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THESIS ABSTRACT
Steven Alexander McAllister
Master of Science
Department of Biology
March 2016
Title: Seasonal Dynamics of Methane Pathways Along a Hydrogeomorphic Peatland
Gradient

Northern peatlands occupy a very small proportion of the Earth’s surface but
contain nearly a third of the world’s soil organic carbon. These wetland systems produce
substantial fluxes of CH,, a potent greenhouse gas, and are expected to experience
particularly high annual mean temperature increases as global climate change proceeds,
which could result in a significant positive feedback.

Using radioisotope labeling, we quantified the rates of two pathways of CH,4
production in six sites in northern Michigan along a physiochemical and ecological
gradient that characterizes northern peatlands. We found that the rates of these two
pathways displayed markedly different dynamics in space and time and that the
hydrogenotrophic pathway, previously presumed to be less significant in these systems, can
increase substantially and become dominant across the landscape when water tables are
high. Quantifying these two pathways provides critical insight into understanding

dynamics of CH,4 production in northern peatlands.
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CHAPTER I

INTRODUCTION

Northern Peatlands: Climate Change Significance

Northern peatlands occupy approximately 3% of the terrestrial surface (3.8 x 10°
km?), but contain nearly a third of total terrestrial soil carbon (Jobbagy and Jackson
2000), conservatively estimated at 447 Pg (Joosten 2010). This is possible because
peatland soils (histosols) are composed largely of organic material, and can range from
30cm to almost 10m in depth (Jobbagy and Jackson 2000).

These wetland soils are under largely anaerobic conditions, which contributes to
the accumulation of such massive reserves of soil organic carbon; anaerobic carbon
mineralization (the transformation of organic carbon to inorganic carbon) yields less
metabolic energy for soil organisms than does aerobic respiration, and thus it tends to
proceed more slowly, with a large portion of the organic carbon in the peat less accessible
to these organisms (Kochy et al. 2015). However, a greater or lesser fraction of carbon
mineralization in anaerobic system results in CHy4, a greenhouse gas ~45 times more
potent than CO; per unit mass (Neubaurer and Megonigal 2015), as methanogenesis is an
obligately anaerobic process (Conrad 1989).

These peatlands are located mostly north of the 45™ parallel (Aselmann and
Crutzen 1989), and are thus likely to be exposed to extraordinarily high annual maximum
temperature anomalies (as high as 6°C) as global climate change proceeds (IPCC 2013,
Kirtman et al. 2013). As higher soil temperatures tend to increase rates of

methanogenesis, there is concern that large increases in mean annual temperature in



peatlands could lead to greatly increased CH, flux, and thus potentially cause a strong
positive feedback on global climate change (Limpens et al. 2008, Bridgham et al. 2013,
Schuur et al. 2015). Therefore, a better understanding of how anaerobic CO, and CH,4
production varies across these systems is important for understanding their likely role in

future global climate change.

The Anaerobic Carbon Cycle: Methanogenesis in Peatlands

In peatlands, as in other soil systems, heterotrophic microorganisms decompose
organic carbon into increasingly oxidized forms to conserve metabolic energy to support
their growth (Fig. 1.1). Microbes break down organic polymers (e.g. proteins and
carbohydrates) into monomers (e.g. amino acids and sugars). In aerobic systems, these
compounds are respired to CO,, releasing significant metabolic energy through the
reduction of molecular oxygen. In anaerobic systems, decomposition proceeds through
more steps; organic monomers are first fermented into short chain fatty acids (chiefly
acetate), releasing CO, and H; as byproducts, and the fate of those products depends on
the presence or absence of alternative terminal electron acceptors (TEAS) which allow

anaerobic respiration to occur.

In the presence of TEAS (e.g. ferrous iron, nitrate), decomposition continues in an
analogous fashion to aerobic respiration; organic carbon is fully oxidized to CO, with the

energy conserved through the reduction of the TEAs. Itis in the absence of TEAs,



however, that methanogenesis becomes a significant player in the process (Fig. 1.1).
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Figure 1.1. A schematic diagram of anaerobic carbon mineralization in

wetland ecosystems.

CO; and H,, byproducts of fermentation, are converted into CH, via hydrogenotrophic
(aka autotrophic) methanogenesis, while acetate is transformed into CO, and CH,4 via
acetoclastic methanogenesis (Conrad 1989).

CHy, is produced exclusively by a polyphyletic group of archaea called
methanogens (Liu 2010), with these two distinctly different pathways carried out by
largely distinct groups. Of the six currently known orders of methanogens, five (the
Methanobacteriales, Methanococcales, Methanomicrobiales, Methanopyrales, and
Methanocellales) are exclusively hydrogenotrophic, and one, the Methanosarcinales, are

largely acetoclastic. This phylogenetic partitioning of methanogenesis pathways raises



the possibility that the dynamics of the two pathways may be different in different
ecosystems, and that the dynamics of CH,4 production generally may be more complex

than one would presume if there was only a single pathway involved.

The Hydrogeomorphic Gradient

The term “northern peatlands” encompasses a variety of systems that exist on a
wide spectrum of physiochemical and ecological contexts. This variation can be
described as a gradient of groundwater influence (Fig. 1.2), from ombrotrophic systems
(with hydrology dominated by precipitation) on one end, to minerotrophic systems (with
hydrology dominated by groundwater) on the other (Bridgham et al. 1996).
Ombrotrophic peatlands tend to have very poorly buffered porewater, resulting in low pH
values, with values of 3.0-3.5 not at all uncommon in the most extreme examples, as well
as relatively low dissolved nutrient availability resulting from consistent leaching with
what amounts to distilled water. Minerotrophic peatlands, on the other hand, have much
more neutral pH values (6.0-7.0 typical) in keeping with a strong groundwater influence,
and generally have higher nutrient availability.

This gradient of hydrological influence has significant implications for many
different ecosystem functions. In terms of anaerobic carbon mineralization,
ombrotrophic peatlands have generally been found to produce less CH,4 than
minerotrophic peatlands, and to have substantially higher ratios of anaerobic CO; to CH,4
production than minerotrophic sites (Bridgham et al. 1998, Keller and Bridgham 2007).

Also, ombrotrophic peatlands tend to produce more CH, through the

hydrogenotrophic pathway, and minerotrophic peatlands more through the acetoclastic



pathway (Kelly et al. 1992, Chasar et al. 2000, Avery et al. 2002), although there is

low (~3.5) pH neutral
precipitation dominated hydrology groundwaterdominated
high CO,: CH, Ratio low
hydrogenotrophic predominant pathway acetoclastic

[ ombrotrophic

Figure courtosy of Dr. Scott Bridgham

Figure 1.2. The hydrogeomorphic gradient.

evidence that this can change somewhat through time (Keller and Bridgham 2007).
Therefore there appears to be an association between hydrogeomorphic position,
dominant methanogenesis pathway, and CH,4 production, both total and as a proportion of
total anaerobic carbon mineralization (McCalley et al. 2014), but this needs to be
explored further.

