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Abstract

Background and Aims: Peatland methane (CHa) fluxes may vary between plant types; however,
in mixed communities, the specific role of each species is difficult to distinguish. The goal of this
study was to determine the individual and interacting effect of moss, graminoid and shrub plant
functional types on CH4 dynamics of experimentally planted plots in a rewetted minerotrophic
peatland

Methods: We measured CHa flux, pore water CH4 concentration and CHa4 production and
oxidation potential in pure stands of reintroduced Tomenthypnum nitens (Hedw.) Loeske, Carex
aquatilis Wahlenb, or Myrica gale L., as well as mixtures of T. nitens + C. aquatilis and T.
nitens + M. gale. Methane flux was also measured on bare peat plots.

Results: The presence of both the graminoid C. aquatilis and the shrub M. gale resulted in the
highest CH4 production potential in near surface peat (10 cm). The presence of moss (T. nitens)
and C. aquatilis significantly increased CH4 oxidation potential. Water table position was a
significant control on CHj4 flux, but the presence of C. aquatilis maintained higher flux even at
dry plots. Plots including C. aquatilis had significantly lower pore water CH4 concentration at 30
cm depth, likely reflecting CH4 oxidation and transport.

Conclusions: Management of restored sites aiming to reduce CH4 flux should focus on
hydrology, i.e. water table position. The presence of graminoids enhances CHa flux, while moss

presence may result in lower CH4 emission.

Introduction
Peatlands are wetlands characterized by accumulation of soil organic matter as peat. The

waterlogged environment in peatlands creates anoxic conditions that significantly reduce the
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decomposition rate and contribute to accumulation and storage of the carbon-rich organic matter
(Gorham, 1991). As litter continues to deposit, previous layers become buried in the waterlogged
peat profile, where decomposition occurs very slowly through anaerobic processes, releasing
some carbon (C) in the form of methane (CHa). Production of CH4through methanogenesis
within the peat profile has turned peatlands into an important (annual release of 46 Tg CH4-C to
the atmosphere) global CH4 source (Gorham, 1991; Lai, 2009). Once anoxic conditions have
been met, the rate of methanogenesis within the peat profile is primarily controlled by microbial

populations (methanogens), temperature, and substrate quantity and quality (Lai, 2009).

Methane emissions to the atmosphere result from a balance between CH4 production and CH4
oxidation. Different plant species in peatlands greatly influence CHa dynamics in terms of
production (by providing substrate), consumption and emissions (Strém et al., 2005; Kao-Kniffin
et al., 2010; Koelbener et al., 2010; Wang et al., 2013; Bhullar et al., 2014). Herbaceous
vegetation enhances CH4 production by providing a labile substrate directly in the anoxic zone
where methanogenesis occurs (Saarnio and Silvola, 1999; Strom et al., 2003). Old peat and
certain types of vegetation (e.g. bryophytes) are more recalcitrant to decomposition, whereas
many vascular plants can provide fresh and easily decomposable litter and root exudates for
methanogenesis (Strom et al., 2005). Using a plant removal experiment in an ombrotrophic
peatland, Robroek et al. (2015) observed only small changes in peat organic chemistry, but an
indication that graminoid removal reduced the polysaccharide content; however, the microbial
community changed significantly with removal of both graminoids and ericoid shrubs with

potential methane production (PMP) significantly lower when graminoids were removed.
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In the presence of oxic conditions, some of the produced CHa is consumed (oxidized) by another
set of microbes (methanotrophs) for growth and maintenance (Lai, 2009). Residence time of CHa
in the anoxic and oxic zones affects the quantity of CH4 released to the atmosphere (Olefeldt et
al., 2013). Plant aerenchyma (porous gas exchange tissues), can also transport oxygen from the
atmosphere down to the anoxic peat layer, where radial oxygen loss (ROL) from roots may cause
local oxidation of CH4 to CO2 (Arah and Stephen, 1998; Dannenberg and Conrad, 1999; Strém et
al., 2005; Fritz et al., 2011). Removal of graminoids from lawns of an ombrotrophic bog reduced
copies of some genes associated with methanotrophs, while a similar effect was observed at

hummaocks when both graminoids and ericoid shrubs were removed (Robroek et al., 2015).

Previous studies have also reported on the symbiotic relationship between mosses (e.g.,
Sphagnum spp., Scorpidium scorpioides) with methanotrophic bacteria, which allows oxidation
of CHj4 that leads to a reduction in CH4 emissions to the atmosphere (e.g., Liebner et al. 2011;
Larmola et al., 2010). This within-plant oxidation of CH4 has been observed in boreal (e.g.
Basiliko et al., 2004) and in arctic regions, where submerged brown moss oxidized CHs at rates
that are 100 times higher than reported values for bulk soil (Liebner et al., 2011). Moss
associated CH4 oxidation increases with temperature (van Winden et al., 2012) and for

Sphagnum is greater in species growing in wetter locations (Basiliko et al., 2004).

Whereas, oxidation of CH4 by vascular plants due to ROL in the anoxic zone reduces CHa flux,
the same plant aerenchymatous roots and stems (especially of graminoids (Bellisario et al., 1999;
Schimel, 1995)), can act as a conduit to transfer CH4 from the anoxic production zone to the

atmosphere, bypassing oxidation in the oxic zone above the water table (Strom et al., 2005;
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Bellisario et al., 1999). The relative importance of each of these plant-mediated effects will
result in the local impact of plant presence on CH4 fluxes. While many studies have reported a
positive correlation between plant cover, biomass or productivity and CH4 flux (e.g. Whiting and
Chanton, 1993; Waddington et al., 1996; Couwenberg and Fritz, 2012), in other cases, the
presence of particular plant species may reduce CH4 emission (Bhullar et al., 2013; Fritz et al.,
2011). In general, the presence of graminoids has often been reported to result in higher CHa flux
(e.g., Marinier et al., 2004; Couwenberg and Fritz, 2012; Ward et al., 2013) and it has been
suggested that vegetation type can be used as a proxy for greenhouse gas flux, including CH4

flux, in peatlands (Bubier, 1995; Couwenberg et al., 2011).

