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ABSTRACT

THE LONG-TERM EFFECTS OF DRAINAGE ON CARBON CYCLING IN A BOREAL FEN

Agnieszka Kotowska
University of Guelph, 2013

Advisor: Dr. M. R. Turetsky

I investigated the effects of multi-decadal water table drawdown on carbon (C) exchange, as well as
functional relationships between C fluxes and environmental controls, in a boreal rich fen. Drainage
increased ecosystem respiration of CO2 and decreased CH4 fluxes, but did not affect understory primary
productivity. Drainage altered plant responses to light availability, as well as the responses of ecosystem
respiration and CH4 flux to water table position. In a laboratory experiment, I found that drainage
reduced potential CO2 and CH4 fluxes suggestive of decreased peat substrate quality. Together, these
results indicate that long-term drying increases C losses and that both environmental conditions and
substrate quality influenced C fluxes post-drainage. My findings suggest that C losses from increased
ecosystem respiration may not be mitigated by increases in plant productivity or decreases in substrate
quality, and that long-term drainage reduced C storage capacity in this boreal fen.
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1.0 Introduction
1.1 Brief rationale of my research
Northern peatlands store a large pool of soil carbon (C) that has slowly accumulated
throughout the Holocene. Currently, Canadian boreal peatlands store an estimated ~100 Gt C
(Tarnocai, 2006), approximately 18% of the 547 Gt C stored in boreal and subarctic peatlands
globally (Yu et al., 2010). While boreal and subarctic peatlands have historically acted as net C
sinks, they are also small methane (CH4) sources, emitting an estimated 24 Tg CH4 yr-1, or
approximately 12% of CH4 emissions from all natural sources combined (Bartlett & Harriss,
1993, Lelieveld et al., 1998). Methane is 21 times more effective at absorbing infrared radiation
than CO2 and rising atmospheric CH4 concentrations are an important consideration in light of
global climate change (Forster et al., 2007). Except for a brief period of little increase between
1997 and 2007 (Rigby et al., 2008, Dlugokencky et al., 2009), atmospheric CH4 concentrations
have been increasing since pre-industrial times and have doubled in the last two centuries
(Lelieveld et al., 1998). Over millennial timescales, northern peatlands have a negative radiative
forcing, or net cooling, effect on global climate due to increasing rates of CO2 sequestration as
peat and relatively constant rates of CH4 release during peatland development and succession
(Frolking et al., 2006, Roulet et al., 2007). Bloom et al. (2010) concluded that while CH4
emissions from northern high latitudes are smaller than from tropical regions, northern emissions
are very sensitive to rising temperatures. Thus, fluxes from northern ecosystems, including
peatlands, likely have been contributing to increases in the atmospheric CH4 pool in recent years
(Bloom et al., 2010). Perturbations to short- and long-term rates of CO2 uptake relative to CH4
release, arising from increasing temperatures, wildfire occurrence, and rates of disturbances such
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as drainage, have the potential to weaken, or even reverse, the net cooling effect of these
ecosystems (Frolking et al., 2006, Frolking et al., 2011).
In peatlands, the position of the water table relative to the peat surface is one of the
primary controls on CO2 and CH4 fluxes. Rising air temperatures resulting from global climate
change are expected to increase rates of evapotranspiration that, despite concomitant increases in
precipitation at northern latitudes, will likely lead to soil moisture deficits across large parts of
the boreal forest (Christensen et al., 2007, Hengeveld, 2000, Hogg, 1997). While lower water
table position is likely to reduce CH4 emissions from peatlands, how net ecosystem CO2 fluxes
will respond will depend on the balance of plant versus microbial productivity, both of which are
likely to increase with drier conditions. The purpose of my research was to quantify the effects
of sustained, long-term peatland drying on CO2 and CH4 emissions in a boreal fen, as well as to
identify changes in the functional relationships between emissions and key controls such as
temperature and water table position.

1.2 Introduction to peatland distribution and classification
The boreal forest occupies approximately 14.7 x 106 km2 of the earth’s surface (Bonan &
Shugart, 1989), and approximately 80% of the world’s peatlands occur within this region
(Wieder et al., 2006). Boreal peatlands can be found where mean annual precipitation is 5003000 mm and where mean annual temperatures are between 3 and 6ºC (Wieder et al., 2006).
Boreal peatlands typically are found in areas of low elevation and high water table, where soil
saturation results in anoxic conditions that limit rates of decomposition.
Peatlands include any ecosystem in which rates of primary productivity exceed rates of
decomposition, resulting in thick (> 40 cm) accumulations of soil organic layers or peat (Clymo,
1984, Gorham, 1991). Peatlands actually represent a range of ecosystem types, however, and
2

generally are classified as either bogs or fens. Bogs receive water and nutrients primarily from
precipitation and atmospheric deposition, and are therefore oligotrophic, relatively dry, highly
acidic (pH < 4.0), and dominated by peat mosses (Sphagnum spp.) (Vitt, 1994). Fens, which
receive water and nutrients from precipitation, as well as from surface and ground water, are
usually nutrient rich and have a water table close to the surface of the peat (Vitt et al., 2000).
Fens occur along a gradient of pH and can be further subdivided into poor fens (pH 4.0-5.5),
dominated by species of Sphagnum, and moderate rich (pH 5.5-7.0) and extreme rich (pH > 7.0)
fens, dominated by “brown mosses” (Vitt, 1994, Vitt et al., 2000). The majority (63%) of
peatlands in western Canada are fens (Vitt et al., 2000), which can be open (tree-less), shrubby,
or forested. Western Canadian bogs are always forested and account for the remainder (37%) of
peatlands on the landscape.

1.3 Introduction to controls on peat accumulation
In most peatlands, C cycling by plant and microbial communities is controlled primarily
by water table depth, temperature, and substrate quality. Peatland soils are typically
conceptually divided into the aerated, upper portion of the peat profile, termed the acrotelm, and
the water-saturated, anaerobic catotelm, located below the water table (Ingram, 1978). The
relative sizes of these two zones influence aboveground plant community composition, as well as
rates of auto- and heterotrophic respiration and anaerobic decomposition pathways (Clymo,
1984). The activity of microbial enzymes such as phenol oxidase, which breaks down phenolic
compounds, is inhibited in the absence of oxygen (Freeman et al., 2001). In addition, energy
yield from aerobic catabolism is considerably higher than from anaerobic processes such as
fermentation and methanogenesis (Reddy & DeLaune, 2008). As a result, the majority of
decomposition takes place in the acrotelm, where aerobic microbial activity proceeds at much
3

faster rates than in the catotelm and yields CO2 as a mineralization by-product. However, once
peat is transferred to the anaerobic catotelm (e.g., through burial and/or compaction), it is further
decomposed slowly by multiple metabolic pathways involving a variety of terminal electron
acceptors. Once more energetically favourable electron acceptors such as inorganic Fe, S, and
N, are depleted, redox conditions favourable for methanogenesis are established, and CH4 is
formed from substrates such as acetate, hydrogen, and CO2 (Reddy & DeLaune, 2008).
Rates of microbial C mineralization are often strongly correlated to peat temperature
owing to the positive relationship between temperature and enzyme activity (Lloyd and Taylor
1994). Laboratory (Dunfield et al., 1993, Moore & Dalva, 1993) and field (Bubier et al., 2003,
Bubier et al., 1998, Bubier et al., 1995, Dise et al., 1993) studies have demonstrated the
importance of temperature to rates of CO2 and CH4 production, with temperature sometimes
exerting an even stronger influence on respiration than water table position (Lafleur et al., 2005).
Controls on the temperature sensitivity (Q10) of decomposition processes have important
implications for the fate of peatland C pools in a warming climate. For example, kinetic theory
suggests that Q10 should increase with increasing substrate recalcitrance and decreasing
temperature (Davidson & Janssens, 2006, Kirschbaum, 1995, Knorr et al., 2005).