In this study, we quantified anaerobic CO, production and both pathways of
methanogenesis in six sites distributed across the hydrogeomorphic gradient in the Upper
Peninsula of Michigan over the course of two growing seasons. We hypothesized that
total CH,4 production, as well as the ratio of CH4 to CO, produced, would generally
increase with increasing minerotrophy, as would the relative contribution of acetoclastic

methanogenesis, and sought to determine whether this would manifest continuously or



discontinuously along the gradient. We also examined the intra- and interannual

consistency of these trends across the gradient.



CHAPTER II
SEASONAL DYNAMICS OF METHANE PATHWAYS ALONG A

HYDROGEOMORPHIC PEATLAND GRADIENT

Introduction

Peatlands occupy only 3% of Earth’s surface, but contain approximately 31% of
terrestrial soil carbon (Bridgham et al. 2006, Jobbagy and Jackson 2000). Peatlands also
produce a significant fraction of the global methane (CH, ) flux (Kirschke et al. 2013,
Bridgham et al. 2013). Concentrated at northern latitudes, peatlands will be exposed to
particularly large temperature increases as global climate change proceeds (Kirtman et al.
2013), and if their large soil carbon reserves were mineralized as CH,4 or carbon dioxide
(COy), could cause a significant positive feedback to anthropogenic climate change
(Limpens et al. 2008, Bridgham et al. 2013, Schuur et al. 2015). Anaerobic carbon
cycling processes and the resultant relative production of CO, and CH, are particularly
important because sustained fluxes of CH,4 have 45 times the global warming potential of
CO; (Neubaurer and Megonigal 2015). Better understanding controls over anaerobic
carbon mineralization in these ecosystems is an important step in predicting their
response to climate change.

In all known freshwater systems, methanogenesis occurs through one of two
pathways: acetoclastic (also called fermentative) methanogenesis, which utilizes acetate
as a substrate and also produces CO, , and hydrogenotrophic (or autotrophic)
methanogenesis, which utilizes H, and CO, as substrates (Conrad 1989). Methanogens

do not compete well with microbes that utilize alternative terminal electron acceptors



(TEAS) for respiration; as a result, methanogenesis tends to predominate only where
these TEAs (such as ferrous iron and sulfate) are not available (Megonigal et al. 2004).
The stoichiometry of methanogenesis is such that the acetoclastic pathway should
comprise approximately two-thirds of methanogenesis, and in fully methanogenic
systems (those lacking alternative TEAS), the ratio CO, and CH,4 produced should be 1:1
through either pathway (Conrad 1999).

Peatlands, however, display a large range of CH4 production rates and
efficiencies (Bridgham et al. 1998, Turetsky et al. 2014). They exist in a variety of forms
along a hydrogeomorphic gradient (Bridgham et al. 1996)—from ombrotrophic bogs,
which receive all water inputs from precipitation, and thus have low alkalinity and pH, to
minerotrophic fens, which are influenced by groundwater and/or runoff and thus have
higher alkalinity and pH. Nutrient availability, carbon quality, and basic cation
concentrations also vary greatly across this gradient, as does plant community structure.
CO; :CHgratios also vary along this gradient, from minerotrophic sites that produce
significant CHy, to ombrotrophic sites that may scarcely produce CHj, at all, with CO,
:CH, ratios spanning several orders of magnitude (Bridgham et al. 1998, Keller and
Bridgham 2007). While concentrations of inorganic TEAS are generally low in
peatlands, substantial recent evidence indicates that organic TEAs are very important in
surface peat (reviewed in Bridgham et al. 2013). However, even when organic TEAs are
exhausted, high CO2:CH4 ratios persist, particularly in bog peat (Keller and Takagi
2013). In addition, a quinone compound was found to act primarily as a TEA in a fen

peat but to have broad inhibitory effects in a bog peat, with particularly severe inhibition



of methanogenesis (Ye et al. 2016). Thus, a mechanistic understanding of controls over
CH, production in peatlands remains elusive.

The relative importance of the two dominant methanogenesis has received
relatively little study in wetlands, particularly using methods that provide quantitative
rates. Perhaps this is because many natural anaerobic habitats display the predicted 2:1
acetoclastic:hydrogenotrophic ratio of the pathways, and theoretically total CH,4
production should not depend on the pathway (Conrad 1999). However, peatlands along
the hydrogeomorphic gradient display different ratios of the two pathways, with
ombrotrophic sites more dominated by hydrogenotrophic methanogenesis, and
minerotrophic sites more by acetoclastic methanogenesis (Kelly et al. 1992, Chasar et al.
2000, Keller and Bridgham 2007, Galand et al. 2010). Thus a substantial body of
literature indicates that both total CH,4 production and the proportion of acetoclastic
methanogenesis increase with increasing minerotrophy, suggesting a causative linkage
between the relative dominance of the methanogenesis pathways and total CH,4
production. In support of this supposition, melting of permafrost in peatlands with a
corresponding switch from ombrotrophic to minerotrophic conditions was recently found
to cause a large increase in CH, fluxes coincident with a greater proportion of
acetoclastic methanogenesis (McCalley et al. 2014).

These patterns are further complicated by fluctuations across time. The ratio of
acetoclastic to hydrogenotrophic methanogenesis changes seasonally in some peatlands
(Avery et al. 1999, Keller and Bridgham 2007), sometimes to the extent that which
pathway is predominant changes during a growing season (Keller and Bridgham 2007).

Hydrogenotrophic methanogenesis also often increases with peat depth, even as total



methanogenesis decreases (Chanton et al. 1995, Lin et al. 2012); it is possible that there
is a link between changes in water-table depth (and thus the carbon quality of the peat
exposed to anaerobic conditions) and temporal shifts in the methanogenic pathways.

It is clear, then, that there are significant differences in CH, production, the ratio
of acetoclastic to hydrogenotrophic methanogenesis, and the anaerobic CO,:CHy,4
mineralization ratio amongst peatlands along the ombrotrophic-minerotrophic gradien.
Further, these patterns can change during a growing season, and with depth in the peat
column, and the interannual variations have been little explored. Moreover, most studies
of anaerobic carbon mineralization along the ombrotrophic-minerotrophic gradient in
peatlands have sampled only a few sites at most (Chanton et al. 1995, Keller and
Bridgham 2007; Galand et al. 2010, McCalley et al. 2014), leaving it unclear whether
variations between ombrotrophic and minerotrophic sites occur gradually as one moves
across the gradient. While some factors that affect anaerobic carbon cycling, such as pH,
often change in a somewhat linear fashion across the gradient, other factors change in a
discontinuous manner. For example, plant species can have broad or narrow distributions
relative to pH, as a surrogate for degree of minerotrophy (Janssens 1992). Highly
minerotrophic peatlands can be dominated by graminoids (i.e., rich fens) or trees (i.e.,
swamp forests), with corresponding very different physical peat characteristics
(Bridgham et al. 1998, Kolka et al. 2016). In this study, we quantified anaerobic CO,
production and both pathways of methanogenesis in six sites distributed across the
hydrogeomorphic gradient over the course of two growing seasons. We hypothesized
that total CH,4 production, as well as the ratio of CH4 to CO, produced, would generally

increase with increasing minerotrophy, as would the relative contribution of acetoclastic
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methanogenesis, and sought to determine whether this would manifest continuously or
discontinuously along the gradient. We also examined the intra- and interannual

consistency of these trends across the gradient.