As the climate changes, the composition of plant functional types (PFTs) within a peatland has
the potential to shift in response to changing environmental characteristics (e.g., Strack et al.,
2006; Kuiper et al., 2014; Dieleman et al., 2015; Moor et al., 2015). Industrial extraction of peat
for horticulture also modifies the cover and composition of plant species from that which occurs
in undisturbed peatlands, and hence changes CH4 dynamics in these disturbed sites (Tuittila et
al., 2000; Waddington and Day, 2007; Dias et al., 2010). The degradation of natural peatland
functions after industrial extraction of peat converts the peatlands to a persistent source of CO; to
the atmosphere (Waddington et al., 2002), while reducing CHz emissions to very low levels on
drained peat fields (Waddington and Price, 2000). Studies have also shown that ecological
restoration after peat extraction may cause peatlands to return to sources of CHa4 of a magnitude
similar to natural peatlands (Waddington and Day, 2007; Cooper et al., 2014; Vanselow-Algan et

al., 2015).



114  Although restoration is practiced as a post-extraction management strategy to reestablish the

115  extracted site as a functioning peatland ecosystem (Waddington and Price, 2000), current

116  restoration planning in North America does not specifically consider the role of plant diversity in
117  restoring natural functions of peatlands (Rochefort et al., 2003; Gonzalez and Rochefort, 2014).
118  There is reason to believe that, the manipulation of plant diversity is effective for achieving and
119  enhancing restoration objectives (Diaz et al., 2009). For example, Kivimaki et al. (2007)

120  suggested that C uptake in a restored peatland was enhanced when graminoids grew in

121  association with moss compared to graminoids growing alone. In order to increase understanding
122 of the possible feedback mechanisms that plant diversity might have on peatland greenhouse gas
123 exchange, and evaluate the fulfillment of the goal of peatland restoration initiatives following
124  peat extraction, it is of vital importance to understand (1) how individual plant species affect CH4
125  dynamics in restored peatland ecosystems, and (2) whether these effects change depending on
126 the composition of the community in which the species is growing. Reliable knowledge of the
127  impact of plant diversity and PFT on CH4 dynamics could inform guidelines and policies for

128  post-extraction management of peatlands by the peat industry.

129

130  Several studies have investigated the role of plant communities or PFT in peatland CH4

131 dynamics by either targeting specific naturally occurring assemblages (e.g., Armstrong et al.,
132 2015) or conducting plant removal studies (e.g., Ward et al., 2013; Robroek et al., 2015). The
133 difficulty with the former approach is that particular species tend to dominate in specific

134  hydrological conditions, which also drive CH4 dynamics and can be difficult to tease apart from
135  plant type. In plant removal studies, legacy impacts of the removed plants on soil chemistry and

136  microbial community may make it difficult to determine specific plant effects (e.g., Robroek et
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al., 2015) unless the plant removal is continued for many years. Moreover, removal of a canopy
of graminoids and/or shrubs reduces shading of the underlying moss, resulting in moisture stress
(e.g., McNeil and Waddington, 2003) making it difficult to understand the role of moss in an
intact community. Planting experiments on cutover peatlands can overcome many of these
issues. Species composition can be controlled during planting, the same combinations planted
along existing hydrological gradients at the site, and PFTs added to a relatively uniform residual
peat layer. Therefore, the specific impacts of each PFT on CH4 dynamics can be more clearly
identified. Accordingly, the primary purpose of this project was to investigate the effects of
common peatland PFTs (both in monoculture and in combination) on CH4 dynamics in a restored
minerotrophic peatland. We focus specifically on species representing a range of PFTs — moss,
graminoid and shrub and a combination of these plant types, to determine the effect on: (1) CHa
fluxes, (2) pore water CH4 concentrations, (3) CH4 production potential, and (4) CH4 oxidation
potential. To address these questions we used both field and laboratory techniques to study moss,
graminoid, shrub, and a combination of moss and graminoid, and moss and shrub plots, planted

in 2009 in a restored minerotrophic peatland in Quebec, Canada.

Study Site

The study was conducted at Bic Saint-Fabien (BSF) peatland (48.322°N, 68.833°W), which is
located in the St. Lawrence Lowlands, approximately 25 km west of Rimouski, Quebec, Canada
(Figure 1). Mean annual precipitation based on 1981-2010 measurements from the Rimouski
meteorological station is 959 mm, 28% of which falls as snow (data available:
http://climate.weather.gc.ca/climate_normals/). The growing season between May-September

receives on average 434 mm of rain. Average daily temperatures are -11 °C and 18 °C in
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January and July, respectively. The area consists of both natural and disturbed (extracted)

peatland (Figure 1).