In northern

systems, rising air temperatures may result in accelerated decomposition of the existing labile C
pool and increased microbial reliance on older, recalcitrant substrates following depletion of
labile C. The contribution of recalcitrant C to microbial decomposition may also increase if
plant community succession and adaptation in response to higher temperatures and altered
precipitation regimes result in greater inputs of low quality substrates, such as woody tissues.
Thus rising temperatures have the potential to decrease the temperature sensitivity of soil C by
decreasing Q10 directly, while simultaneously increasing temperature sensitivity indirectly by
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increasing the amount of recalcitrant C available for microbial decomposition. In part because of
differing temperature responses of labile and recalcitrant C pools, the vulnerability of soil C
stocks to rising temperatures, particularly in northern ecosystems, remains uncertain and
continues to be highly debated (Davidson & Janssens, 2006, Fang et al., 2005, Giardina &
Ryan, 2000, Haddix et al., 2011).
In addition to water table position and temperature, the chemical composition of litter and
peat is also an important control on rates of decomposition and mineralization. In general, plant
tissues with high lignin content, such as the woody tissues of trees and shrubs, tend to
decompose slowly. Decay rates are also affected by peat nutrient content, particularly nitrogen
(N), and low C:N ratios in vascular and moss tissues have been shown to increase mass loss and
N mineralization rates (Bragazza et al., 2007, Limpens & Berendse, 2003). Tissues of
Sphagnum species, in particular, are highly recalcitrant due not only to low nitrogen and
phosphorous content, but also to the presence of organic chemicals, such as sphagnum acid, that
have been shown to retard microbial and vascular plant growth (Moore & Basiliko, 2006).
However, there is variation in decomposition rates among moss species. Hummock species tend
to have greater concentrations of structural carbohydrates, and tend to decompose more slowly
than hollow species (Limpens & Berendse, 2003, Turetsky et al., 2008a). Across major
categories of plant tissues, rates of decomposition follow the general order, from slowest to
fastest, of wood < hummock Sphagnum < hollow/lawn Sphagnum < tree needles < tree leaves <
shrub leaves < sedge leaves (Moore & Basiliko, 2006). While most work examining substrate
quality as a control on decomposition in peatlands has focused on aerobic processes, recent
incubation studies have also demonstrated strong effects of peat quality (Reiche et al., 2010) and
plant species identity (Williams & Yavitt, 2010) on methanogenesis.
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1.4 The role of disturbance in peatland carbon cycling
While the potential influence of warming on peatland C cycling has received a great deal
of scientific attention, the influence of disturbances like wildfire or drought on peatlands has
only recently been recognized (Laine et al., 1996, Moore et al., 1998, Page et al., 2002, Trettin et
al., 2006, Turetsky et al., 2002, Turetsky et al., 2011a). Natural and anthropogenic disturbances
are an important determinant of boreal peatland structure and function, affecting community
structure and a host of ecosystem services, such as C and water storage (Turetsky & St. Louis,
2006). For instance, wildfires in western boreal peatlands are estimated to account for the annual
loss of 6182 Gg C, or 69%, of gross C sequestration (Turetsky et al., 2002). Rising global
temperatures have the potential to accelerate C losses from northern peatlands directly by
stimulating rates of C mineralization, but also indirectly by increasing the frequency and severity
of drought and wildfire (Harden et al., 2000, Kasischke & Turetsky, 2006, Turetsky et al.,
2011b).
Disturbances are typically considered to be discrete events in space and time that disrupt
ecosystem function (Pickett & White, 1985), such as wildfires or insect outbreaks, but can also
include persistent, long-term physical or biological changes to the system. During a discrete, or
“pulse”, disturbance, a change is made to the system and the community is allowed to respond,
usually recovering to pre-disturbance function, while during a prolonged, or “press”, disturbance,
the perturbation is maintained and the community is allowed to adapt or reach a new equilibrium
state (Bender et al., 1984). In the latter case, it can be difficult to distinguish between a true
disturbance and natural variability in the system, ecosystem development, or community
succession, particularly when considering different temporal and spatial scales (Stone et al.,
1996). Nevertheless, examination of peatland response to disturbance is critical in light of
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anthropogenic increases in disturbance frequency and severity in the boreal forest (Kasischke &
Turetsky, 2006, Turetsky et al., 2002).
The importance of peatland hydrology to peatland structure and function has long been
recognized (Clymo, 1984), yet as a result of the complex, and often competing, influences of
hydrology on plant community assemblages, plant productivity, and microbial activity, the net
effects of drier conditions associated with climate change on peatland C balance and CH4 release
are uncertain. Though the extent of hydrologic disturbance in boreal peatlands under future
climate change scenarios is not well understood, preliminary models suggest that average
growing season water table level may drop by as much as 14-22 cm in boreal and subarctic
regions (Roulet et al., 1992). A variety of approaches have been used to examine the effects of
reduced water table levels on peatland C cycling, including laboratory incubations of peat
mesocosms, experimental water table manipulation in the field, and observational studies in
peatlands drained for forestry or peat harvesting. Mesocosm studies have generally
demonstrated enhanced rates of soil CO2 production and decreased CH4 emission with
decreasing water table position (Blodau et al., 2004, Moore & Dalva, 1993, Moore & Knowles,
1989). Such mesocosm studies generally capture the effects of peat moisture content on the
microbial community only, and do not examine interactions between plant and microbial
responses to drying. Fen mesocosms where living vegetation was left intact, on the other hand,
have shown weak respiration responses, decreased plant C uptake and productivity, and lower
rates of soil C accumulation in response to lowered water table positions (Bridgham et al., 2008,
Updegraff et al., 2001, Weltzin et al., 2000). While mesocosm studies are an important tool in
isolating and understanding individual controls on C cycling, they may not accurately reflect
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ecosystem scale effects or complex feedbacks between physical controls, plant community
dynamics, and microbial activity.
Results from short-term ecosystem scale manipulations of water table position, which
capture both plant and microbial responses and large spatial variation in physical controls, have
been variable and have shown both no change (Chivers et al., 2009, Freeman et al., 1996) or
increases in ecosystem respiration (ER) (Laine et al., 2009, Strack et al., 2006) in response to
drier conditions. Similar patterns of increasing ER in response to drier conditions have also been
observed in short-term observational studies employing natural water table variability in
undisturbed peatlands (Bubier et al., 2003, Flanagan & Syed 2011). Higher ER rates following
water table drawdown are the result of enhanced aerobic decomposition rates and enzyme
activity (Freeman et al., 2001, Yavitt et al., 1997) in oxygenated surface soils (Silins &
Rothwell, 1999), though higher rates of root respiration may also be a factor. The net effect of
drying on C balance, however, is also dependent on rates of primary productivity, which can be
inhibited or stimulated by water table drawdown, depending on microtopographic position and
species identity (Chivers et al., 2009, Laine et al., 2009, Strack et al., 2009, Strack et al., 2006).
In general, CH4 emissions decline with lower water table position (Strack et al., 2004, Turetsky
et al., 2008b), though the timing and degree of this response can vary widely as a result of peat
degassing and changes in hydraulic conductivity following manipulation of the water table
(Estop-Aragones & Blodau, 2012, Goldhammer & Blodau, 2008, Knorr & Blodau, 2009).
A short-coming of both laboratory and field-based experiments is that it often is a
challenge to capture longer-term processes such as community succession, microbial community
adaptation, and changes in peat physical properties. To that end, peatlands drained for forestry
production and peat harvesting in the 1920s to 1960s have been used to examine the effects of
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multi-decadal drainage on peatland vegetation and C dynamics in Finland (Minkkinen et al.,
2002) and in eastern Canada (Talbot, 2009, Blodau & Siems, 2012). In these sites, excavation of
drainage ditches resulted in substantial declines in water table level, with differences in water
table elevation of ca. 20-80 cm between paired drained and control plots that persisted for
several decades. These long-term drainage events typically resulted in a marked shift in plant
community composition (Laiho et al., 2003, Murphy et al., 2009). Plant communities previously
dominated by bryophytes and sedges, which are highly productive under conditions of water
saturation (Bedford et al., 1991, Moore et al., 2002, Visser et al., 2000), became dominated by
trees and shrubs, which are limited by high water table position (Jeglum, 1974). For example,
Laiho et al. (2003) found that within 20 years of drainage, mosses nearly disappeared from the
ground layer, while tree and shrub biomass increased with time since drainage. Within 50 years
post-drainage, trees made up 90% of total plant biomass. Tree biomass appears to respond more
strongly to drainage than understory biomass, and increases in above- and belowground tree
biomass as high as 7- to 10-fold have been observed in Finnish and Canadian peatlands (Laiho et
al., 2003, Murphy et al., 2009, Talbot, 2009). The response of plant productivity to drainage
appears to depend on nutrient status, as drainage in bogs triggers larger increases in productivity
than in fens (Minkkinen et al., 1999).
In Finnish peatlands, rates of ER of CO2 were ~twice as high in drained compared to
pristine sites (Martikainen et al., 1995), likely a result of increased tree and shrub root respiration
in addition to higher microbial activity (Silvola et al., 1996a, Silvola et al., 1996b). Drainage
also may indirectly influence decomposition processes, as increased tree shading often decreases
soil temperatures (Laine et al., 1996). Carbon storage in peat depends on the balance between
plant and microbial responses. Despite greater plant (primarily tree and shrub) productivity and
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litter inputs to soils, peat accumulation can often decline following drainage as a result of higher
mineralization rates at the surface and in deeper peat layers previously protected from rapid
turnover by waterlogged conditions (Minkkinen et al., 1999, Talbot, 2009).
Following increased tree growth post-drainage, increases in woody debris inputs to soils
are likely to alter litter and peat quality by increasing lignin concentrations and decreasing N
concentrations. However, responses of decomposition rates to drainage will be determined by
changes in SOM quality and the redox conditions that dictate microbial activity. For example, in
the fen portion of the Lakkasuo mire, long-term drainage increased woody litter inputs and
decreased sedge and Sphagnum inputs, thus altering litter chemistry (Strakova et al., 2010) and
microbial enzyme activity (Strakova et al., 2011). Blodau and Siems (2012) observed reduced in
vitro soil CO2 fluxes in peat originating from a drained eastern Canadian bog, and attributed this
response to increased peat humification that had occurred immediately following drainage rather
than changes in substrate quality associated with woody biomass inputs to soils.
Rates of CH4 flux decline markedly with drainage (Nykanen et al., 1998, Talbot, 2009),
and bogs may even become small sinks of atmospheric CH4 (Blodau & Siems, 2012). The
relative contributions of increased oxidation (CH4 consumption) versus lower production rates to
declines in CH4 emissions are difficult to ascertain, but recent work suggests that even below the
water table, rates of methanogenesis are inhibited by drainage, perhaps due to accumulation of
toxic compounds or organic alternative electronic receptors (Blodau & Siems, 2012).
The overall goal of my study was to examine the potential long-term effects of drying
associated with drainage of a fen in Alberta, Canada. There are several key differences between
drainage associated with land-use compared to drying associated with climate change. First,
peatland drainage by means of drainage ditches results in a relatively rapid (days to weeks)
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reduction of water table position, while a similar reduction in water table position under future
climatic conditions is likely to be more of a press disturbance. The rapid initiation of drought
stress following drainage may result in different plant community development and successional
trajectories than would be observed with a gradual water table reduction occurring over decades
or longer. For example, increases in tree productivity can be observed within one to two years
post-drainage (Laiho et al., 2003) but could occur at a much slower rate with climate change.
Second, whether the degree of resistance of peatlands to water table drawdown will be similar
between drainage and climate change is unclear. Soil and vegetation characteristics such as peat
subsidence, decreased hydrologic conductivity, bryophyte moisture retention capability, and
plant desiccation tolerance confer hydrologic resistance to peatlands, but it is unknown how
these characteristics may act to attenuate water table reduction resulting from different
disturbances. Finally, the use of drainage as an analogue for future peatland drying does not
account for the effects of elevated atmospheric CO2 concentrations, higher air temperatures, and
longer growing seasons that are expected with future climate change (Trettin et al., 2006) on
rates of primary productivity and decomposition. However, the absence of these additional
variables in drained sites allows for isolation of hydrologic controls on C dynamics and can thus
be beneficial to our understanding of peatland responses to future climate change.