Methods
Sites

We selected six sites in the Upper Peninsula of Michigan that are broadly
representative of a hydrogeomorphic gradient from ombrotrophic to minerotrophic
peatlands in this region based upon our extensive past research in the Upper Midwest.
Position along the gradient was determined by soil pH and dominant plant communities.
Sites are described in detail in Ye et al. (2012). Soil pH increases from below 4 in the
two ombrotrophic bogs (B1, B2) to approximately 6 in the rich fen (RF) and cedar
swamp sites (CS) (Table 2.1). All sites except for the rich fen and cedar swamp have
extensive cover of Sphagnum spp. mosses, but Bog 1 is dominated by hummock-forming
species (e.g., Sphagnum fuscum (Schimp)) and thus typically has a water table much
further from the surface than the other sites (Table 2.1). The poor fen (PF) and
intermediate fen (IF) sites have greater cover and diversity of graminoid and forb species
than the bog sites. The nitrogen-fixing shrub speckled alder (Alnus incana (L.) Moench,
ssp. rugosa (Du Roi) Clausen) is present in the intermediate fen and cedar swamp sites.
The rich fen site is dominated by upright sedge (Carex stricta Lam.) tussosks and borders
a lake, with 20 to 40 cm of standing water during all sampling times. The cedar swamp
has an overstory of northern white cedar (Thuja occidentalis L.), and much more

physically decomposed peat (hemic to sapric) compared to the other sites (fibric to
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hemic) reflecting its woody vegetation. All sites have extensive cover of ericaceous
shrubs. Maximum measured peat depth was greater than 3 m in all sites (3.6 to 7.3 m)
except the cedar swamp, where it was 2.9 m. Five of the sites are on the University of
Notre Dame Environmental Research Center (UNDERC), whereas Bog 1 is located 100

km east in Crystal Falls, Michigan, USA.

Table 2.1. Site and sampling event characteristics.

2009 2010
Site | Aug Sep | May | Aug | Sep
Incubation ALL | 17 12 9 14 19
Temperature (°C)
B1 3.78(0.45)  3.58(0.05) 3.67(0.11) 3.46(0.18) 3.25(0.2)
B2 3.88(0.41)  3.74(0.12) 3.83(0.23) 3.19(0.38) 3.32(0.46)
PF 3.96 (0.48)  4.21(0.07) 3.8(0) 3.78(0.1) 5.27(0.17)
pH IF 4.63(0.08)  4.61(0.32) 4.79(0.17) 4.39(0.2) 5.51(0.23)
RF 6.18 (0.17)  572(1.48) 6.35(0.2) 571(0.3) 6.26(1.33)
CS 6.04(0.11)  6.05(0.79) 6.16(0.32) 5.88(0.26) 4.1 (0.45)
B1 -31 -38 -22 -2 -1
B2 -22 -18 -11 -1 -2
PF -1 -12 -8 -1 -4
Water Table (cm) - ™ o . , 5
RF 28 27 18 38 23
CS -8 -8 -1 4 4

Sampling

Sites were sampled five times in August and late September 2009 (Summer and
Fall), and May, July, and September 2010 (Spring, Summer, and Fall). Five replicate
peat cores were taken to a depth of 25 cm below the water table at the time of sampling
from randomly chosen hollows at each site, for a total of 150 cores. The location of the

water table varied within sites between sampling events (Table 2.1), and thus the portion
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of the peat column sampled varied as well; this location was chosen as being the likely
location of maximum methanogenesis at each time (Updegraff et al. 1995; Tfaily et al.
2014). Cores were collected in 10 cm diameter polyvinyl chloride tubes, immediately
topped off with porewater from the bore hole, and sealed on both ends with rubber
plumbing caps to maintain anoxic condition. Cores were then transported on ice and

processed within 60 hours.

Slurry Preparation and Incubation

Cores were processed in an anaerobic chamber (Coy Laboratory Products, Grass
Lake, MI, USA), with a 5:95 atmosphere of H, and N, gas. Large wood fragments and
living roots were removed before peat was thoroughly homogenized. Peat slurries (one
per core) were prepared by transferring approximately 40 g of homogenized peat to 500
ml Mason jars (with lids equipped with rubber septa), and mixing 1:1 with porewater
collected along with each core after bubbling with N,. Pre-incubation pH was measured
in the chamber before the jars were sealed. Subsamples of root-free peat were dried for
48 hours at 60°C in a drying oven for bulk density measurements. Immediately after
preparation, the headspace of each Mason jar was purged with N, gas for 30 minutes.
Slurries were regularly agitated during this process to release dissolved CO, and CH,4
from slurry porewater.

Slurries were then spiked with 0.6 pCi of **C—HCO; (PerkinElmer, Waltham,
Massachusetts, USA), stabilized in 150 uL of 0.01 M NaOH to prevent outgassing. The
tracer changed XCO, concentration in the slurries by < 2uM, a small change unlikely to

affect mineralization rates. Slurries were then incubated at in situ soil temperature
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(averaged across the six peatlands) for the time sampled (Table 2.1). Headspace
concentrations of CO, and CH,4 were monitored at experiment start, 24, and 48 hours
using a gas chromatograph (Model 8610C; SRI Instruments, Torrance, CA, USA)
equipped with a methanizer and flame ionization detector, as well as a gas proportional
radioactivity counter (GC-RAM; LabLogic Systems, Brandon, FL, USA). This setup
allows the simultaneous quantification of both total and radioactive CO, and CH,4 in a
single 1 ml headspace sample. Total CO, and CH, in each slurry were determined at
each time point using Henry’s Law to calculate dissolved CO, and CH,4 from headspace
concentrations accounting for temperature, pH, and volumetric ratio between headspace
and porewater (Bridgham and Ye 2013). Production of CH, and CO, were calculated by
gas accumulation through time.

Of 150 separate peat core slurries, ten suffered failed seals during incubation or
showed nonlinear accumulation of CO, and/or CH, over 24 hours. These samples were
excluded, and in subsequent analysis, their anaerobic CO, , total CH,4 , and methanogenic
pathway rates were taken as the average of the remaining slurries for that site at that

sampling time.

Methanogenesis Pathways

Hydrogenotrophic methanogenesis was calculated as R = aCa/Atg, where R is the
rate of hydrogenotrophic methanogenesis, a is the amount of **CH, produced, C is the
average ©CO, pool during the incubation, A is the average **CO, pool during the
incubation, t is the time elapsed, g is the dry mass of peat in the slurry, and o is the

fractionation factor for hydrogenotrophic methanogenesis from **CO, relative to **CO,
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(i.e., 1.12). This method is adapted from Keller and Bridgham (2007). In that study, C
and A the end of the experiment were used in the equation; given that these pools are not
constant during the incubation, we assumed they changed linearly and used the average
of the starting and ending values.

Acetoclastic methanogenesis was calculated by the difference between total CH,4
production and hydrogenotrophic methanogenesis, based on the generally accepted
assumption that the hydrogenotrophic and acetoclastic pathways are the only significant

sources of CH, in freshwater systems (Conrad 1989).