The restored portion of the peatland consists of 15 ha, which was utilized for horticultural peat
extraction from 1946 to 2000. This portion was initially a raised bog, which was extracted down
to its minerotrophic peat layer and residual peat conditions of the site now resemble that of a fen
with peat pH of 5.0-5.3 and specific electrical conductivity of 93-145 ps cm™. Remnant peat
thickness varies between 1.6 and 3.5 m (Ketcheson et al., 2012). This extracted section of the
BSF peatland is characterized by a moderately-decomposed peat (von Post H5-H6) consisting of
moss and sedge remains with varying degrees of spontaneous recolonization by plants, and
ruderal species such as cattails (Typha spp.) in former ditches that largely remain filled with
water. The vast majority of the easternmost part of the site remained bare until 2010 when an
assortment of restoration actions was implemented, including rewetting (creation of berms to
redistribute more uniformly the water over the site, birch cuttings, ditch blocking and peat
surface reprofiling). The central section was used for a biodiversity-control experiment in which
various plant species representative of various PFTs common in fens in the region (V. Bérubé,

unpublished data) have been planted.

The assessment of CH4 dynamics of the different planted communities was carried out within a
blocked design with each planting treatment replicated at a random location within each of three
blocks. The blocks were created within three adjacent peat fields and each block varied in
hydrology due to differences in water table that existed across the site. We investigated CH4

dynamics with one closed chamber (see description below) per treatment and per block (5



183  planting treatments x 3 blocks for a total of 15 plots for the following functional plant type

184  treatment: 1) Tomenthypnum nitens (Hedw.) Loeske (moss), 2) Carex aquatilis Wahlenb.

185  (graminoid), 3) Myrica gale L. (shrub), 4) T. nitens + C. aquatilis and 5) T. nitens + M. gale
186  planted together. Each experimental unit measured 3 m x 3 m. Plants were collected from an
187  undisturbed fen (donor site) in May 2009, and planted in May and June of the same year at the
188  study site. Mosses were spread at a density of 1:5 (1 m? from donor site spread over 5 m? at the
189  study area) while C. aquatilis plants were planted every 20 cm for a total of 240 plants per plot
190 and M. gale were planted every 30 cm for a total of 121 plants per plot. By 2011 and 2012 when
191 the study was conducted, plants were well-established and few bare peat areas remained within
192  or between the planted study blocks. As such, it was difficult to establish bare peat areas within
193  the same hydrologic conditions as the vegetated study plots. Methane flux was measured on
194  small bare areas in other areas of the site (Figure 1), but samples were not collected there for
195  pore water or CH4 production and oxidation potential incubations as contamination by root
196  exudates from nearby plants was likely, particularly by 2012.

197

198  Methods

199  Environmental Conditions

200  Field measurements were conducted during the growing seasons of 2011 (May-August) and
201 2012 (May-September), two and three years after planting. A meteorological station located on
202  the extracted site (Figure 1) continuously recorded water table elevation (WT, cm; Solinst

203  levelogger). Soil surface temperature and air temperature were measured using thermocouples
204  connected to a data logger (Campbell Scientific, CR10X). Measurements were taken every

205  minute and averaged over 30-minute intervals in 2011 and 20-minute intervals in 2012 from May
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to August. Additionally, three probes (Onset HOBOware Pro) recorded soil surface temperature

at three locations (one in each of block 1, 3, 4) at 30 min intervals in 2012.

Potential Methane Production and Oxidation

Peat cores (10 cm x 10 cm x 50 cm deep) for the laboratory study were extracted from within
each experimental unit in September 2012. The cores were subdivided in 10 cm sections and
were frozen until sample incubation in January 2013. Subsamples (10 - 11 g wet weight) were
collected from each of the peat cores after thawing for 48 hours, and added to 125 mL glass
incubation jars. Two subsamples at depths of 0 - 10 cm to represent the layer of fresh litter
deposition, and two at 40 - 50 cm depth for the permanently saturated zone from each of the 15
experimental units. After 24 hrs of acclimation, the samples were incubated at 20 °C over a
period of 72 hrs. Anoxic and oxic conditions were used during incubation to determine potential

methane production (PMP) and oxidation (PMO), respectively.

For the oxic experiment, the peat samples were left in jars without lids during the acclimation
period (24 hrs). After acclimation, lids equipped with septa were placed on the jars and 20 mL of
CHjs standard (=2.235 umol CHa) was injected. For the anoxic experiment, the peat samples in
the incubation jars were saturated with distilled water to make a slurry and the samples were left
without lids to acclimate at room temperature (20 °C). The saturated samples were then flushed
with N2 for 15 min and sealed in a glove bag. At 12 hr intervals, gas samples were collected from
headspace of both oxic and anoxic jars, and injected into pre-evacuated vials. Nitrogen was
injected to maintain pressure within the jars. Anoxic samples were mechanically agitated for 10

minutes prior to sampling to mix the entrapped gases within the peat pore spaces and the jar

10
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headspace. The collected gas samples were analyzed for CH4 concentration using a Varian Gas
Chromatograph 3800 (GC) with flame ionization detector at 250 °C. Standards, of known CH4
concentration, were also analyzed to check for instrumental error and ensure quality control.
PMP and PMO rates were determined from the linear increase or decrease in concentration of

CHa within the jars over the incubation period after correcting for dilution by No.

Methane Flux Measurements

The closed chamber technique was used for CH4 flux measurements (e.g., Alm et al., 2007).
Steel collars (60 cm x 60 cm x 15 cm deep; sample plots) were installed within each
experimental unit at the beginning of May 2011. Opaque steel chambers (60 cm x 60 cm x 30
cm) were placed on top of collars to create a closed system, and the grooves of the collar were
filled with water to ensure an airtight seal. Bare peat CH4 flux was measured with smaller plots
(26 cm diameter) and chambers (13 L) due to the limited amount of bare peat remaining on site
post restoration. Each chamber was equipped with a battery-operated fan to mix the headspace.
Four 20 mL gas samples were taken from the headspace at regular intervals after chamber
closure (7, 15, 25, 35 min) using a syringe equipped with a three-way valve. Methane fluxes
were conducted weekly during the two growing seasons. Ambient air samples were also
collected on each day of flux measurements to be used as the initial measure of CH4
concentration, i.e., 0 min (Mahmood and Strack, 2011). All samples were stored in pre-
evacuated Exetainers (Labco Ltd.) and analyzed on the gas chromatograph described above
within 2 months of collection. Laboratory tests with standards injected into Exetainers indicate

sample integrity for at least 4 months.

