represent standard error bars (SE).
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Figure A. 3 The average annual treatment effect of SUVA254 and HIX at 40 cm peat depth. Legend labels represents
control (C), nitrogen addition (N), warming (W) and interactive effect of warming and nitrogen addition (W+N)
treatment effect. Bars represent standard error bars (SE)
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