Statistical Analyses

Differences in anaerobic CO, production, total, hydrogenotrophic, and
acetoclastic methanogenesis, and proportion of methanogenesis through the acetoclastic
pathway were all analyzed by two-way ANOVA with season and site as the independent
variables (Table 2.2). Since cores were chosen from separate random locations within a
site during each sampling event, a repeated-measures ANOVA was inappropriate. The
main effects of site and season, as well as their interaction, were significant for all
dependent variables (with the exception of absolute acetoclastic methanogenesis), so the
main effects were further analyzed with one-way ANOVAs (Supplementary Tables 1 and
2; see the Appendix for all supplementary figures and tables), with significant differences
by season within sites and by sites within seasons identified by Tukey’s post hoc
comparisons. All statistics were performed in SPSS (Version 22.0, IBM Corp). All
dependent variables were tested for normality and either square root or log-transformed

where such significantly improved the distribution.
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The effect of pH, water-table depth, and incubation temperature on the dependent
variables was explored using stepwise multiple regressions, both forward and reverse. In
all cases, both forward and reverse regressions converged on the same best-fit models, as

summarized in Table 2.3.

Results
Water Table and pH Variation Through Time
pH generally increased along the gradient, and was fairly stable within sites
through the first four sampling events (Table 2.1). In Fall 2010, the Poor Fen and
Intermediate Fen becoming notably more alkaline, and the Cedar Swamp more acidic.
Water table depth varied substantially both between and within sites. While all
sites experienced their highest water table levels in Summer or Fall of 2010, this change
was much more pronounced in Bog 1, Bog 2 and the Intermediate Fen than in the Poor

Fen or Cedar Swamp. The Rich Fen always had relatively deep standing water.

Anaerobic CO, Production and Methanogenesis Pathways

Anaerobic CO; production (Fig. 2.1) was generally highest in Summer and Fall
2010, and always varied significantly among sites (Supplementary Table 1). While sites
with the highest or lowest rates were not always consistent, generally speaking the Cedar
Swamp had the lowest CO, production and the Intermediate Fen the highest production.
Only water-table depth was a significant predictor of CO, production but had low

explanatory power (> = 0.05).
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Figure 2.1. Anaerobic CO, production by site and season. In this and all
subsequent figures, B1 = Bog 1, B2 = Bog 2, PF = poor fen, IF =
intermediate fen, RF = rich fen, CS = cedar swamp. Letters represent
significantly different rates across sites within seasons; numbers represent

significantly different rates across seasons within sites.

Total methanogenesis generally increased towards the minerotrophic end of the
gradient, with the exception of the cedar swamp (Fig. 2.2). It was generally greatest in

Summer and Fall 2010, with the highest rate in the rich fen throughout 2009 and Spring
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2010, but the intermediate fen had the highest rates in summer and fall 2010. pH and
water table depth were the only significant predictors (p<0.001), with partial r* of 0.24

and 0.09, respectively.
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Figure 2.2. Methanogenesis rates by site and season. Acetoclastic in

black, hydrogenotrophic in grey.

The acetoclastic and hydrogenotrophic methanogenesis pathways displayed
strikingly different dynamics across sites and seasons. Absolute rates of acetoclastic

methanogenesis increased towards the minerotrophic end of the gradient, with the
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exception of the cedar swamp, and this pattern was very consistent through time
(Supplementary Fig. 1, ANOVA Site x Event p = 0.207). Stepwise regressions showed
pH (partial r* = 0.20) and temperature (partial r> = 0.05) as the most significant

predictors, with no effect of water-table.

Table 2.2. Two-way ANOVAs.

Dependent Variable Season | Site | Interaction | Transform
. DF | 4,110 5,110 20,110 Square Root
Aﬁ%?{f’c'f&oz F| 899 | 20.35 5.02
P | <0.001 |<0.001 <0.001
DF | 4,110 5,110 20,110 Square Root
Total Methanogenesis | F| 10.77 | 57.11 3.32
P | <0.001 |<0.001 <0.001
: DF | 4,110 | 5,110 20,110 Log 10
Acetoclastic
Methanogenesis F| 7.26 | 33.63 1.28
P | <0.001 |<0.001 0.207
. DF | 4,110 | 5,110 20,110 Log 10
Hydrogenotrophic
I\%Iethgnogenegis F| 48.87 | 46.45 4.73
P | <0.001 |<0.001 <0.001
Proportion DF | 4,110 | 5,110 20,110 None
Acetoclastic F| 65.96 | 23.58 1.96
P | <0.001 |<0.001 <0.001
DF | 4,110 | 5,110 20,110 None
CO,:CH, Ratio F| 351 | 23.97 5.00
P | <0.001 |<0.001 <0.001

In contrast to acetoclastic methanogenesis, hydrogenotrophic methanogenesis
showed inconsistent trends across the gradient across different sampling events. Thus,
hydrogenotrophic CH,4 production had a significant interaction between space and season
not seen in acetoclastic production (Table 2.2). Hydrogenotrophic rates were uniformly

low in Summer and Fall 2009, and there were few significant differences among sites
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(Supplementary Fig. 2). In Spring 2010, hydrogenotrophic CH, production remained low
but a similar increase across the gradient was evident as with acetoclastic and total CH,4
production. Hydrogenotrophic rates increased substantially in Summer and Fall 2010,
especially in the Poor Fen. Rates were highest in the Poor Fen, and in Fall 2010 there
were few other significant differences across the gradient. Water-table was the strongest
predictor of hydrogenotrophic methanogenesis (partial r* = 031), with pH adding modest
additional predictive power (partial r* = 0.05).

The proportion of total CH, from acetate (Fig. 2.3) increased with the degree of
minerotrophy in a fairly predictable manner in the first three sampling dates, and all sites
were dominated by this pathway. However, Bog 1 went from approximately 50%
acetoclastic methanogenesis in Summer 2009 and Fall 2009 to 0% acetoclastic
methanogenesis in Spring 2010. Very different relative pathway dynamics were
observed in Summer 2010 and Fall 2010. Bog 1 continued to have 0% acetoclastic
methanogenesis, but now the other sites were also generally dominated by the
hydrogenotrophic pathway. The proportion of the pathways also did not follow the
gradient as closely, with only Bog 1 being lower than the Poor Fen and Cedar Swamp
being similar in Summer 2010 and the two most minerotrophic sites (Rich Fen and Cedar
Swamp) having dramatically higher acetoclastic methanogenesis in Fall 2010. The
stepwise regression results were a blend of those predictor variables most significant for
the two pathways individually: water table (most significant for the hydrogenotrophic
pathway) explained the most variance (partial r* = 0.17), followed by pH (most
significant for the acetoclastic pathway; partial r* = 0.14), and a mild effect of

temperature (partial r* = 0.03).

20



a ab abcbec ¢ be aab b ab b ab a ababab b b
3 23 11212 3 2323 112312 2 12 1 1111112

qqqqqq

100%

80% -

70% -

(0% -

40%

30%

20%

B ‘ | |
I

BLB2PF IF RF CS BELEB2PF IF RF CS BLB2PF IF RF CS BLB2PF IF RF CS BLB2PF IF RF CS
Summer Fall Spring Summer Fall
2009 2009 2010 2010 2010

Methane Production (Proportion of
Total)

Figure 2.3: The proportion of methane by the acetoclastic (black) and

hydrogenotrophic (grey) pathways, by site and season.