1.5 Objectives and hypotheses
The objectives of this study were to quantify and describe the effects of multi-decadal
drainage on net CO2 and CH4 exchange in a boreal fen and on the functional relationships
between C fluxes and light, water table position, temperature, and species composition. While
field measurements allowed me to quantify the combined influence of changes in plant
community composition and the soil environment on rates of decomposition, they did not allow
11

me to isolate the effect of drainage-induced changes in peat substrate quality on decomposition
(Figure 2). Therefore, I used a laboratory incubation experiment to quantify the effects of longterm drainage on peat substrate quality and potential CO2 and CH4 production rates under
controlled temperature and moisture conditions. I used field and lab techniques to test the
following hypotheses:

H1: Because of increases in acrotelm thickness and oxygenation of deeper peat layers, I predicted
that drainage would stimulate heterotrophic respiration. I also predicted that following drainage,
greater root productivity in drier surface layers would lead to primary productivity dominated by
vascular and bryophyte species at the expense of wet-adapted species. I predicted that CH4
emissions would decrease as a result of low production (methanogenesis) and high consumption
(methanotrophy) rates in aerated portions of the peat column (Figure 1).

H2: I hypothesized that drainage would increase shading of the peat surface by shrubs and trees,
thereby reducing peat surface temperatures, by stimulating vascular plant productivity. I
predicted that auto- and heterotrophic respiration would be positively correlated with peat
temperature, and that lower temperatures in the drained plot would act to mitigate the positive
effect of drier conditions on ER.

H3: I predicted that because of accelerated peat decomposition and increased litterfall from
woody vegetation, peat substrate quality would decrease (lower rates of potential CO2 and CH4
production; higher C/N) following drainage. Also, I predicted that the temperature sensitivity
(Q10) of potential CO2 and CH4 production would increase following drainage as a result of
higher substrate recalcitrance.
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2.0 Methods
2. 1 Study site
My study was performed at a moderate rich fen located approximately 70 km northwest
of Lac La Biche, Alberta. The site has moderate tree cover consisting exclusively of Larix
laricina, a shrub layer dominated by Betula pumila, Salix spp., Andromeda polifolia and
Oxycoccus microcarpus, and a herbaceous layer consisting primarily of Potentilla palustris and
Menyanthes trifoliata. Hummocks are dominated by Tomenthypnum nitens while
Drepanocladus spp. and Meesia triquetra dominate in hollows. The fen experiences a cool
continental climate with a 30-year (1971-2000) mean annual temperature of 0.7ºC and mean
annual precipitation of 456 mm (Table 1).
Air photo analysis indicated that a highway had been constructed through the fen in 1990.
Prior to road construction, the fen complex was a relatively uniform, moderately treed wetland
with an area of approximately 0.25 km2. Air photos taken 11 years after road construction
showed flooding and a decrease in tree density on the eastern side of the road and an increase in
tree cover on the western side (Figure 2). This observation, combined with water flow patterns
recognizable in air photos, suggested that ditching and mounding associated with road
construction had obstructed the flow of water and resulted in a lowered water table on the
western side of the road. These observations were verified by ground truthing and preliminary
hydrological measurements (Miller, 2011), which revealed that within 30-40 m of the road, water
table position was reduced by ca. 9 cm compared to locations further than 100 m from the road.
Vegetation transects revealed a pattern of decreasing cover of trees and dry-adapted moss
species, and increasing cover of wet-adapted moss species, with increasing distance from the
road (Miller, 2011). As with water table, changes in plant cover were most pronounced 30-120
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m from the road, and at greater distances, plant cover was relatively constant, suggesting that
hydrologic conditions had returned to pre-disturbance levels 120 m from the road. Combined,
these observations confirmed that road construction had effectively obstructed hydrologic flow,
and that the establishment of treatment (drained) and control (pristine) plots at distances of ca. 30
and 120 m from the road, respectively, would sufficiently capture the effects of road construction
on site hydrology.
In June 2010, I installed six CO2 and 10 CH4 permanent gas flux collars at each of the
pristine and drained plots. Collar locations were chosen such that collars were equally dispersed
among hummocks and hollows, and adequately captured variation in plant community
composition observed in the fen. Gas flux collars were installed in early June 2010, as soon as
ice thaw allowed for proper insertion of collars into the ground surface. Carbon dioxide gas flux
collars were constructed of 60 cm2, 30 cm deep aluminum sheeting installed ca. 15 cm into the
peat surface. Carbon dioxide gas flux chambers were constructed out of clear Lexan sheets 60
cm high (volume = 0.22 m3), which allowed for the inclusion of understory vegetation, such as
small shrubs and tree seedlings, but not larger tree individuals, into the chambers. Methane gas
flux collars were constructed from polyvinyl chloride (PVC) cylinders 19 cm in diameter and
inserted ca. 15 cm into the peat surface. Methane gas flux chambers consisted of dark PVC
cylinders 20 cm tall and 19 cm in diameter (volume = 0.006 m3). The smaller size and mass of
the CH4 gas flux chambers compared to CO2 gas flux chambers was chosen to minimize
disturbance to the peat surface during gas sampling (e.g., during chamber manipulation), as CH4
release from the peat column can be sensitive to changes in pressure at the surface. Wooden
boardwalks were constructed adjacent to all gas flux collars and collars were allowed to
equilibrate for approximately two weeks prior to the first gas sampling campaign.
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2.2 Field data collection
Fluxes of CO2
Understory net ecosystem exchange (NEE) and understory ecosystem respiration (ER)
were quantified by measuring the change in CO2 concentration in the flux chamber over three
minutes under ambient light and dark conditions, respectively. Dark conditions were established
by covering the chamber with a polyvinyl shroud that blocked all incoming photosynthetically
active radiation (PAR). Understory gross primary productivity (GPP) was calculated by
subtracting ER from NEE. Rates of NEE were also measured under 75% and 50% PAR in order
to establish understory light response curves. These reduced light conditions were established by
covering chambers in fine and coarse mesh screening, respectively. Chambers were placed
securely on the collar and water was poured into the collar lip to ensure an airtight seal. Batteryoperated fans installed in the chambers circulated air through the chamber for the duration of the
sampling period. Gas concentration, temperature, and humidity inside the chamber were
measured and logged every 1.6 seconds for three minutes using an EGM-4 portable infrared gas
analyzer (IRGA; PP Systems, Amesbury, MA). The top of the chamber was removed to allow
gas concentrations, humidity, and temperature within the chamber to equilibrate with
atmospheric conditions between each of the four sampling periods (ambient, 75%, 50%, and 0
PAR conditions).
Carbon dioxide sampling campaigns were conducted between late June to early August
five times in 2010 and twice in 2011, and flux rates were measured in both the pristine and
drained plots on the same day. Rates of CO2 exchange were calculated as the linear slope of the
change in chamber CO2 concentration over time and corrected for chamber and collar volume
and standard temperature and pressure (STP). Fluxes with an R2 < 0.80 were discarded, except
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where low R2 was clearly due to low flux rates rather than measurement error or unknown
sampling artefacts.

Fluxes of CH4
Methane emissions were quantified by measuring chamber CH4 concentrations five times
over a 40 minute sampling period (i.e., at time 0, 10, 20, 30 and 40 minutes). A small amount of
water was added to the gas flux collar lip to ensure an airtight seal between the collar and
chamber, and air inside the chamber was continuously mixed by battery-operated fans during the
sampling period. Gas samples were collected by connecting a plastic syringe equipped with a
three-way stopcock to a stopcock permanently attached to the top of the chamber. At each
sampling time, 20 ml of headspace air were collected and injected into 12 ml Exetainer vials
(Labco Ltd., High Wycombe, England). Samples were transported to the laboratory and
analyzed within two weeks of collection for CH4 concentration using a Fast Methane Analyzer
(Los Gatos Research, Inc.; Mountain View, CA) equipped with a custom discrete-sample
injection port and calibrated using external standards of 0 (N gas), 10, and 100 ppm CH4 (Air
Liquide Canada; Burlington, ON).
Methane emission rates were measured four times over the course of the growing season
in 2010 and once in 2011. Emissions were quantified in both the pristine and drained plots on
the same day during each gas sampling campaign. Flux rates were calculated as the slope of the
linear relationship between chamber CH4 concentration and time and corrected for chamber
volume and STP. Each flux measurement was visually assessed for a linear fit and, where
necessary, one to two concentration values were removed. In particular, measurements
suggestive of chamber disturbance/equilibration (e.g., non-linear CH4 concentration at time 0) or
sampling error (e.g., two identical consecutive concentration values in an otherwise linear flux)
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were removed. This protocol did not apply, however, to fluxes where there was evidence of
ebullition (i.e., a sudden, non-linear increase in CH4 concentration followed by a smaller, linear
increase in concentration through time). In total, three ebullitive fluxes (3% of all observations)
were observed and retained in the dataset. Fluxes with poor fit (R2 < 0.80) were also retained in
the dataset in order to avoid biasing against low flux rates, as poor fit was generally due to small
changes in CH4 concentration that were within the measurement error of the fast methane
analyzer (~0.005 ppm CH4).
Environmental variables
During each gas sampling campaign, I measured soil temperature, soil moisture, and
water table depth at every gas flux collar. Soil temperature was measured using a handheld
probe inserted 0, 2, 5, 10, 15, 20, 25, and 30 cm into the peat surface. Soil moisture was
measured as volumetric water content using a probe calibrated for highly organic (peat) soils.
water table depth was measured manually using PVC water wells installed throughout the site (5
in each of the pristine and drained plots) at the beginning of the growing season. Water table
depth for each gas flux collar was calculated using the relative elevation of the collar to the
nearest water well. In addition to these variables, I measured light interception by understory
vegetation inside each CO2 gas flux collar during each CO2 sampling campaign.
Plant species cover surveys were conducted at each individual CO2 and CH4 gas flux
collar in late July in 2010 and 2011, coinciding with the approximate time of peak biomass at the
site. Percent cover was visually estimated for all species within each of the shrub, herbaceous,
and bryophyte layers. A 60 cm2 quadrat, divided into four 30 cm2 quadrants, was placed over
CO2 gas flux collars to assist with visual cover estimation. Plants were identified to the genus

17

(particularly Carex and Drepanocladus species) or, where possible, the species level. I
quantified vascular green area (VGA) using methods described in Wilson et al. (2007).