11
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The instantaneous flux was calculated as the linear change in CH4 concentration in the headspace
over time. If the pattern of concentration did not consistently increase or decrease over time or
jumped suddenly indicating potential ebullition, the flux value was not used except in cases
where the slope was not significantly different from zero indicating a non-detectable, low flux.

This resulted in loss of 5% of the data.

Environmental variables were also monitored during CH4 flux measurements, including air
temperature inside the chamber, WT elevation in a well adjacent to each collar, and soil
temperature at 2, 5, 10, 15, 20, 25, and 30 cm depths. Temperature measurements were recorded

using thermocouple thermometers.

Vegetation Volume Measurements

A ‘Fuel Rule’ visual obstruction method adapted from Davies et al. (2008), was used to estimate
the aboveground biomass in the form of vegetation volume (VV) within the CH4 flux collars
biweekly. The Fuel Rule is a 2 m long measuring stick that is 2.5 cm wide and painted with
alternating white and red bands. One face has bands 10 cm high whereas the reverse has two
bandwidths of 2 and 5 cm starting at opposite ends and running half its length. Each set of bands
is labeled with numbers. In this method, visual obstruction of this banded measurement stick by
plants was used to estimate vegetation volume based on a combination of vegetation height and
its density. To take a reading, the Fuel Rule was placed vertically in the middle of a collar and
pressed down through the moss and litter layer until it reached the more compact cutover peat
below ground. The user, while standing at arm’s length, visually estimated the percentage of

each band obscured by vegetation. When vegetation was tall enough, at least five bands were

12
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obstructed; hence, an appropriate scale was chosen based on the height of the vegetation at each
collar (Mahmood and Strack, 2011). The data was entered into the PObscured computer program
(available at: http://www.firebeaters.org.uk) to determine VV as described by Davies et al.
(2008). Vegetation volume of the vascular species plots was modeled over the growing season
by applying Gaussian curve-fitting (Equation 1), adapted from Riutta et al., (2007) to the 10-13

measured values:

JD—]Dmax

VV = VVmax * exp|( > )? [1]

Where VVmax is the maximum VV during the season, JD is the Julian day (days of a year
numbered from 1 to 365), JDmax is the timing of VVmax and b is the width of the Gaussian
curve. The Gaussian curve fit the data well with adjusted R? between 0.32 and 0.88. As moss
cover varied little over the season, a mean value of VVmax was used for T. nitens plots, resulting

largely on the height of the moss above the cutover surface.

Pore Water Methane Concentration

Pore water samplers consisted of a 20 cm length of 2.5 cm inner diameter PVC pipe, closed at
both ends, slotted at the middle 10 cm, and covered in Nitex screening to prevent clogging (see
Strack et al., 2004). These samplers were installed, centered at 30 cm depth, for each sample plot
in May 2012. To evaluate variation of CH4 concentration with depth, additional samplers
centered at 50 cm and 75 cm were installed at each plot within the block with the intermediate
WT. A sampling tube fitted with a three-way valve was inserted at one end of the sampler and
extended above the surface of the peat to allow for collection of water samples. Once in the

ground, samplers were allowed to equilibrate for a week, and then left in place throughout the

13
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study. Pore water samples were collected from May to September 2012. After each sample
collection, the samplers were filled with water and the valve closed to prevent air from entering
the tube. CH4 concentration from the water samples were then determined using headspace

analysis after equilibration with ambient air in the field (Mahmood and Strack, 2011).

Data Analysis

The effect of planting treatment, year and environmental factors contributing to variation in field
measured CH4 fluxes and pore water CH4 concentrations at 30 cm were evaluated in R (R Core
Team, 2013) with mixed effects models using the package nlme (Pinheiro et al. 2014). Planting
treatment and year were considered in a linear mixed effects model including logi0(CH4 flux) or
pore water concentration as the independent variable, planting treatment, year and planting
treatment x year interaction as a fixed factors and sample plot as a random factor to account for
the repeated measures nature of the data. Similar models were used to evaluate difference in
water table (WT) and vegetation volume (VV) between planting treatments and years. To
investigate specific environmental controls on CH4 dynamics, additional linear mixed effect
models considered seasonal mean logio(CHa flux) or pore water concentration as the independent
variable, seasonal mean WT, maximum VV (VVmax; see equation 1), and PFT presence and all
two-way interactions as fixed effects, and plot as a random effect. Factors that were insignificant
were removed from the model one at a time, starting with the least significant, until the final
model was found. Non-significant individual factors were retained in the model when they
occurred in a significant interaction term. Residuals were inspected visually for normality and

heterogeneity.
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In order to evaluate treatment effects on PMP and PMO rates a general linear model was used
that included planting treatment, depth of core sample and planting treatment x depth as
categorical fixed effects. If a factor significantly explained the variation in the data, a Tukey
pairwise comparison was conducted using the package multcomp (Hothorn et al., 2008). Groups
were considered significantly different if p < 0.05. A general linear model was also used (gls in
the nime package) to investigate whether the presence of each PFT, depth and the interaction
between PFT and depth were significant for explaining variation in PMP and PMO rates. The
final models were determined as described above, by dropping non-significant factors one at a

time starting with the least significant.