The ratio of CH4 to CO; production (Fig. 2.4) showed a generally decreasing
trend towards the minerotrophic end of the gradient, although only Bog 1 was
significantly higher than the other sites, and was also the only site that experienced
significant changes through time. A small portion of variance in this ratio was

explainable by stepwise regression, with only pH having a discernible effect (> = 0.08).
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Table 2.3. Step-wise regressions.

Dependent
Variable r? DE = D

Anaerobic CO2 | \r | 55 1,128 7.06 0.009

Production
Total pH 0.24 1,128 41.21 <0.001
Methanogenesis | wt| 033 1,127 15.57 <0.001
Acetoclastic pH 0.20 1,128 32.49 <0.001
Methanogenesis | temp| 0.25 1,127 7.09 0.009
Hydrogenotrophic | WT 0.31 1,128 56.42 <0.001
Methanogenesis pH| 0.36 1,127 11.19 0.001
. WT | 017 1,128 25.68 <0.001

Proportion
Acetoclastic pH 0.31 1,127 26.47 <0.001
Temp 0.34 1,126 4,55 0.035
CO2:CH4 Ratio pH 0.08 1,128 10.45 0.002

Discussion

This study quantified hydrogenotrophic and acetoclastic methanogenesis at
relatively fine resolution across a hydrogeomorphic gradient through two growing
seasons. We hypothesized that total methanogenesis would increase along the gradient,
and that this increase would be driven largely by increases in the acetoclastic pathway,
with relatively little contribution from the hydrogenotrophic pathway. These predictions

were generally not borne out because of complicated temporal dynamics in the control of
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the two methanogenesis pathways. We are not aware of any previous studies that have
shown such complicated and dramatic temporal CH4 dynamics across the ombrotrophic-
minerotrophic gradient of peatlands.

Total methanogenesis did increase across the gradient (with the exception of the
Cedar Swamp), with a corresponding increase in acetoclastic methanogenesis responsible
for this trend in the first three sampling events (Figs. 2.2, 2.3). However in the Summer
and Fall of 2010, the large increase in total CH, production observed in many sites was
largely driven by increases in hydrogenotrophic methanogenesis. While rates of
acetoclastic methanogenesis varied through time, they did so in a relatively uniform
manner across the gradient. In contrast, changes in hydrogenotrophic methanogenesis
over time were much more idiosyncratic. Particularly large changes in hydrogenotrophic
methanogenesis over time were observed in the Intermediate Fen and Cedar Swamp.

This gradient-wide shift in pathway dominance, from acetoclastic to
hydrogenotrophic, has not to our knowledge been found before. Generally speaking,
hydrogenotrophic methanogenesis has been found to predominate in ombrotrophic
systems, which also produce relatively little CH, when compared to more minerotrophic
sites, which are typically much more methanogenic. Seasonal shifts in the relative
contributions of these two pathways have also been noted previously (Keller and
Bridgham, 2007), but the degree of interannual change across the entire gradient that we
found is surprising.

This large increase in the hydrogenotrophic pathway is interesting in the context
of what is known about the community structure of methanogens in peatlands. Several

studies (Lin et al. 2012, Yavitt et al. 2012, McAllister et al. unpublished data) have found
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that while methanogen community structure does differ between ombrotrophic and
minerotrophic systems, communities across the gradient tend to be dominated by putative
hydrogenotrophs, even where methanogenesis in the system is predominately
acetoclastic. This decoupling of methanogen functional groups and realized pathways
has been difficult to account for. In this study, our finding of a rapid increase in
hydrogenotrophic methanogenesis, with no attendant shift in methanogen community
structure (McAllister et al. unpublished data), indicates that in some systems
hydrogenotrophic methanogens may be metabolizing at less than their full potential, and
are capable of rapidly scaling up their activity when conditions are appropriate.

Cores were taken 25 cm below the water table at the time of sampling in the
acrotelm, the surface zone of peat that experiences fluctuating water tables and which is
also the area of greatest CH,4 production. Water table level was significantly positively
correlated with rates of hydrogenotrophic methanogenesis, reflecting the large increase in
rates when the water table rose in Summer and Fall 2010 (Table 2.1). Previous work
strongly indicates that the proportion of methanogenesis through the hydrogenotrophic
pathway increases with depth in the peat column, and this is generally presumed to be
due to the decreasing lability of carbon in deeper, older peat (Chanton et al. 2005).
However, the increasing dominance of hydrogenotrophic methanogenesis with increasing
depth has previously been noted in individual soil cores taken at a single time point. In
contrast, in this study we found greatly increased hydrogenotrophic methanogenesis
without a corresponding increase in acetoclastic methanogenesis in very shallow peat
upon arise in the water table during the growing season. This shallow peat would

presumably be more labile because it is younger, and in many of the sites anaerobic CO,
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production was higher in Summer and Fall 2010 (Fig. 2.1), supporting this suggestion.
The Cedar Swamp typically had relatively low rates of CO,, total CHa, acetoclastic CHy,
and hydrogenotrophic CH, production, presumably due its more woody, sapric peat, but
the proportion of the two CH,4 pathways was generally similar to the minerotrophic Rich
Fen (Fig. 2.3). Thus, the relationship between the relative importance of the two
methanogenesis pathways and carbon quality may not be as straight forward as
previously thought. Oxidized humic substances have been recently shown to be
important terminal electron acceptors in surface peat, which suppresses overall CH,
production (Keller and Takagi 2013); however it is unclear if and how this would affect
the two CH, pathways differentially.

We found that the acetoclastic and hydrogenotrophic pathways of methanogenesis
are regulated very differently along the hydrogeomorphic gradient. The rate of
acetoclastic methanogenesis was strongly correlated with gradient position, and remained
so at all times. In contrast, the hydrogenotrophic pathway varied strongly through time,
potentially responding to large changes in water-table depth and thus peat depth, age,
carbon lability, and oxidation state of humic substances. The rate of total
methanogenesis, the sum of these two pathways, and thus the ratio of methanogenesis to
anaerobic CO; production, therefore varied significantly across the gradient, but in a
complex, time-dependent manner. Given the potential importance of wetland CH4
emissions as a positive feedback mechanism to anthropogenic climate change, we suggest
that much further research needs to focus on controls over CH, pathways and how they
affect total CH, production in wetlands. Furthermore, our results suggest that these

studies need to include a diversity of wetland types and temporal hydrological conditions.
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Such dynamics are not currently incorporated into large-scale current CH, models
(Melton et al. 2013, Wania et al. 2013, Bridgham et al. 2013), and if our findings are
generalizable to other peatlands, then these models will not be predictive of how future

climatic conditions will affect wetland CH4 emissions.
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CHAPTER IlI

CONCLUSION

We found that the hydrogenotrophic and acetoclastic pathways of methanogenesis
differ significantly in the spatial and temporal dynamics. Our finding that acetoclastic
methanogenesis tended to increase towards the minerotrophic end of the
hydrogeomorphic gradient is consistent with previous research, but the large increase in
hydrogenotrophic methanogenesis in late 2010 is, to our knowledge, an unprecedented
finding. A finding made all the more remarkable by the fact that this study sampled the
hydrogeomorphic gradient extensively, and found that result throughout.