Statistical Analyses
I analysed the effect of drainage on CO2 exchange rates using a mixed effects model on
NEE, GPP and ER rates measured in both study years. Plot, microtopography, and a plot x
microtopography interaction term were included as fixed effects. Individual gas flux collars
were included as a random effect and nested within measurement date nested within year
(repeated measures). Mixed effects models were performed using the package ‘nlme’ (Pinheiro
et al. 2011) and post hoc comparisons of means tests were conducted using the package
‘multcomp’ (Hothorn et al. 2012) in R v. 2.12.2 (R Development Core Team 2011). Prior to
analysis, data were verified to meet model assumptions, including normal distribution of
residuals and homoscedasticity. Treatment means provided in text and figures are means ± 1
standard error.
To examine whether controls on ER and GPP varied between the pristine and drained
plots, I employed a non-linear modeling approach similar to Tuittila et al. (2004) and Chivers et
al. (2009). Only data from 2010 were used for all GPP and ER models, as data from the 2011
study year was not representative of variation in CO2 exchange rates throughout the growing
season (two mid-season sampling campaigns only).
Plant productivity is known to follow a saturating response curve to incoming light
(PAR) and to exhibit a Gaussian response to water table position. Light response curves were
generated from repeated CO2 exchange measurements on the same gas flux collar under 100%,
75% and 50% incoming radiation regimes, and modeled using a multiplicative model form:
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(Eqn. 1)

where Pmax is the maximum rate of photosynthesis under light saturated conditions and when
water table position is optimal for photosynthetic activity (uP), and PAR and water table are
measured incoming radiation and water table in units of μmol m-2 s-1 and cm, respectively. The
term tP represents the width of the water table response curve and reflects the range of water
table conditions under which GPP is increasing or decreasing. The term k is the PAR value at
which the photosynthesis rate is half of its maximum. The absolute (positive) value of GPP was
passed to the model, as net CO2 uptake was represented by negative values in the original
dataset.
Measured rates of ER, which include both auto- and heterotrophic respiration, were
modeled as assuming a Gaussian response to water table position:

(Eqn. 2)

where Rmax is the maximum rate of ER under water table conditions ideal for plant and microbial
respiration (uR), WT is measured water table position in cm, and tR represents the width of the
ER response curve.
The response of ER to temperature was modeled as an exponential function using:

(Eqn. 3)
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where A is the respiration rate at 0ºC, Q10 is the temperature sensitivity of ER, and T is the
measured temperature at 2 cm below the peat surface.
Though the response of ER to water table position and temperature was expected to be
multiplicative (Tuittila et al., 2004), I did not have enough data to model both response curves
simultaneously. Therefore, parameter estimates based on Eqns. 2 and 3 include variation
associated with temperature and water table, respectively, as well as additional, unmeasured
sources of error. All non-linear modeling was performed using Proc NLIN in SAS 9.2 (SAS
Institute Inc. 2008).
Mean seasonal CH4 flux was analysed using a mixed effects model with plot,
microtopography, and the plot x microtopography interaction term as fixed effects and gas flux
collar, nested within measurement date nested within year (repeated measures), as a random
effect. Prior to analysis, data were log-transformed to meet model assumptions, including
normal distribution of residuals and homoscedasticity. Treatment means provided in text and
figures are means ± 1 standard error.
To investigate the nature of water table and temperature controls on CH4 fluxes, and
whether any differences in fluxes among the pristine and drained plots could be explained by
changes in these environmental variables, I performed iterative bottom-up model selection using
mixed effects models. Prior to analysis, data were log-transformed to meet model assumptions,
including normal distribution of residuals and homoscedasticity. Models varied in their fixed
effects, whereas gas flux collar, nested within date nested within year, was retained as the
random effect in each model. To select the best model, I began with models testing single main
effects only (water table, temperature, and plot) and successively added further main effects and
2- and 3-way interactions until no further variation in CH4 flux could be explained and model
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Akaike information criterion (AIC) was lowest. Models were tested against each other using
standard analysis of variance (ANOVA) techniques and comparison of AIC values computed
using maximum likelihood (ML) estimation.
The direction and magnitude of functional relationships between CH4 emissions and two
primary controls, water table position and peat temperature, were assessed by running mixed
effects models for each control separately. Visual examination of CH4 data indicated that CH4
fluxes generally exhibited an exponential response to increasing water table levels and
temperature. Fluxes were therefore log-transformed prior to analysis, which had the dual
purpose of simplifying model structure and of meeting model assumptions, such as a normal
distribution of residuals and homoscedasticity. Individual mixed effects models were performed
for each of the pristine and drained plots in order to obtain intercept and slope estimates for
relationships between CH4 fluxes and their controls. Water table and temperature were included
as fixed effects while gas flux collar, nested within date nested within year, was included as a
random effect. Mixed effects models were performed using the package ‘nlme’ (Pinheiro et al.
2011) and post hoc comparisons of means tests were conducted using the package ‘multcomp’
(Hothorn et al. 2012) in R v. 2.12.2 (R Development Core Team 2011).

2. 3 Laboratory incubation experiment
Experimental setup
I collected five replicate soil cores from each of the pristine and drainage plots. Cores
were collected from hummocks only in order to minimize variation in vegetation and soil
physical properties (e.g., bulk density) associated with microtopography. Cores were collected
by inserting 10 cm diameter, 50 cm long PVC piping into the soil surface, with care taken to
minimize compaction at the top of the peat column. Each core was sectioned into 5 cm
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increments, stored in a plastic bag to avoid moisture loss, and frozen within six hours of
collection.
The 5-10 cm and 40-45 cm sections from each core were chosen to represent surface and
deep peat, respectively. While frozen, each section was divided into ~10 g (wet weight)
subsamples, which were assigned to each of the experimental headspace and temperature
treatments. In total, five replicate samples (one from each core) were assigned to each unique
drainage (pristine or drained) x depth (5-10 cm or 40-45 cm) x headspace (aerobic or anaerobic)
x temperature (4, 15 or 25ºC) treatment, for a total of 120 incubation subsamples. An additional
subsample of surface and deep peat from each core was retained for bulk density and ash, C, and
N content analyses.
Bulk density estimates for the surface and deep sections of each core were obtained by
weighing a subsample of known volume (1 cm3), oven-dried at 60ºC for approximately 72 hours.
A portion of each depth increment was oven-dried, ground using a Cyclone sample mill (UDY
Corporation; Fort Collins, CO), and analysed for ash, total C, and total N content. Ash content
was determined by weighing the sample before and after combustion at 450ºC. Carbon:Nitrogen
ratio was quantified using a Vario Max elemental analyzer (Elementar Analysensysteme, Hanau,
Germany).
Incubation subsamples were allowed to thaw overnight and large roots and woody debris
were removed. All samples were immediately placed into 125 ml glass incubation jars and sealed
with screw-on caps fitted with rubber septa (Chromatographic Specialties, Inc.; Brockville, ON).
Samples assigned to the aerobic headspace were placed into jars at field moisture, gently
homogenized by hand, and flushed with room air before being sealed. A known volume of
microfiltered, deionized water was added to samples assigned to the anaerobic headspace to
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ensure anaerobic conditions. Because samples varied in volume, the amount of water added to
each jar so that the peat sample was submerged was not constant; the volume of water added was
recorded and included in subsequent headspace calculations. To avoid disturbance to peat
physical structure, anaerobic samples were gently mixed, but not completely homogenized, with
water. Anaerobic jars were flushed with oxygen-free N2 in an anaerobic glovebox for
approximately 15 minutes before being sealed. Sample jars were moved to their assigned
temperature-controlled chambers (4, 15, or 25ºC), where they were allowed to equilibrate for
seven days prior to the first CO2 and CH4 sampling campaigns. Jars were kept on a 24 h dark
cycle and the temperature within each incubation chamber was logged and monitored
continuously. Chamber temperatures remained within ± 0.2ºC of the programmed temperature
for the duration of the incubation. Between gas sampling occasions, microfiltered water was
added to aerobic samples as needed to approximate field moisture conditions, with care taken not
to submerge samples and induce hypoxic or anoxic conditions. Lids were removed from aerobic
jars between sampling days to maintain non-limiting oxygen levels, while anaerobic jars
remained sealed for the duration of the experiment.

Potential CO2 and CH4 production
Potential CO2 and CH4 production rates were quantified ten times over the course of the
incubation, on days 1, 7, 14, 25, 36, 41, 69, 129, 161 and 210. Methane production rates were
measured in jars assigned to the anaerobic headspace only, as CH4 evolution rates were expected
to be negligible in an aerobic headspace due to rapid oxidation. At the beginning of each
sampling campaign, jars were flushed with either room air or N gas (aerobic or anaerobic
treatments) before being sealed. Gas production rates were estimated by quantifying headspace
concentrations of CO2 (aerobic and anaerobic jars) and CH4 (anaerobic jars only) three times
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over an 8- to 24-hour sampling period. The length of the sampling period was adjusted among
treatments and over the course of the incubation to ensure that gas concentrations were within
reliable detection limits. In general, jars incubated at 4, 15, and 25º were sampled over 24, 10,
and 8 hour periods, respectively.
Headspace concentrations of CO2 and CH4 were measured by collecting 10 ml samples of
headspace air in plastic syringes fitted with 3-way stopcocks and inserted through the cap
septum. An equivalent amount of N gas was immediately added to each jar to maintain constant
gas pressure. Samples were analyzed for CH4 concentration using a Fast Methane Analyzer (Los
Gatos Research, Inc.; Mountain View, CA) equipped with a custom discrete-sample injection
port and calibrated using external standards of 0 (N gas), 10, and 100 ppm CH4 (Air Liquide
Canada; Burlington, ON). Headspace CO2 concentrations were determined using an EGM-1
infrared gas analyzer (IRGA; PP Systems, Amesbury, MA) calibrated using an external standard
of 1000 ppm CO2 (Linde Canada; Guelph, ON).
Calculations and statistical analyses
Gas production rates were calculated as the change in headspace concentration over time
during the sampling period. Gas concentrations were adjusted for total headspace volume, STP,
and post-sampling dilution with N gas. Though CO2 and CH4 concentrations were measured
three times over the course of each sampling period, only the first two points were used in rate
calculations due to gas saturation at the third sampling point in highly productive jars. That is,
only the linear, non-saturating portion of the headspace concentration over time curve was used
to generate final production rate values. Moisture content determined from a non-incubation
subsample of each peat core was used to estimate the dry weight of each incubation sample, for
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which the wet weights were recorded at the start of the incubation period. Gas production rates
are reported on a dry mass, daily basis (nmol CH4 g-1 day-1, µmol CO2 g-1 day-1).
Cumulative CO2 and CH4 production over the course of the incubation experiment were
calculated by plotting rate as a function of incubation day and integrating the area under the
curve using the trapezoidal rule. Cumulative production values are reported as mg CO2-C or mg
CH4-C per g dry sample weight.
The temperature sensitivity of CO2 and CH4 production was calculated as the Q10
temperature coefficient:
(Eqn. 4)