Results

Potential methane production and oxidation

Measured potential CH4 production (PMP) was 0.067 — 0.20 nmol g dry peat™ hr?, being
generally greater in surface (0-10 cm deep) peat samples than at depth (40-50 cm). There was a
significant effect of depth (Table 1; F1,18 = 33.7, p<0.0001) and a significant planting treatment-
depth interaction (Table 1; F4 18 = 3.26, p=0.036) for explaining variation in PMP. In the shallow
peat, PMP was significantly greater at C. aquatilis monoculture plots than at T. nitens
monoculture plots. All planting treatments had significantly greater PMP in shallow peat than
deep peat except T. nitens monoculture plots, where there was no significant effect of depth
(Figure 2a). Planting treatment alone did not significantly explain variation in PMP (Table 1;
Fs18 = 0.91, p=0.50). Depth was the only significant factor accounting for variation in PMP in a

linear model that also considered the presence of each PFT (Table 2).
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Measured potential CH4 oxidation (PMO) was 2.8 — 5.9 nmol g dry peat* hrl. Planting treatment
explained a significant portion of the variation in PMO (Table 1; F4,20 = 3.33, p=0.030), although
there was also a significant planting treatment-depth interaction (Table 1; F4,20 = 3.84, p=0.018).
PMO was significantly greater in shallow peat compared to deep peat for C.aquatilis - T.nitens
mixed plots, but did not vary significantly with depth at any other plot type. Considering the
presence of each PFT on PMO indicated that the presence of moss (Table 2; F1,25=7.39, p=0.012)
significantly increased PMO, and there was a significant interaction between depth and
graminoid presence (Fy,25 = 8.48, p=0.0075) whereby PMO was significantly greater in shallow

peat than deep peat only in plots that included the graminoid C. aquatilis (Figure 2b).

Environmental conditions and methane fluxes

The water table was significantly shallower in 2011 than 2012 (Table 3; F1,13=31.8, p=0.0001),
although it did not vary significantly between the planting treatments (Fs,13=0.35, p=0.87).
Maximum vegetation volume (VVmax) was greater in 2012 compared to 2011 (Table 3;
F1,10=16.13, p=0.0025) except at T. nitens only plots that did not vary over time, resulting in a
significant planting treatment-year interaction (Fs,10=8.28, p=0.0033). There were differences in
VVmax between planting treatments (Table 3; F4,10=8.27, p=0.0033) with C. aquatilis and C.
aquatilis-T. nitens plots having greater VVmax than all other planting treatments, which were not

different from each other.

Mean (standard deviation) CH4 flux was 4.2 (7.1), and 9.7 (11.6) mg CHs m2 d* in 2011 and
2012, respectively. There was no significant difference in flux between the years (F1,13=0.02,

p=0.90) or between the various planting treatments (Fs13=1.14, p=0.39) and no significant
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planting treatment-year interaction (Fs13 = 1.14, p=0.39). Results from the linear mixed model
(Table 2) indicate that WT and an interaction between WT and graminoid presence were
significant factors explaining spatial variability in CH4 flux. Plots with shallower WT had greater
CHjs flux, but this relationship was not significant when the graminoid C. aquatilis was present
(Figure 3a). CH4 flux was also positively related to VVmax when considered individually (Figure
3b; F1,18 =9.08 , p= 0.0075), but this factor was not significant in the model when WT and

graminoid presence were included (Table 2).

Pore water CH4 concentration

Average pore water CH4 concentration at 30 cm depth was 1.5 to 294 uM. There was no
significant difference in CH4 concentration between planting treatments (Figure 4a, F410=1.49,
p=0.27). However, the presence of graminoids was related to significantly lower pore water
concentration (Table 2, F1,12=8.08, p=0.015). WT was also significantly related to 30 cm pore

water CH4 concentration, with deeper WT corresponding to lower concentration (Table 2).

Depth profiles of pore water CH4 concentration had relatively consistent patterns across
measured study plots (Figure 4b). Concentration generally increased from 30 cm, was highest at

50 cm depth across all planting treatments, with a decreasing trend to 75 cm.

Discussion
Measured CHj4 flux and pore water CH4 concentrations in the present study were recorded only
during May to September, representing spring to early autumn; this misses processes occurring

throughout most of autumn and winter, but as the study focused on differences between the
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PFTs, any main difference in growing season effects will be evident. While our measured values
for pore water CH4 concentration and potential CH4 production and oxidation rates were within
the range reported previously in literature for restored peatlands, CH4 flux was on the low end of
reported values. Mean CHa flux across the sample plots was 4.2 — 9.7 mg CHs m d, below the
median rates of 23.0 and 37.1 mg CH4 m d* from northern bogs and fens, respectively
(Olefeldt et al., 2013). However, the rates from the present study are similar to mean fluxes
reported from restored bog fields of 0.1 to 23.4 mg CHs m d! (Waddington and Day, 2007;
Strack and Zuback, 2013). Although substrate limitation may play a role in the lower values
from restored areas compared to natural bogs (e.g., Basiliko et al., 2007), low fluxes also
correspond to deeper average WT position, as values over 300 mg CHs m d* have been reported
from flooded restored areas (e.g., Waddington and Day, 2007; Strack et al., 2014; Beyer and
Hoper, 2015). As reported widely in literature (e.g., Roulet and Moore, 1993; Couwenberg and
Fritz, 2012; Strack et al., 2014) we observed a significant positive relationship between WT and
CHjs flux across our study plots, and relatively dry conditions in two of the three study blocks

(mean seasonal WT of -16 and -18 cm) may have contributed to the low measured emissions.