Because we sampled the top 25cm of inundated peat (and thus our sampling
tracked the position of the water table), the depth, and thus age, of methanogenic peat
varied between sampling events. As a result, the very high rates of hydrogenotrophic
methanogenesis in late 2010 are associated with comparatively young peat. At first
glance, this appears to clash with prior research, which showed that hydrogenotrophic
methanogenesis tends to increase with depth, possibly due to depletion of labile organic
carbon and increased dependence on inorganic carbon for substrate (e.g. Chanton et al.
2005). However, such work has analyzed the variation of methanogenesis pathways
across the depth profile of cores within sampling times; in this research, we never
measured pathways at different depths within times, but instead homogenized peat from a
25cm deep sample. Our depth variation is between times, and he great increase we found

in hydrogenotrophic methanogenesis was not in shallow peat within a static core (which
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would be a counter-intuitive result), but was, instead, found in relatively shallow peat that
was recently inundated by water table fluctuations.

This raises the possibility that the redox state of the solid phase of the peat could
play some as-yet unclear role in controlling hydrogenotrophic methanogenesis, given
recent research that indicates that humic substances can act as TEASs for anaerobic
respiration, in portions of the peat column that are periodically submerged and drained
(Keller and Takagi 2013, Bridgham et al. 2013). While both pathways of
methanogenesis tend to be suppressed by anaerobic respiration, as methanogens are
outcompeted for substrate (Conrad 1989, Shannon and White 1996), another recent study
has found a surprisingly rapid return of methanogenesis in freshly inundated
minerotrophic peat, even in the presence of TEAs (Estop-Arogonés et al. 2013).

Altogether, these results indicate that attempts to quantify CH,4 production at the
landscape and seasonal scale may be incomplete if they do not take into account seasonal
fluctuations in water table depth, and attendant shifts in the dynamics of one or both
pathways of methanogenesis. Radioisotope labeling of methanogenesis substrates
allowed for the quantification of the two pathways, and revealed strikingly different
dynamics that would not have been clearly discernible from total CH,4 production alone.
Given the significance of CH,4 production in anaerobic carbon cycling, it’s implication for
global climate change, and the complex interplay of the two pathways in both time and
hydrogeomorphic space, it seems clear that more studies that specifically quantify the

contributions of the two pathways in northern peatlands are needed.
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APPENDIX

SUPPLEMENTARY FIGURES AND TABLES

Tukey’s posthoc comparisons:
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4 Season: 2=4=32125
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Supplementary Figure 1. Acetoclastic methanogenesis rates by site and
sampling event. Simple Tukey’s posthoc comparisons are noted, as there
was no significant interaction between site and season.
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Supplementary Figure 2. Hydrogenotrophic methanogenesis rates by
site and sampling event.
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Supplementary Table 1:

One-Way ANOVAs, Effect of Site Within Time

Season
2009 2010
Dependent
Variable Summer | Fall | Spring | Summer | Fall
: DF 5,24 5,20 5,21 5,21 5,24
Anaerobic CO; =107 111301 | 12762 | 3985 | 8.943
Production
P 0.001 <001 | <.001 0.011 <.001
DF 5,24 5,20 5,21 5,21 5,24
Total
: F 10.31 7.209 | 12.253 41.731 13.188
Methanogenesis
P <.001 0.001 | <.001 <.001 <.001
Hvdrogenotrophic DF 5,24 5,20 5,21 5,21 5,24
yarog P! F 6.358 3.461 | 14.041 68.377 9.47
Methanogenesis
P 0.001 0.02 <.001 <.001 <.001
Proportion DF 5,24 5,20 5,21 5,21 5,24
portior F| 11118 | 6923 | 6565 | 5052 | 4.693
Acetoclastic
P <.001 0.001 | 0.001 0.003 0.004
DF 5,24 5,20 5,21 5,21 5,24
CO,:CH, Ratio F| 4.223 3.423 | 27.466 12.621 1.534
P 0.007 0.021 | <.001 <.001 0.271
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Supplementary Table 2. One-Way ANOVAs, Effect of Time Within Site

Site

Dependent
Variable B1 B2 PF IF RF CS

Anaerobic CO DF| 417 | 417 | 419 | 418 | 420 | 4,19
“~2 | F| 248 | 322 | 2.38 | 7.54 | 2.34 | 17.10
Production

P| 0.08 0.04 0.09 | 0.00 | 0.09 | 0.00

DF | 4,17 417 | 4,19 | 418 | 420 | 4,19
Total

F| 519 4.54 190 | 810 | 1.08 | 6.06

Methanogenesis 7 o1 T 001 | 045 | 0.00 | 042 | 0.0

DF | 4,17 4,17 419 | 418 | 420 | 4,19

Hydrogenotrophic F| 750 | 2099 | 2.89 |28.24 | 8.74 | 17.96

Methanogenesis Pl 000 | 000 | 005 | 000 | 000 | 0.00

DF | 4,17 4,17 419 | 418 | 420 | 4,19

Proportion F| 1917 | 6.49 | 11.29 | 54.05 | 12.81 | 8.73

Acetoclastic P| 000 | 002 | 000 | 000 | 0.00 | 0.00

DF | 4,17 4,17 419 | 418 | 420 | 4,19

CO,:CH, Ratio F| 5.14 2.27 063 | 247 | 1.89 | 0.31

P| 0.01 0.11 0.65 | 0.08 | 0.15 | 0.87

33



REFERENCES CITED

Aselmann, I. and P. J. Crutzen. 1989. Global distribution of natural freshwater wetlands
and rice paddies, their net primary productivity, seasonality and possible methane
emissions. Journal of Atmospheric Chemistry 8:307-358.

Avery, G. B., R. D. Shannon, J. R. White, C. S. Martens, and M. J. Alperin. 2002.
Controls on methane production in a tidal freshwater estuary and a peatland:
Methane production via acetate fermentation and CO2 reduction.
Biogeochemistry 62:19-37

Bridgham, S. D., J. Pastor, J. Janssens, C. Chapin, and T. Malterer. 1996. Multiple
limiting gradients in peatlands: A call for a new paradigm. Wetlands 16:45-65

Bridgham, S. D., J. P. Megonigal, J. K. Keller, N. B. Bliss, and C. Trettin. 2006. The
carbon balance of North American wetlands. Wetlands 26:889-916

Bridgham, S. D., K. Updegraff, and J. Pastor. 1998. Carbon, nitrogen, and phosphorus
mineralization in northern wetlands. Ecology 79:1545-1561

Bridgham, S.D., H. Cadillo-Quiroz, J. K. Keller, and Q. Zhuang. 2013. Methane
emissions from wetlands: biogeochemical, microbial, and modeling perspectives
from local to global scales. Global Change Biology 19(5):1325-1346

Bridgham, S.D. and R. Ye. 2013. Organic matter mineralization and decomposition. In:
R.D. DeLaune, K.R. Reddy, C.J. Richardson, P. Megonigal (Eds.), Methods in
Biogeochemistry of Wetlands. Soil Science Society of America, Madison, WI.,
pp. 253-274.