where R1 and R2 are the reaction rates at temperatures 1 (T1) and 2 (T2), respectively. Q10 was
calculated using cumulative CO2 and CH4 production rates at the end of the 210-day incubation
period at both the low (4 to 15ºC) and high (15 to 25ºC) temperature ranges.
Ratios of aerobic CO2:anaerobic CO2 production and anaerobic CO2:anaerobic CH4
production were calculated on a molar basis using cumulative production values. Because each
individual jar was assigned to either an aerobic or anaerobic headspace treatment for the duration
of the experiment, ratios were calculated by pairing aerobic and anaerobic samples originating
from the same replicate core.
Mean daily production rates were analyzed using repeated measures linear mixed effects
models using the package ‘nlme’ in R, while cumulative CO2 or CH4 production, Q10, and
production ratios were each entered into a general linear model (R base package). In all models,
drainage, depth, headspace (CO2 only), and temperature, and all possible interactions, were
entered as fixed effects. All response variables, except for CO2 to CH4 ratios, were log25

transformed to meet model assumptions, including normal distribution of residuals and
homoscedasticity. Non-significant higher-order interactions were iteratively removed until a
model including only main effects and significant interaction effects was generated. The final
model from each model selection procedure was tested against a null model using ANOVA
procedures and by comparing AIC values generated by ML estimation. Model results presented
here are based on the best fixed-effect model as indicated by iterative model selection and lowest
AIC score. Treatment means provided in text and figures are means ± 1 standard error.
I examined relationships between cumulative CO2 and CH4 production rates and soil
physical and chemical properties using general linear models. Fixed effects included %
nitrogen, % carbon, C:N, % organic matter, and peat bulk density. Because of limited degrees of
freedom, I investigated interactions between soil properties and peat origin (pristine or drained
plot, surface or deep peat) in a series of general linear models incorporating only one soil
property and its interactions with peat origin at a time.

3.0 Results
3.1 Field results
Patterns of water table, temperature, and plant cover at the study site
Mean growing season (May-September) air temperature in 2010 was comparable to the
30-year long-term average, but in 2011 was slightly warmer than the long-term average (Table
1). In 2010, the area received more summer precipitation than in 2011, though precipitation was
low in both years compared to the 30-year average.
Water table position in the drained plot was lower than in the pristine plot in both 2010
(pristine: -1.1 ± 0.7 cm; drained: -9.8 ± 1.7 cm; F1,48 = 20.98, p < 0.0001) and 2011 (pristine: -
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0.8 ± 1.8 cm; drained: -10.7 ± 2.9 cm; F1,29 = 10.26, p = 0.003). Within CO2 gas flux collars,
peat temperature was higher in the pristine than the drained plot at 10 cm (pristine: 17.66 ±
0.35ºC; drained: 16.30 ± 0.28ºC; F1,74 = 13.74, p < 0.001) or deeper. However, temperatures
between 2-10 cm depth did not vary between plots (p > 0.1, all comparisons). Within CH4 gas
flux collars, temperature was higher in the pristine than the drained plot along the entire 2-30 cm
peat profile (p < 0.001, all comparisons).
Percent cover of mosses, sedges, and shrubs within the CO2 flux gas collars did not differ
among plots or microforms in either study year (p > 0.1, all comparisons). Forb cover was
higher in drained plot CO2 gas flux collars in 2010 only (pristine: 18%; drained: 46%; F1,8 =
7.30, p = 0.027). VGA (measured only in the first study year) was higher in hollow than in
hummock gas flux collars (hollows: 11.83 m2 m-2; hummocks: 6.81 m2 m-2; F1,8 = 4.78, p =
0.060), but was similar in the drained and pristine plot (F1,8 = 0.03, p = 0.874), averaging 9.32 m2
m-2 across both plots. Within CH4 gas flux collars, there were no effects of plot, study year, or
microtopography on moss, forb, or shrub cover (p > 0.1, all tests). However, sedge cover varied
by a plot x microtopography interaction (F1,36 = 5.18, p = 0.029), with higher sedge cover in the
drainage plot relative to the pristine plot in hollows (pristine: 11%; treatment: 5%) but not in
hummocks (pristine: 4%; drained: 4%).

Understory CO2 exchange
Rates of understory NEE were significantly different among plots and microforms, with
no plot x microtopography interaction (Table 2). Both the pristine and drained plots had
negative understory NEE (net uptake) across study years, but the drainage plot had 38% lower
CO2 uptake compared to the pristine plot (pristine: -4.92 ± 0.50 μmol CO2 m-2 s-1; drained: -3.06
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± 0.67 μmol CO2 m-2 s-1). Rates of understory NEE also were significantly lower (greater CO2
uptake) in hollows than in hummocks in both the pristine and drained plots (Figure 3).
Understory GPP did not differ between the pristine and drained plots but did vary among
microforms (Table 2), with higher GPP in hollows than hummocks (hummocks: -8.63 ± 0.64
μmol CO2 m-2 s-1; hollows: -10.36 ± 0.72 μmol CO2 m-2 s-1; Figure 3). Gross primary
productivity exhibited a saturating response to PAR in both plots and Pmax generally occurred at
PAR values of~1000 μmol m-2 s-1 and higher (Figure 4). Modeled Pmax was 36% higher in the
drained than the pristine plot (Table 3), indicating higher photosynthetic capacity of the
understory vegetation under light-saturated conditions following drainage. However, under
limiting PAR levels, the pristine plot exhibited a greater relative GPP response to PAR, as
indicated by a lower k value (Table 3). The optimal water table position for maximum
photosynthesis did not differ between the two plots, but high rates of GPP occurred under a
greater range of water table conditions in the drained compared to the pristine plot (Figure 4,
Table 3).
Because I did not have the power to model GPP response among microtopographic
features to both PAR and water table simultaneously, I examined the effect of PAR alone in
hummocks and hollows of both plots. Modeled Pmax was higher in both microforms in the
drained than in the pristine plot, but differences between microforms within each plot were
negligible (Table 3; Figure 5). Model estimates of k were generally higher in both microforms in
the drained compared to the pristine plot, with GPP in pristine hollows exhibiting the greatest
relative response to PAR under non-saturated light conditions. However, high variation around k
estimates in all four plot x microtopography combinations limited interpretation of differences in
k among microforms.
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To examine relationships between photosynthesis rates and plant cover, I generated Pmax
parameter estimates for each individual CO2 gas flux collar using the light-dependency
component of Eqn. 1, and compared these estimates to percent cover data within the pristine and
drained plots. There were no significant relationships between Pmax and percent cover of any
plant functional group (mosses, sedges, forbs or shrubs; data not shown) in either plot.
Similarly, there were no significant relationships between plant cover and mean or maximum
seasonal GPP within each collar (data not shown).
Rates of understory ER varied by a plot x microtopography interaction (Table 2).
Ecosystem respiration was significantly higher in the drained than pristine plot, averaging 6.82 ±
0.25 μmol CO2 m-2 s-1 and 4.18 ± 0.24 μmol CO2 m-2 s-1, respectively. The difference in ER rates
was more pronounced in hummocks compared to hollows (Figure 3). In the pristine plot, rates of
ER exhibited a Gaussian response to water table and were highest when the water table was just
below the peat surface (uR = -4.71 cm; Table 4). Ecosystem respiration in the drained plot did
not exhibit the predicted response to water table within the measured water table range, but
rather was highest under driest conditions and tended to decrease as water table approached the
peat surface (Figure 6). However, parameter estimates produced by the non-linear model still
allowed for general comparisons between the drained and pristine plots. Modeled Rmax in the
drained plot was almost double that in the pristine plot, and this maximum occurred under drier
conditions (uR = -13.05 cm; Table 4). The range of water table conditions conducive to high ER
(tR) was also greater in the drained plot (pristine: 9.19 cm; drained: 17.49 cm; Table 4).
In both the pristine and drained plots, ER generally increased with increasing peat surface
temperature, though the data appeared to follow a linear, rather than exponential, pattern in both
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plots (Figure 6). Though the modeled rate of respiration at 0ºC, A, increased in response to
drainage, Q10 varied minimally between plots (Table 4).
The effects of water table depth and peat temperature on ER were also modeled
separately for hollows and hummocks in both plots. The model based on Eqn. 2 did not
converge for drained hummocks. Modeled Rmax was lowest in pristine hummocks, intermediate
in pristine hollows, and highest in drained hollows (Table 4). Maximum respiration, Rmax,
tended to occur under drier conditions (more negative uR) in drained hollows than in either
microform in the pristine plot. Rates of ER tended to be high under a wider range of water table
conditions in the drained plot than in pristine hollows or hummocks. The temperature
dependence model (Eqn. 3) yielded highest A estimates for drained hummocks, lowest estimates
for pristine hollows, and intermediate estimates for drained and pristine hollows and hummocks,
respectively (Table 4). The Q10 of respiration was highest in pristine hollows but did not vary
greatly among the remaining plot x microtopography combinations (Table 4).

Methane emissions
Across both study years, daily CH4 fluxes ranged from 0.41 to 1648 mg CH4 m-2 d-1
(mean: 116.5 ± 36.43 mg CH4 m-2 d-1; median: 35.6 mg CH4 m-2 d-1) in the pristine plot and from
-0.26 to 552.7 mg CH4 m-2 d-1 (mean: 56.55 ± 15.80 mg CH4 m-2 d-1; median: 11.53 mg CH4 m-2
d-1) in the drained plot. Methane emissions varied by plot and microtopography but not a plot x
microtopography interaction (Table 2). In general, emissions were significantly lower in the
drained than the pristine plot and in hummocks compared to hollows (Figure 7). These patterns
were not altered by the removal of one particularly high flux (1648 mg CH4 m-2 d-1 in the pristine
plot) from the dataset (results not shown).
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To determine whether changes in water table position and peat temperature associated
with drainage were responsible for differences in CH4 fluxes between the pristine and drained
plots, I used a bottom-up model selection approach to determine the best-fit model structure
incorporating plot, water table position, peat temperature at 20 cm, and higher-order interactions
as fixed effects. The best-fit model (Table 5) indicated significant effects of water table,
temperature, and the plot x water table interaction. The best-fit model did not include any 2- or
3-way interactions that included the temperature term, indicating that the effect of temperature
on CH4 emissions was independent of plot or water table regime.
Methane emissions increased with rising water table levels in both plots (Table 6; Figure
8). However, the slope of the relationship between log-transformed CH4 flux and water table
was over three times greater in the pristine than the drained plot (Table 6), indicating a decreased
responsiveness of emissions to water table in the drained plot. Methane flux also was positively
related to soil temperature in both plots (Table 6; Figure 8). The absence of a significant plot x
temperature term in the best fit model (Table 5) suggests that the relatively small difference in
CH4-temperature slopes between the pristine and drained plots was not significant. I found no
significant relationships between mean or median seasonal CH4 flux at each collar and percent
cover of any plant functional group (mosses, sedges, forbs or shrubs; data not shown).