Previous studies have reported that peat extraction reduces rates of PMP and PMO by exposing
deep, highly decomposed peat layers, but that these rates recover relatively quickly following
restoration (Basiliko et al., 2007; Waddington and Day, 2007). Our range of PMP values (0.066
—0.20 nmol (g dry peat)* hr'!) and PMO (2.8-5.9 nmol (g dry peat)* d!) are similar to ranges
reported by Dunfield et al. (1993) of 0.25-0.42 nmol (g dry peat)™* hr! and 2.9-4.0 nmol (g dry
peat) hr'! for PMP and PMO, respectively across a range of undisturbed peatlands, suggesting

that microbial production and oxidation recover quickly once plants are established.
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Our measured pore water concentrations of 1.5 - 294 uM fall within the relatively wide range of
the few studies that report CH4 concentration from restored peatlands; reported values include 0
— 160 uM and 150 — 345 uM at restored fields and ditches (Waddington and Day, 2007) and ~0
to 750 uM at spontaneously revegetated areas of the present study site (Mahmood and Strack,
2011). Pore water CH4 concentration at undisturbed peatlands has a similar range of values (e.g.,
Clymo and Pearce, 1995; Waddington and Roulet, 1997; Strack and Waddington, 2008),
although local concentrations of up to 7000 uM have been reported (Chasar et al., 2000). Given
the wide range of pore water values reported in literature, it is unsurprising that the present study
falls within it, but the observation of values towards the higher end of the range at several plots

provides further evidence that rates of CH4 production recovers quickly post-restoration.

Plant controls on CH4 production

In this study, while CH4 emission and pore water concentration were correlated to water table
position, PFT was also a significant factor for variation in rates of CH4 production and
consumption. Once anaerobic conditions are met, the quality and supply of the substrate is the
major factor in CH4 production; lower CH4 emissions from bogs compared to fens is likely
linked to lower lability of substrate in the former (Bridgham et al. 2013). Significantly higher
PMP rates were observed in the shallower (0-10 cm) peat (Figure 2a), where fresh inputs from
the planted vegetation are more likely to be located. Potential CH4 production decreased in older
peat at the 40 - 50 cm depth (Figure 2a), as at this depth labile substrates are depleted (e.g.,

Clymo and Bryant, 2008). This reduction in PMP with depth was reflected in pore water CH4
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435  concentration; although highest at 50 cm depth, CH4 concentration declined sharply by 75 cm
436  likely due to lack of fresh substrate.

437

438  Furthermore, the difference between PMP in surface and deeper peat was significant in the

439  presence of graminoids and shrubs, but not when moss grew alone, highlighting the importance
440  of vascular plant litter and root exudates as a substrate source for CHs production. Similarly,
441  Robroek et al. (2015) report lower rates of PMP following graminoid removal considering data
442  across both lawns and hummocks in an ombrotrophic peatland. Decomposition of graminoids
443  and other vascular plants is relatively fast compared to other PFTs (e.g., moss; Graf and

444 Rochefort, 2009), resulting in high CH4 production rates (Bohdalkova et al., 2013). This

445  highlights the importance of plant-microbial interactions in driving the rate of PMP under

446  various PFTs (Robroek et al., 2015). The higher rates of PMP associated with vascular plants
447  observed in the present study likely contributed to the higher measured rates of CH4 flux from
448  plots containing graminoids and shrubs compared to plots containing moss alone and bare plots
449  (Table 3), and the significant positive relationship between VV and CHa flux (Figure 3b).

450

451  Plant effects on CH4 oxidation

452  As indicated by our laboratory incubation, PMO rates varied between plot types with the highest
453  value at C. aquatilis + T. nitens mixed plots. There was no significant effect of depth, as PMO
454  decreased with depth at some plot types and increased with depth at others. Across all plots and
455  depths the presence of both moss and graminoids increased PMO. As the graminoid C. aquatilis
456  has aerenchymous tissue (Bellisario et al., 1999; Joabsson et al., 1999; Tuitilla et al., 2000) it can

457  transport oxygen to depth in peat and promote oxidation through radial oxygen loss (Bellisario et

20



458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

al., 1999; Joabsson et al., 1999). In fact, Popp et al. (2000) report that up to 30% of CH4 was
oxidized in a fen dominated by C. aquatilis and Carex rostrata. Oxidation in the rhizosphere
may explain the significantly lower pore water CH4 concentration observed in the presence of C.
aquatilis (Figure 4; Table 2). In contrast, Robroek et al. (2015) report significantly lower PMO
in the presence of graminoid and ericoid shrubs compared to plots from which they were
removed, a response mediated by changes to the microbial community. The different response to
the presence of vascular plants between the two studies may be due to species differences and
peat quality. In the present study, substrate limitation in the residual cutover peat deposit likely
limits CH4 production in the absence of plants, resulting in little CH4 available for

methanotrophs and thus low rates of PMO unless plants are present.