Chanton, J. P., J. E. Bauer, P. A. Glaser, D. I. Siegel, C. A. Kelley, S. C. Tyler, E. H.
Romanwicz, and A. Lazrus. 1995. Radiocarbon evidence for the substrates
supporting methane formation within northern Minnesota peatlands. Geochimica
et Cosmochimica Acta 59(17):3663-3668.

Chasar, L. S., J. P. Chanton, P. H. Glaser, and D. 1. Siegel. 2000. Methane concentration
and stable isotope distribution as evidence of rhizospheric processes: Comparison
of a fen and a bog in the Glacial Lake Agassiz Peatland complex. Ann. Bot.-
London 86 655-663

Conrad, R. 1989. Control of methane production in terrestrial ecosystems, p. 39-58. In M.

O. Andreae and D. S. Schimel [Eds.], Exchange of trace gases between
ecosystems and the atmosphere. John Wiley and Sons.

34



Conrad, R., 1999. Contribution of hydrogen to methane production and control of
hydrogen concentrations in methanogenic soils and sediments. FEMS Microbiol.
Ecol. 28(3):193-202.

Drever, J. . 1997. The geochemistry of natural waters, 3" ed. Prentice Hall

Duddelston, K. N., M. A. Kinney, R. P. Kienge, and M. E. Hines. 2002. Anaerobic
microbial biogeochemistry in a northern bog: Acetate as a dominant metabolic
end product. Global Biogeochem. Cy. 16: [doi: 10.1029/2001GB001402].

Estop-Arogonés, C., K. H. Knorr, and C. Blodau. 2013. Belowground in situ redox
dynamics and methanogenesis recovery in a degraded fen during dry-wet cycles
and flooding. Biogeosciences 10:421-436

Galand, P. E., H. Fritze, R. Conrad, and K. Yrjél&. 2005. Pathways of methanogenesis
and diversity of methanogenic archaea in three boreal peatland ecosystems.
Applied and Environmental Microbiology 71:2195-2198

Galand, P.E., R. Conrad, and K. Yrjéla. 2010. Stable carbon isotope fractionation during
methanogenesis in three boreal peatland ecosystems. Biogeosciences 7(11):3893-
3900.

Greenberg, A. E., L. S. Clesceri, and A. D. Eaton [Eds.]. 1992. Standard methods for the
examination of water and wastewater, 18™ ed. American Public Health
Association.

Hines, M. E., K N. Duddelston, and R. P. Kiene. 2001. Carbon flow to acetate and C-1
compounds in northern wetlands. Geophys. Res. Lett. 28:4251-4254

Horn, M. A, C. Matthies, K. Kuselk, A. Schramm, and H. L. Drake. 2003.
Hydrogenotrophic methanogenesis by moderately acid-tolerant methanogens of a
methane-emitting acidic peat. Applied Environmental Microbiology 69:74-83

IPCC, 2013: Climate Change 2013: The Physical Science Basis. Contribution of Working
Group | to the Fifth Assessment Report of the Intergovernmental Panel on
Climate Change [Stocker, T.F., D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J.
Boschung, A. Nauels, Y. Xia, V. Bex and P.M. Midgley (eds.)]. Cambridge
University Press, Cambridge, United Kingdom and New York, NY, USA, 1535
pp, doi:10.1017/CB09781107415324.

Janssens, J.A., 1992. Bryophytes. In: H.E. Wright Jr., B.A. Coffin, N.E. Aaseng (Eds.),
The Patterned Peatlands of Minnesota. University of Minnesota Press,
Minneapolis, MN, pp. 43-57.

Janssens, J.A., B. C. S. Hansen, P. H. Glaser, and C. Whitlock. 1992. Development of a
raised-bog complex. In: H.E. Wright, Jr., B.A. Coffin, N.E. Aaseng (Eds.), The
Patterned Peatlands of Minnesota. University of Minnesota Press, Minneapolis,
pp. 189-221.

35



Jobbagy, E. G. and R. B. Jackson. 2000. The vertical distribution of soil organic carbon
and its relation to climate and vegetation. Ecological Applications 10:423-436

Joosten, H. 2010. The global peatland CO2 picture. Peatland status and emissions in all
countries of the world. Wetlands International.

Keller, J. K., and S. D. Bridgham. 2007. Pathways of anaerobic carbon cycling across and
ombrotrophic-minerotrophic peatland gradient. Limnology and Oceanography
52(1):96-107

Keller, J. K., and K. K. Takagi. 2013 .Solid-phase organic matter reduction regulates
anaerobic decomposition in bog soil. Ecosphere 4(5):1-12

Kelly, C. A., N. B. Dise, and C. S. Martens. 1992. Temporal variations in the stable
isotopic composition of methane emitted from Minnesota peatlands. Global
Biogeochem. Cy. 6:263-269

Kirschke, S., Bousquet, P., Ciais, P., Saunois, M., Canadell, J.G., Dlugokencky, E.J.,
Bergamaschi, P., Bergmann, D., Blake, D.R., Bruhwiler, L., Cameron-Smith, P.,
Castaldi, S., Chevallier, F., Feng, L., Fraser, A., Heimann, M., Hodson, E.L.,
Houweling, S., Josse, B., Fraser, P.J., Krummel, P.B., Lamarque, J.-F.,
Langenfelds, R.L., Le Quere, C., Naik, V., O'Doherty, S., Palmer, P.1., Pison, I.,
Plummer, D., Poulter, B., Prinn, R.G., Rigby, M., Ringeval, B., Santini, M.,
Schmidt, M., Shindell, D.T., Simpson, 1.J., Spahni, R., Steele, L.P., Strode, S.A.,
Sudo, K., Szopa, S., van der Werf, G.R., Voulgarakis, A., van Weele, M., Weiss,
R.F., Williams, J.E., Zeng, G., 2013. Three decades of global methane sources
and sinks. Nature Geoscience 6(10):813-823.

Kirtman, B., S. B. Power, J. A. Adedoyin, G. J. Boer, R. Bojariu, I. Camilloni, F. J.
Doblas-Reyes, A. M. Fiore, M. Kimoto, G. A. Meehl, M. Prather, A. Sarr, C.
Schar, R. Sutton, G. J. van Oldenborgh, G. Vecchi, and H. J. Wang. 2013. Near-
term climate change: projections and predictability.in T. F. Stocker, D. Qin, G.-K.
Plattner, M. Tignor, S. K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex, and P.
M. Midgley, editors. Climate Change 2013: The Physical Science Basis.
Contribution of Working Group I to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change. Cambridge University Press,
Cambridgh, UK and New York, NY, USA.