3.2 Laboratory results
Potential CO2 and CH4 production
During the 210-day incubation, daily CO2 production rates (μmol CO2 g-1 d-1) were
generally highest at the beginning of the experiment and declined exponentially to relatively low
rates after ca. 70 days of incubation (Figure 9). Daily CH4 production rates (nmol CH4 g-1 d-1)
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showed a similar pattern in some treatments (i.e., surface peat at 15 and 25ºC; Figure 10).
However, in treatments associated with lower total C mineralization rates (surface and deep peat
at 4ºC and deep peat at 15 and 25ºC), I observed increasing CH4 production rates during the
incubation experiment.
Cumulative CO2 production for the entire incubation period ranged from 0.99 to 80.56
mg CO2-C g-1 across treatments and on average was higher in peat from the pristine than the
drained plot (Table 7). Cumulative CO2 production also varied by a temperature x depth
interaction, such that the relative increase in CO2 production in response to rising temperature
was greater in deep than in surface peat (Table 7, Figure 11). Cumulative CO2 production also
varied by a depth x headspace interaction, and was higher in surface peat under aerobic
conditions but higher in deep peat under anaerobic conditions. Mean daily CO2 production rates
followed a similar pattern, varying by drainage, temperature, and a depth x headspace interaction
(p < 0.05, all effects).
Cumulative CH4 production over the 210 day incubation experiment (mg CH4-C g-1)
varied by a drainage treatment x temperature x depth interaction (Table 7; Figure 12). This
interaction appeared to be driven by greater CH4 production in pristine peat than in drained peat
for all depth x temperature combinations except for surface peat incubated at 15ºC. In this
treatment, cumulative CH4 was more than twice as high in drained (0.16 ± 0.04 mg CH4-C g-1) as
in pristine peat (0.06 ± 0.02 mg CH4-C g-1; Figure 12). Mean daily CH4 production rates varied
by a temperature x depth interaction (p < 0.0001), such that the rate response of shallow peat to
rising temperature was much greater than that of deep peat. While deep peat CH4 production
rates ranged from 2.71 to 8.59 nmol g-1 day-1 over the 4 to 25ºC temperature range, average rates
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of CH4 production were over 200 times higher at 25ºC (558.89 ± 84.71 nmol g-1 day-1) than at
4ºC (2.50 ± 0.17 nmol g-1 day-1) in shallow peat.
The temperature sensitivity (Q10) of cumulative CO2 and CH4 production was determined
for both the “low” (4-15ºC) and “high” (15-25ºC) temperature ranges. The Q10 of CO2
production ranged from 1.20 to 7.12 (mean: 2.46 ± 0.11; median: 2.28) across all treatments and
varied by a temperature range x depth interaction (Table 8). At the low temperature range, Q10
did not differ between surface and deep peat (surface: 2.83 ± 0.31; deep: 2.59 ± 0.13) but at the
high temperature range, Q10 was higher in deep than in surface peat (surface: 1.82 ± 0.10; deep:
2.60 ± 0.17). The Q10 of CH4 production (mean: 7.30 ± 1.47; median: 2.03) was considerably
higher than of CO2 production and varied by a temperature range x drainage x depth interaction
(Table 8). This interaction was driven by differential temperature responses of pristine and
drained surface, but not deep, peat. In deep peat, Q10 values were relatively low (0.98 to 2.43)
and did not differ between any drainage x temperature range treatment combinations (p > 0.1, all
comparisons). In surface peat, however, Q10 ranged from 1.48 to 36.9, and increased with
temperature in pristine peat (low temperature range: 5.81, high temperature range: 19.34; p =
0.0507) but decreased with temperature in drained peat (low temperature range: 21.11, high
temperature range: 5.94; p = 0.0185).
Ratios of aerobic-anaerobic CO2 cumulative production ranged from 0.30 to 1.91 (mean:
0.93 ± 0.05) and were higher in surface than in deep peat (surface: 1.17 ± 0.07; deep: 0.70 ±
0.05; Table 9, Figure 13). Ratios of anaerobic CO2-anaerobic CH4 cumulative production ranged
from 15.44 to 1473 (mean: 566.20 ± 53.91) and varied by drainage x depth and temperature x
depth interactions (Table 9, Figure 13). In pristine peat, anaerobic CO2:CH4 was higher in
surface than in deep (surface: 601.30 ± 136.36; deep: 567.78 ± 67.45) peat, while in drained peat,
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this pattern was reversed (surface: 453.66 ± 131.10; deep: 641.95 ± 85.19). The temperature x
depth interaction was driven by a pattern of decreasing CO2:CH4 ratio with increasing
temperature in the surface peat (4º: 1188.05 ± 49.69; 15º: 330.93 ± 77.54; 25ºC: 63.59 ± 11.97),
and increasing CO2:CH4 ratio with increasing temperature in the deep peat (4º: 363.17 ± 18.16;
15º: 522.42 ± 38.78; 25ºC: 929.02 ± 85.16).

Peat characteristics
Peat total %N, %C, and % organic matter varied between depth increments, but not
between plots (Table 9). Peat bulk density tended to be higher in deep than surface peat, but did
not significantly differ between depths or plots (Table 10). Cumulative CO2 and CH4 production
rates showed no relationship with %N, %C, C:N, % organic matter, or bulk density when
treatment effects (drainage and depth) on peat quality were considered (p > 0.1, all tests).

4.0 Discussion
4.1 Drainage effects on vegetation and understory CO2 and CH4 exchange
Effects of drainage on understory CO2 exchange
In northern peatlands, short-term reductions in water table position are often associated
with high rates of ER, while primary productivity can increase or decrease depending on plant
functional group or species identity and peatland successional stage (Chivers et al., 2009,
Flanagan & Syed, 2011, Leppala et al., 2011, Sulman et al., 2010, Thormann et al., 1998,
Weltzin et al., 2000). Plant and microbial responses to low water table levels that are sustained
for several years or decades may differ from shorter-term responses due to succession towards
more dry-adapted species. Consistent with previous, short-term studies, I found higher rates of
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ER in the drained plot than in the pristine plot 20 years after road-associated drainage. Mean
seasonal ER was 63% higher, while modeled maximum rates of ER (Rmax) were 55% higher, in
the drained than in the pristine plot. There were no differences among plots in understory GPP,
and as a result, the drained plot was associated with higher rates of NEE (less CO2 uptake) than
the pristine plot across both study years. Though both plots exhibited net understory CO2
uptake, drainage reduced uptake by 38% compared to the pristine plot. Mean growing season
NEE rates in this study (pristine: -4.92 ± 0.50 μmol CO2 m-2 s-1; drained: -3.06 ± 0.67 μmol CO2
m-2 s-1) are comparable to eddy covariance results from an undisturbed treed rich fen in northern
Alberta (-2.2 μmol CO2 m-2 s-1, including night-time flux) (Sulman et al., 2010) and to chamber
daytime fluxes in an undisturbed rich fen in northern Manitoba (-2.15 μmol CO2 m-2 s-1) (Bubier
et al., 1998).
Drainage induced by road construction did not have a strong effect on understory plant
community composition at my study site, which may explain similarities in GPP rates among
pristine and drained plots. I found few differences in the abundance of shrubs, sedges, forbs, or
bryophytes within CO2 gas flux collars between the pristine and drained plots. While vegetation
characterization was not a goal of my study, my results agree with those of Miller (2011), who
found no changes in species composition or aboveground productivity of any plant functional
group, including trees, as a result of drainage at this site. These findings are different than
studies in other drained Finnish and Canadian peatlands, where long-term drying altered vascular
and bryophyte plant community composition and productivity (Laiho et al., 2003, Laine et al.,
1995, Strack et al., 2004, Talbot, 2009). However, in these previous studies water table level
was reduced by 20-78 cm following drainage, whereas water table position in the drained plot
was only ~9 cm lower than the pristine plot in this study. Miller (2011) found that the degree of
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change in understory species composition in several Alberta fens was correlated with the severity
of water table change associated with road construction. Thus, it appears that road-induced
drainage at my site was strong enough to impact mean seasonal water table position, but not
enough to trigger substantial changes in vegetation.
Despite the resistance of plant community composition to change following drainage, my
results suggest that drainage affected the functional relationships between photosynthetic rates
and incoming light. Rates of understory GPP exhibited a saturating response to PAR in both
plots, but model estimates of GPP rate at non-limiting light levels (Pmax) were higher for the
drained than the pristine plot. Because I found no differences in species composition or
incoming PAR levels between plots (not shown), altered plant responses to PAR in the drained
plot were not driven by plant community adaptation to increased shading from trees and shrubs.
Rather, increased understory Pmax values in the drained plot may have been driven by water table
conditions more favourable to photosynthesis. Rates of photosynthesis in bryophytes and
vascular plants have been shown to decline when the water table is above the peat surface (Riutta
et al., 2007, Tuittila et al., 2004), as high moisture levels limit CO2 and O2 exchange between
chloroplasts and the atmosphere (Williams & Flanagan, 1996). Decreased rates of GPP under
saturated conditions were also observed in this study (Figure 4, top), with model estimates
indicating that photosynthesis became restricted when the water table was above -0.6 and -3.2
cm in the pristine and drained plots, respectively. Drier conditions following drainage may
remove photosynthetic inhibition that occurs under high-moisture conditions. Indeed, visual
examination of model residuals suggests that when the influence of water table on GPP is
removed (Figure 7, bottom), the response of GPP to increasing PAR is quite similar between
plots. Nevertheless, the modeled increase in photosynthetic capacity in the drained plot was not
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sufficient to change seasonal GPP rates across plots, possibly due to lower photosynthetic rates
in the drained plot under low-light conditions (higher k value) or to the influence of soil
inundation on photosynthesis.
Ecosystem respiration responded differently to variation in water table in the
drained compared to the pristine plot. Drainage lowered the water table optimum for respiration
(uR) and increased the range of water table conditions under which high rates of ER occurred
(tR): in the drainage plot, uR was ~8 cm lower than in the pristine plot, and tR increased from
9.2 cm to 17.5 cm with drainage. These results suggest plant and microbial community
adaptation to drier conditions and the establishment of a new water table optimum following
sustained water table drawdown. Ecosystem respiration encompasses both auto- and
heterotrophic respiration, but I was not able to partition ER in my study to determine whether
drainage-induced changes in ER were driven by plant and/or microbial responses. However,
because species composition, VGA and GPP did not differ among drained and pristine plots, it
seems unlikely that changes in aboveground plant respiration can account for my observed
drainage effects on ER. It is possible that changes in root productivity and distribution in the
peat profile, and concomitant increases in root respiration, may have contributed to higher rates
of ER, a lower water table position optimum (uR), and a greater range of water table conditions
supporting high ER rates (tR). In particular, the rooting depth of peatland tree species, such as
tamarack and spruce, is strongly related to water table position (Lieffers & Rothwell, 1987), and
peatland drainage can increase tree coarse and fine root production several-fold (Laiho et al.,
2003). For example, Murphy et al. (2009) found a 740% increase in tree fine root production 45
years after drainage in a Finnish peatland, in addition to changes in belowground species
composition, aboveground:belowground resource allocation, and increases in rooting depth.
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Drainage can stimulate root production disproportionately to aboveground productivity (Weltzin
et al., 2000), possibly due to drought stress and lower nutrient availability in drained soils. Thus
the absence of changes in aboveground vegetation does not preclude increased root biomass at
this site. Though GPP rates did not differ between plots, increases in root productivity cannot be
ruled out, as rates of C uptake may be similar despite altered patterns of resource partitioning and
C allocation in moisture- and nutrient-stressed vascular vegetation. As root-associated
respiration can account for as much as 35-57% of total ER (Crow & Wieder, 2005, Riutta et al.,
2007, Silvola et al., 1996b), changes in the distribution and abundance of roots following
drainage may play a large role in patterns of ER observed in this study.