The presence of both Sphagnum and brown moss has been shown to enhance rates of CH4
oxidation in wetlands due to the presence of symbiotic methanotrophic bacteria living within
moss cells (e.g. Larmola et al., 2010; Liebner et al., 2011). Observations of higher observed
PMO from plots containing the moss T. nitens in the present study are consistent with these
findings. In contrast, if higher rates of CH4 oxidation in the presence of T. nitens were caused by
methanotrophs living in association with the moss itself, we would expect a decline in PMO with
depth, but observed no clear pattern. Therefore, while this study presents some evidence that the
presence of moss on restored peatlands may reduce CH4 emissions by enhancing CH4 oxidation,
further research is needed to determine the specific importance of CH4 oxidation associated with

T. nitens in these ecosystems.

Plant effects on CH4 flux
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Although the flux of CH4 was consistently higher in the presence of the vascular plants C.
aquatilis and M. gale, we found no significant difference in flux between planting treatments.
However, variability in CHs4 flux between sample plots was high, likely due to hydrologic
differences across the site, and this masked differences between PFTs. Plant functional type has
been shown in many peatland studies to explain variation in CHs flux, generally with highest
fluxes from graminoid dominated plots (e.g., Ward et al., 2013; Armstrong et al., 2015), leading
to the suggestion that greenhouse gas fluxes could be estimated based on vegetation type
(Couwenberg et al., 2011). Higher fluxes in the presence of graminoids have also been reported
for restored peatlands (e.g., Tuittila et al. 2000, Bohdalkova et al. 2013, Wilson et al. 2007),
though this may partially be due to the fact that graminoids often grow preferentially in wetter
areas (Mahmood and Strack, 2011). We found a significant interaction of graminoid presence
with WT; there was no significant effect of WT on CH4 flux when graminoids were present.
Because of this, CH4 flux was enhanced at dry sites by the presence of the graminoid C.
aquatilis, but may be slightly reduced at wet sites (Figure 3a). This pattern results from the

combined effect C. aquatilis has on CH4 production, oxidation and transport.

If PMP rates are indicators of the corresponding belowground pore water CH4 concentration, we
would expect plots with graminoids and shrubs to have the highest CH4 concentration. Contrary
to our expectations, both graminoid monoculture and polyculture (C. aquatilis + T. nitens) plots
had the lowest CH4 concentration at 30 cm depth. According to Strack and Waddington (2008),
the pore water CH4 stock at a particular point in the peatland will be controlled by the difference
between the rate of CH4 addition to that point via production and transfer, and the rate of CHs

loss via oxidation, translocation or emission. Therefore, despite substrate input that resulted in
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high rates of CH4 production, loss of CH4 to oxidation and transport must reduce the residence
time of CHj4 in the presence of C. aquatilis, limiting the size of the pore water pool. The fact that
CHa flux remained high in these plots suggests that C. aquatilis’ role in venting CHjs to the
atmosphere outweighs oxidation. Green and Baird (2012) also observed that the presence of

graminoids was associated with lower pore water CH4 concentration, but higher total flux.

While aerenchyma and the potential to oxygenate the root zone have been reported for the shrub
M. gale (e.g. Cronk and Fennessey, 2001), our data did not indicate a significant reduction in the
pore water CHs pool in the presence of M. gale, nor were PMO rates increased in peat from M.
gale plots. Therefore, while it is possible that M. gale also enhances oxidation and transport of
CHys, its main effect on CH4 dynamics appears to be substrate provision that increases CHa

production, but while not significantly enhancing flux.

Conclusions

In general, both physical (temperature, water table, etc.) and biological (plant species, microbes,
etc.) properties are important controls on CH4 dynamics in peatlands, including those restored
post-extraction. We investigated the specific role of plant species from different peatland
functional types (PFTs), Tomenthypnum nitens (moss), Carex aquatilis (graminoid) and Myrica
gale (shrub) on CH4 dynamics in a restored minerotrophic peatland. Water table (WT) was the
dominant control on spatial variability in CHs flux. Although flux was not significantly different
between planting treatments, the presence of easily degradable vascular plants contributed to the
enhanced CHa production. The significant interaction between the presence of graminoids and
WT position for describing variation in CH4 flux indicates that plant-mediated transport by
graminoids contributes to higher CH4 emission, particularly at dry plots. In contrast, significantly
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higher rates of potential methane oxidation and low pore water CHa pools at plots with
graminoids indicate that this species also contributes to rhizospheric CH4 oxidation that may help
to reduce flux at inundated sites. The moss T. nitens may also enhance CH4 oxidation, although

more research is needed to confirm the extent of this effect.

Since CHg is a potent greenhouse gas, peatland restoration projects with a goal of creating a
greenhouse gas sink often aim to minimize CH4 emissions. As WT was an important control on
flux, managers should primarily consider targeting local hydrological conditions to minimize
CH4 emissions. Mosses may help to reduce CH4 flux by enhancing oxidation, while vascular
plants provide substrate that enhances CHa4 production in the residual cutover peat. Although
graminoids (C. aquatilis in the present study) also encourage some CH4 oxidation below the
water table, enhanced CHa transport will likely increase emission even at drier locations.
Promoting colonization by shrubs instead of graminoids in these areas would likely reduce CH4
flux. However, when making management decisions to reduce CHjs flux, consideration should
also be given to the effects of PFTs in CO2 dynamics as vascular plants make important
contributions to CO> uptake (e.g. Strack et al., 2014) and organic matter accumulation (Andersen
et al., 2013) at restored sites. Moreover, successional changes following restoration should also
be considered as introduced species might not persist in the restored ecosystem if hydrochemical
conditions are not favourable for their establishment, or when conditions change over time as the
system develops (e.g., Gonzalez et al., 2014). Integrating understanding of these ecohydrological
controls on peatland greenhouse gas exchange will help to improve restoration planning and

management.
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742

743

744

oxidation between planting treatments and depth

Table 1: Results of the linear model investigating variation in potential methane production and