Kdchy, M., R. Hiederer, A. Freibauer. 2015. Global distribution of soil organic carbon —
Part 1: Masses and frequency distribution of SOC stocks for the tropics,
permafrost regions, wetlands, and the world. Soil 1: 351-365

Kolka, R., S. D. Bridgham, and C. L. Ping. 2016. Soils of peatlands: Histosols and
Gelisols. In: M.J. Vepraska, C. Craft (eds.), Wetland Soils: Genesis, Hydrology,
Landscapes, and Classification, 2" ed. Lewis Publishers, Boca Raton, FL.

36



Kotsyurbenko, O. R., K. Chin, M. V. Glagolev, S. Stubner, M. V. Simankova, A. N.
Nozhevnikova, and R. Conrad. 2004. Acetoclastic and hydrogenotrophic methane
production and methanogenic populations in an acidic West-Siberian peat bog.
Environmental Microbiology 6 (11):1159-1173.

Limpens, J., F. Berendse, C. Blodau, J. G. Canadell, C. Freeman, J. Holden, N. Roulet, H.
Rydin, and G. Schaepman-Strub. 2008. Peatlands and the carbon cycle: from local
processes to global implications - a synthesis. Biogeosciences 5(5):1475-1491.

Lin, X., S. Green, M. M. Tfaily, O. Prakash, K. T. Konstantinidis, J. E . Corbett, J. P.
Chanton, W. T. Cooper, and J. E. Kostka. 2012. Microbial community structure
and activity linked to contrasting biogchemical gradients in bog and fen
environments of the Glacial Lake Agassiz peatland. Appl. Environ. Microbiol.
78(19).

Liu, Y. 2010. Taxonomy of methanogens. In: K. N. Timmis (Ed.), Handbook of
Hydrocarbon and Lipid Microbiology. Springer, Berlin, Heidelberg, pp. 547-558.

McCalley, C. K., B. J. Woodcroft, S. B. Hodgkins, R. A. Wehr, E. Kim, R. Mondav, P.
M. Crill, J. P. Chanton, V. I. Rich, G. W. Tyson, and S. R. Saleska. 2014.
Methane dynamics regulated by microbial community response to permafrost
thaw. Nature 514:478-481

Megonigal, J.P., M. E. Hines, and P. T. Visscher. 2004. Anaerobic metabolism: linkages
to trace gases and aerobic processes. In: W.H. Schlesinger (Ed.),
Biogeochemistry. Elsevier-Pergamon, Oxford, UK, pp. 317-424.

Melton, J.R., R. Wania, E. L. Hodson, B. Poulter, B. Ringeval, R. Spahni, T. Bohn, C. A.
Avis, D. J. Beerling, G. Chen, A. V. Eliseev, S. N. Denisov, P. O. Hopcroft, D. P.
Lettenmaier, W. J. Riley, J. S. Singarayer, Z. M. Subin, H. Tian, S. Zlrcher, V.
Brovkin, P. M. van Bodegom, T. Kleinen, Z. C. Yu, and J. O Kaplan. 2013.
Present state of global wetland extent and wetland methane modelling:
conclusions from a model inter-comparison project (WETCHIMP).
Biogeosciences 10(2):753-788.

Neubauer, S.C., and J. P. Megonigal. 2015. Moving Beyond Global Warming Potentials
to Quantify the Climatic Role of Ecosystems. Ecosystems 18(6):1000-1013.

Schuur, E. A. G., A. D. McGuire, C. Schadel, G. Grosse, J. W. Harden, D. J. Hayes, G.
Hugelius, C. D. Koven, P. Kuhry, D. M. Lawrence, S. M. Natali, D. Olefeldt, V.
E. Romanovsky, K. Schaefer, M. R. Turetsky, C. C. Treat, and J. E. Vonk. 2015.
Climate change and the permafrost carbon feedback. Nature 520:171-179

Shannon, R. D., and J. R. White. 1996. The effects of spatial and temporal variations in
acetate and sulfate on methane cycling in two Michigan peatlands. Limnology and
Oceanography 41(3):435-443.

37



Tfaily, M. M., W. T. Cooper, J. E. Kistka, P. R. Chanton, C. W. Schadt, P. J. Hanson, C.
M. lverson, and J. P. Chanton. 2014. Organic matter transformation in the peat
column at Marcell Experimental Forest: Humification and vertical stratification.
Journal of Geophysical Research Biogeosciences 119(4):661-675.

Turetsky, M.R., A. Kotowska, J. Bubier, N. B. Dise, P. Crill, E. R. C. Hornibrook, k.
Minkkinen, T. R. Moore, I. H. Myers-Smith, H. Nykanen, D. Olefeldt, J. Rinne,
S. Saarnio, N. Shurpali, E. S. Tuittila, J. M. Waddington, J. R. White, K. P.
Wickland, and M. Wilmking. 2014. A synthesis of methane emissions from 71
northern, temperate, and subtropical wetlands. Glob. Change Biol. 20(7):2183-
2197.

Updegraff, K., J. Pastor, S. D. Bridgham, and C. A. Johnston. 1995. Environmental and
substrate controls over carbon and nitrogen mineralization in northern wetlands.
Ecological Applications 5(1):151-163.

Wania, R., J. R. Melton, E. L. Hodson, B. Poulter, B. Ringeval, R. Spahni, T. Bohn, C. A.
Avis, G. Chen, A. V. Eliseev, P. O. Hopcroft, W. J. Riley, Z. M. Subin, H. Tian,
P. M. van Bodegom, T. Kleinen, Z. C. Yu, J. S. Singarayer, S. Zurcher, D. P.
Lettenmaier, D. J. Beerling, S. N. Denisov, C. Prigent, F. Papa, and J. O. Kaplan.
2013. Present state of global wetland extent and wetland methane modelling:
methodology of a model inter-comparison project (WETCHIMP). Geoscientific
Model Development 6(3):617-641.

Yavitt, J. B., E. Yashiro, H. Cadillo-Quiroz, and S. H. Zinder. 2012. Methanogen
diversity and community composition in peatlands of the central to northern
Appalachian Mountain region, North America. Biochemistry 109(1-3):117-131

Ye, R., Q. Jin, B. J. M. Bohannan, J. K. Keller, S. A. McAllister and S. D. Bridgham.
2012. pH controls over anaerobic carbon mineralization, the efficiency of
methane production, and methanogenic pathways in peatlands across an
ombrotrophic-minerotrophic gradient. Soil Biology and Biochemistry 54:36-47.

Ye, R., Q. Jin, B. J. M. Bohannan, J. K. Keller, and S. D. Bridgham. 2014.
Homoacetogenesis: A potentially underappreciated carbon pathway in peatlands.
Soil Biology and Biochemistry 68:385-391.

Ye, R, J. K. Keller, Q. Jin, B. J. M. Bohannan, S. D. Bridgham, 2016. Peatland types

influence the inhibitory effects of a humic substance analog on methane
production. Geoderma 265:131-140.

38


https://scholar.google.com/citations?view_op=view_citation&hl=en&user=aePv9fsAAAAJ&citation_for_view=aePv9fsAAAAJ:Tyk-4Ss8FVUC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=aePv9fsAAAAJ&citation_for_view=aePv9fsAAAAJ:Tyk-4Ss8FVUC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=aePv9fsAAAAJ&citation_for_view=aePv9fsAAAAJ:Tyk-4Ss8FVUC