Effects of drainage on CH4 emissions
Methane emissions are often found to exhibit an exponential or unimodal response to
increasing moisture, with highest emission rates occurring when water table positions at or near
the peat surface result in redox conditions that facilitate maximum rates of methanogenesis and
limit methanotrophy. Reductions in CH4 emissions following water table drawdown can be
observed within one season of drainage (Strack & Waddington, 2007, Turetsky et al., 2008b)
and can persist for decades, as long as low water table conditions are maintained (Martikainen et
al., 1995, Nykanen et al., 1998). In this study, drainage reduced mean CH4 emissions from the
fen by ~50% and weakened the exponential response of CH4 to increasing water table. In the
pristine plot, saturated conditions generally corresponded to high CH4 flux, whereas fluxes were
relatively low in the drained plot even when the water table was at or near the peat surface.
In general, water table position acts as a major control on peatland CH4 emissions by
regulating methane production in the waterlogged, anaerobic zone of the peat column and
methane consumption in the aerobic surface layer. However, net emissions may be low even
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under saturated conditions, as observed in the drained plot, due to time lag effects, slow rates of
CH4 transport to the atmosphere, low substrate availability, or redox conditions that favour
anaerobic CO2 production. Ebullition events (Strack et al., 2005) or high water table variability
(Knorr & Blodau, 2009) can result in a decoupling of CH4 from daily water table measurements.
Recent work has also shown that long-term drainage inhibits methanogenesis even during
saturated conditions, perhaps due to accumulation of toxic metals, nutrient limitation, or the
accumulation of organic alternative electron acceptors (Blodau & Siems, 2012). The role of
antecedent water table conditions or in situ peat and porewater chemistry in decreasing CH4
emissions in the drained plot of this study site are unknown. Alternatively, plant-mediated CH4
transport from the peat column to the atmosphere may be restricted in the absence of vascular
vegetation (i.e., sedges). Low rates of plant-mediated transport are unlikely to account for low
emissions in the drainage plot, however, as sedge abundance was higher in drained CH4 gas flux
collars, and there were no other differences in plant cover among plots. Methanogenesis also
may be restricted by low substrate quality (Bergman et al., 2000, Reiche et al., 2010, Updegraff
et al., 1995, Valentine et al., 1994, Yavitt et al., 2005), and the observation of low potential CH4
production rates measured in drained peat suggests that reductions in substrate quality postdrainage may have contributed to lower CH4 emission rates under natural conditions.
Incorporation of daily water table measurements and porewater and litter chemistry analyses into
long-term drainage studies may elucidate the physical and biological processes responsible for
reduced CH4 emissions in drained peatlands, particularly under water-saturated conditions.

4.2 Effects of drainage on peat substrate quality and potential C production
I used laboratory incubations of peat collected from the pristine and drained plots to
examine whether long-term drainage induced changes in peat substrate quality as reflected by
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potential CO2 and CH4 production rates. Drainage reduced potential CO2 and CH4 production in
the majority of temperature x depth x headspace treatment combinations, indicating lower
substrate quality in the drained portion of the study site. Because there were no differences in N
content or C:N between pristine and drained peat, reduced substrate quality could reflect
differences in C quality, such as lignin content, between drained and pristine peat. Given that I
found no significant changes in aboveground cover or productivity of any plant functional group
with drainage, increases in woody litter inputs are unlikely to account for reduced substrate
quality. Rather, decreases in substrate quality with drainage could be associated with increased
humification of peat as a result of enhanced growing season respiration under drier conditions,
increased belowground plant productivity (e.g., higher coarse root production), or subsidence of
surface peat. Subsidence would likely result in physical changes in peat structure, including
increases in peat bulk density. However, I found no significant differences in bulk density
between drained and surface peat, which suggests that subsidence either did not occur following
drainage or was minimal.
Potential CO2 and CH4 production rates also provided insights into the influence of
substrate quality on field C fluxes. In the field, fluxes of ER were greater in the drained than in
the pristine plot. Drier conditions following drainage increased mean seasonal ER and also
lowered the water table optimum for respiration. This likely is due to both microbial and plant,
particularly belowground, responses to drier conditions. On the other hand, respiration rates
measured in my laboratory incubation showed the opposite trend of the field fluxes, as drained
peat was associated with slightly lower CO2 production rates than pristine peat. Together, these
results suggest that drainage affected CO2 fluxes primarily by creating more favorable
environmental conditions for microbial activity. My results indicate that enhanced humification
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in drained peat led to changes in substrate quality and lower potential CO2 production rates, but
that this effect was modest.
Similarly to patterns in CO2 fluxes, changes in substrate quality with drainage were not
large enough to explain my observed patterns of field CH4 emissions. Rates of potential CH4
production were 16% lower in drained peat than in pristine peat, whereas drainage reduced field
CH4 emissions by 51%. Field observations suggest that reductions in water table position and, to
a lesser degree, peat temperatures, with drainage decreased rates of CH4 production. However,
my incubation results do indicate that peat from the drained and pristine plots varied in substrate
quality in a way that influenced potential CH4 production rates. Low substrate quality may
explain why the drained plot continued to have relatively low CH4 emissions even under
saturated conditions.

4.3 Temperature sensitivity of decomposition following drainage
Because soil C mineralization is expected to become more sensitive to temperature
increases as the labile C pool is depleted (Davidson & Janssens, 2006), I expected peat from the
drained plot to exhibit a greater Q10 than pristine peat. Field ER fluxes increased with surface
temperature in both the pristine and drained plots, but drainage did not significantly alter the
temperature sensitivity (Q10) of ER (mean Q10 in pristine: 1.47 ± 0.33; drained: 1.35 ± 0.13).
Similarly, in my laboratory incubation, despite decreased potential CO2 production indicative of
lower substrate quality in drained peat, I found no difference in the Q10 of aerobic or anaerobic
CO2 production between drained and pristine peat. The Q10 of CO2 production was higher in
deeper (older) peat, as predicted from thermodynamic theory, though this effect was only
observed in the high (15-25ºC) temperature treatment.
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Patterns in the temperature sensitivity of potential CH4 production were more complex
than those for CO2. The mean (7.3) and maximum (36.9) Q10 values for CH4 production were
considerably higher than the values of ~2-3 observed for most biological reactions (Davidson &
Janssens, 2006, Hegarty, 1973). Other studies examining CH4 production rates in laboratory
incubations of peat soils have reported similarly high values, ranging from 5.3 to 28.01 (Dunfield
et al., 1993, Updegraff et al., 1995). Though the mechanism responsible for the high Q10 values
I observed is uncertain, one possibility is a slower depletion of alternative electron acceptors by
competing microbial pathways, and slower accumulation of substrates for methanogenesis (e.g.,
acetate), at low temperatures (van Hulzen et al., 1999). In this case, high Q10 values would
reflect a temporal delay in the onset of methanogenesis at lower temperatures, rather than the
inherent temperature sensitivity of biological processes underlying methanogenesis (e.g., enzyme
kinetics). I also observed a pattern of increasing anaerobic CO2:CH4 production ratios with
decreasing temperature in surface peat, indicative of high alternative electron acceptor
availability and inhibition of methanogenesis at lower temperatures.
In contrast to the Q10 of CO2 production, and contrary to the expectation that deeper,
more recalcitrant peat layers would exhibit higher temperature sensitivity, the highest Q10 values
observed in my incubation occurred in surface peat. Again, the explanation for this may lie in
alternative electron acceptor availability. While the Q10 values observed for CO2 production
directly reflect enzyme kinetics, and are closer to expected values of ~2, the high Q10 values of
CH4 production may reflect the delayed availability of substrates for methanogenesis at low
temperatures in addition to inherent reaction rates. In deep, recalcitrant peat layers, substrate
quality is relatively low regardless of treatment temperature, and the relative increase in CH4
production with increasing temperature is small. In labile surface peat, on the other hand,
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alternative electron acceptor availability delays the onset of methanogenesis at low temperatures,
while at high temperatures, alternative electron acceptors are depleted quickly and CH4
production begins much sooner. Thus the apparent Q10 of CH4 production in surface peat is high,
but is a result of large relative differences in total CH4 production between the two temperature
treatments at the end of the incubation period, rather than of exceptionally high inherent reaction
rates of methanogenesis. Incubation times longer than in this study (210 days) may be necessary
in order to account for delayed onset of methanogenesis at lower temperatures. Regardless of the
mechanism, however, my incubation results indicate that highly labile (i.e., surface) peat soils
may be particularly vulnerable to increased CH4 production and emissions under warmer
climatic regimes.
The temperature sensitivity of CH4 production was highly dependent on interactions
between substrate quality and incubation temperature. Differences in Q10 between pristine and
drained peat became apparent only in surface peat, where pristine peat exhibited higher Q10
values at the high than the low temperature range, while in drained peat, this pattern was
reversed. These results indicate that drainage-induced changes in substrate quality did affect the
temperature sensitivity of methanogenesis, but that the direction and magnitude of this response
were dependent on peat depth and the temperature range being considered. My combined field
and laboratory results suggest that the extent to which peatland CH4 emissions will be impacted
by hydrologic disturbance and temperature under future climatic warming will depend on the
interaction of soil moisture conditions, predominant temperature regime, and substrate quality.