PMP PMO
Source df F p F p
Planting treatment 4 0.910 0.50 3.33 0.030
Depth 1 33.7 <0.0001 2.23 0.15
Planting treatment 4 3.26 0.036 3.84 0.018
x depth
Intercept 1 107 <0.0001 120 <0.0001
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Table 2: Significant factors in linear models describing variation in methane production,

oxidation, flux and pore water concentration at 30 cm

Independent variable Factor F p
Potential CH4 production? Depth F126 =53.3 <0.0001
Intercept F126 = 237.5 <0.0001
Potential CH4 oxidation® Depth F125=0.13 0.72
Graminoid Fi25 =27 0.12
Moss Fi5=7.4 0.012
Depth x Graminoid F125=8.5 0.0075
Intercept F125 =220.1 <0.0001
CHy flux® Water table F117=15.3 0.0011
Graminoid F117=0.42 0.53
Water table x Graminoid F117=7.8 0.012
Intercept F117=101.7 <0.0001
Pore water CH4 Water table F112=12.3 0.0043
concentration (30 cm depth)  Graminoid F112=8.1 0.015
Intercept F110=43.4 <0.0001
a. results from a general linear model. Full model included depth (categorical), presence of
graminoid (C. aquatilis), moss (T. nitens) and shrub (M. gale), and interaction of
presence of each with depth. Factors were removed from the model sequentially starting
with the least significant. Individual factors were retained in the model if their interaction
was significant
b. results of a linear mixed effects model with plot as a random factor. Seasonal mean
values were used. Full model included water table, maximum vegetation volume,
presence of graminoid (C. aquatilis), moss (T. nitens) and shrub (M. gale) and interaction
of each species with water table and volume. Final model chosen as described in (a).
c. results from a general linear model considering seasonal mean pore water concentration.

Full model included water table, maximum vegetation volume, presence of graminoid (C.
aquatilis), moss (T. nitens) and shrub (M. gale) and interaction of each species with water
table and volume. Final model chosen as described in (a).
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Table 3: Water table position, vegetation volume and methane flux?

, Water table Vegetation CHjs flux
Planting treatment Year (cm) volume (mg CHa m2 o)
Graminoid 2011 -10.6 (8.0) 21.4 (16.7) 4.3 (6.1)
(C. aquatilis) 2012 -18.3 (8.8) 33.4(16.1) 13.8 (3.0)
Gram. + moss 2011 -9.7 (7.7) 33.3(10.4) 6.1(4.1)
(C. aquatilis + T. nitens) 2012 -16.9 (9.2) 43.1 (2.5) 13.8 (0.7)
Shrub 2011 -6.1 (8.3) 20.6 (7.0) 9.0 (12.2)
(M. gale) 2012 -12.3 (11.7) 12.2 (1.7) 14.3 (25.3)
Shrub + moss 2011 -9.7 (9.8) 19.6 (7.2) -1.3(3.0)
(M. gale +T. nitens) 2012 -15.5 (10.9) 16.8 (10.0) 5.0 (7.7)
Moss 2011 -7.9 (8.5) 1.8 (1.1) 2.7 (7.4)
(T. nitens) 2012 -16.0 (9.9) 1.8 (1.1) 1.7 (5.3)
Bare 2011 -11.3 (5.9) 0 0.63 (2.6)
2012 -18.8 (3.6) 0 0.36 (2.7)

a. values for water table and CHjs flux are the mean (standard deviation) of the seasonal mean at
each plot, while vegetation volume is the mean (standard deviation) of the maximum vegetation
volume as estimated by the Gaussian curve (Equation 1) fit to the field measured data.
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768  Figure 1. Aerial view of the Bic Saint-Fabien peatland, showing the disturbed and natural
769  peatlands. Aside from bare plots for flux measurement, the study was conducted in the section
770  restored with biodiversity plantings, one replicate in each of the adjacent peat fields.
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Figure 2. Potential CH4 (a) production under anoxic conditions and (b) oxidation under oxic
conditions, at two depths 0-10 cm and 40-50 cm across five planting treatments. Bars that do not
share a letter are significantly different (p-value <0.05). Error bars represent standard error
between triplicate cores. C. agu = sedge, Carex aquatilis; M. gal = shrub, Myrica gale; T. nit =

moss, Tomenthypnum nitens.
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780  Figure 3. (a) Seasonal mean CH4 flux vs. WT with and without the sedge Carex aquatilis. (b)
781  Seasonal mean CHj4 flux vs. maximum vegetation volume. C. aqu = sedge, Carex aquatilis, M.

782  gal = shrub, Myrica gale, T. nit = moss, Tomenthypnum nitens.

783

36



784

785

786

787

788

789

790

791

(a) . 2 _®

—*—C.aqu
#—M.gal
—&— T.nit
—@— C.aqu+T.nit Fr
—#— M.gal+T.nit /

30

200

=

W

o
-
o

Depth (cm)
wu
(=]

[y
o
o

Mean [CH4] (#mol/L)
3

v
o

704

- y 80— T -
Cagy Mgy  Tnjy c'aqwtn?:'galﬂ-. nit 0 50 100 150
Vegetation Type [CH4] (umol/L)

Figure 4. (a) Average seasonal pore water CH4 concentration at 30 cm depth monitored in the
growing season of 2012. The bars represent seasonal averages obtained by taking mean of the
mean of triplicate sampling plots. Error bars represent standard error of the concentration from
the triplicates. (b) Pore water CH4 concentration from the intermediate wetness block at 30, 50
and 75 cm depth monitored in the growing season of 2012. The values represent seasonal
averages at each respective depth. Error bars are omitted for clarity. C. aqu = sedge, Carex

aquatilis, M. gal = shrub, Myrica gale, T. nit = moss, Tomenthypnum nitens.
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