4.4 Conclusions and implications for C sink function in western boreal peatlands
It has been proposed that peatland drainage may act as a negative feedback to climate
change if increases in productivity and decreases in CH4 emissions can counteract the effect of
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increased CO2 loss through microbial decomposition (Laine et al., 2006, Minkkinen et al., 2002).
Large increases in plant productivity, and particularly tree productivity, have been quantified in
Finnish and Canadian boreal peatlands drained for forestry (Laiho et al., 2003, Murphy et al.,
2009, Talbot, 2009). In this study, I found that multi-decadal drainage reduced rates of
understory CO2 uptake (NEE) by increasing ER. Given that there were no differences in tree
productivity between the drained and pristine portions of the site (Miller, 2011), drainage
reduced the C sink strength of the forested fen. However, drainage also reduced CH4 emissions.
I also found that drainage altered the functional responses of CO2 and CH4 fluxes to water table
position, reduced peat substrate quality, and altered the temperature sensitivity of decomposition
processes.
In contrast to water table reductions of ca. 20-80 cm in drained Finnish and Canadian
peatlands, the average water table decrease of ca. 9 cm at my study site represents a more
conservative proxy for climate change-associated drought, which is predicted to decrease water
table positions by 14-22 cm (Roulet et al., 1992). The moderate water table decrease observed at
my study site may explain why there were few differences in plant community composition or
understory GPP between the pristine and drained plots than observed in previous long-term
drainage studies. Even in the absence of strong changes in vegetation, however, drainage
reduced NEE by 38% and reduced CH4 flux by more than half at my study site.
The combined effect of post-drainage reductions in CH4 emissions (cooling effect) and
increased C losses through respiration (warming effect) on the net radiative forcing potential of
the study site are unknown. Additional data, in particular, tree stand productivity rates (e.g.,
GPP) and C losses through alternate pathways (e.g., dissolved organic carbon in runoff) would
be required in order to gain a more complete understanding of the C balance at this study site.
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Further, C losses through wildfire may be larger than the effect of reduced CH4 emissions under
dry conditions. Notably, Turetsky et al. (2011a) found that experimental drainage of an Alberta
fen more than doubled the depth of burn in the ground layer during wildfire, resulting in a
nearly-ninefold increase in C losses, from 2.0 kg C m-2 to 16.8 kg C m-2. Given that future
warmer and drier conditions are expected to increase wildfire frequency and severity in the
boreal region (Flannigan et al., 2005, Girardin & Mudelsee, 2008), higher C losses from
combustion and enhanced rates of respiration in drying peatlands will likely have a negative
effect on the C sink strength of these systems.
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6.0 Tables
Table 1. Mean annual and growing season (May to September) air temperature and precipitation (rain and snow water equivalent) for
the study period compared to long-term (1971-2000) averages. Data are for the Fort McMurray, AB weather station, located
approximately 163 km north of the study site.
2010
(annual)

Temperature (ºC)
Precipitation (mm)

2.30
327

2010
(GS)

13.10
247

2011
(annual)

1.52
363

2011
(GS)

1971-2000
(annual)

14.02
210

0.70
456
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1971-2000
(GS)

13.32
313

Table 2. Results of mixed effects models testing the effects of plot (pristine or drained), microtopography (hollows or hummocks),
and their interaction on understory net ecosystem exchange (NEE), gross primary productivity (GPP), ecosystem respiration (ER), and
log-transformed CH4 flux across both study years. Significant effects (p < 0.05) are highlighted in bold.
df
Model effects
(numerator,
F
p
denominator)
NEE
Plot
1, 74
9.96
0.0023
Microtopography
1, 74
17.43
0.0001
Plot x Microtopography
1, 74
0.14
0.7121
GPP
Plot
Microtopography
Plot x Microtopography

1, 74
1, 74
1, 74

0.07
9.65
2.62

0.7991
0.0027
0.1097

ER
Plot
Microtopography
Plot x Microtopography

1, 74
1, 74
1, 74

16.26
0.02
7.09

0.0001
0.8978
0.0095

CH4
Plot
Microtopography
Plot x Microtopography

1, 92
1, 92
1, 92

7.04
11.43
0.80

0.0094
0.0011
0.3748
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Table 3. Parameter estimates for gross primary productivity (GPP) modeled using Eqn. 1 for the pristine and drained plots. The
model including uP and tP terms did not converge (dashes) when the dataset was split among plot x microtopography combinations,
thus a simplified form of Eqn. 1 that omits these terms was also used.
Pmax
k
uP
tP
(μmol CO2 m-2 s-1) (μmol m-2 s-1)
(cm)
(cm)
Pristine
11.40 ± 1.27
283.2 ± 125.5
-0.62 ± 0.86
7.48 ± 1.37
Drained
15.47 ± 1.94
398.6 ± 134.5
-3.21 ± 3.02
17.89 ± 6.91
Pristine hollows
Pristine hummocks
Drained hollows
Drained hummocks

10.56 ± 1.72
9.00 ± 0.92
14.66 ± 2.05
13.82 ± 2.74

203.9 ± 178.1
326.6 ± 100.9
404.0 ± 157.1
402.2 ± 234.7

-
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-

Table 4. Parameter estimates for ecosystem respiration (ER) modeled using Eqns. 2 and 3 for the pristine and drained plots. The
model for water table dependence of ER did not converge in drained hummocks (dashes), as data did not conform to the expected
Gaussian response curve.
Water table dependence
Temperature dependence
Rmax
uR
tR
A
Q10
(μmol CO2 m-2 s-1) (cm)
(cm)
(μmol CO2 m-2 s-1)
Pristine
4.73 ± 0.41
-4.71 ± 3.10
9.19 ± 3.58
1.68 ± 0.88
1.47 ± 0.33
Drained
7.32 ± 0.33
-13.05 ± 4.18 17.49 ± 5.90
3.30 ± 0.76
1.35 ± 0.13
Pristine hollows
Pristine hummocks
Drained hollows
Drained hummocks

5.79 ± 0.82
4.55 ± 0.28
6.88 ± 1.25
-

-2.51 ± 0.75
-4.18 ± 2.80
-9.48 ± 9.45
-

2.70 ± 0.80
10.80 ± 3.62
14.41 ± 9.68
-
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0.50 ± 0.53
2.92 ± 1.47
3.80 ± 2.46
4.37 ± 0.95

2.56 ± 1.13
1.14 ± 0.24
1.21 ± 0.36
1.24 ± 0.11

Table 5. Results of the best-fit mixed effects model incorporating environmental controls on log-transformed CH4 flux. Two- and
three-way interactions that did not explain any additional variation in CH4 flux were dropped from the model. Significant effects (p <
0.05) are highlighted in bold.
df (numerator,
Model effects
F
p
denominator)
Water table position
1, 89
25.88
<0.0001
Peat temperature (20 cm)
1, 89
54.78
<0.0001
Plot
1, 89
0.03
0.8634
Plot x Water table position
1, 89
4.53
0.0360

Table 6. Intercept and slope estimates from individual mixed effects models testing log-transformed CH4 flux against water table
position and peat surface temperature in the drained and pristine plots. Error estimates are ± 1 standard error. Significant effects (p <
0.05) are highlighted in bold.
pintercept
Intercept
Slope
pslope
Water table
Pristine
4.72 ± 0.51
<0.0001
0.18 ± 0.05
<0.0001
Drained
3.38 ± 0.56
<0.0001
0.05 ± 0.02
0.0202
Temperature
Pristine
Drained

-0.81 ± 1.32
-0.03 ± 1.22

0.5400
0.9799

0.30 ± 0.09
0.22 ± 0.09
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0.0019
0.0210

Table 7. Results of GLMs for cumulative CO2 and CH4 at the end of the 210-day incubation period. Higher-order interactions not
listed below did not explain any additional variation in cumulative production and were dropped from the model during iterative
model selection. Significant effects (p < 0.05) are highlighted in bold.
df
Model effects
(numerator,
F
p
denominator)
Cumulative CO2 Production (µmol g-1)
Drainage
1, 111
5.23
0.0242
Temperature
2, 111
169.02
<0.0001
Depth
1, 111
176.96
<0.0001
Headspace
1, 111
22.59
<0.0001
Temperature x Depth
2, 111
3.32
0.0397
Depth x Headspace
1, 111
17.20
<0.0001
Cumulative CH4 Production (nmol g-1)
Drainage
Temperature
Depth
Temperature x Depth
Drainage x Temperature
Drainage x Depth
Drainage x Temperature x Depth

1, 48
2, 48
1, 48
2, 48
2, 48
1, 48
2, 48

1.03
4.14
0.11
55.72
0.29
0.02
5.50
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0.32
0.0219
0.7433
<0.0001
0.7479
0.8964
0.0071

Table 8. Results of GLMs for temperature sensitivity (Q10) of cumulative CO2 and CH4 production at the end of the 210-day
incubation period. Higher-order interactions not listed below did not explain any additional variation in cumulative production and
were dropped from the model during iterative model selection. Significant effects (p < 0.05) are highlighted in bold.
df
Model effects
(numerator,
F
p
denominator)
CO2 Q10
Temperature range
1, 74
0.03
0.8707
Drainage
1, 74
0.71
0.4022
Depth
1, 74
15.93
0.0002
Headspace
1, 74
3.00
0.0877
Temperature range x Depth
1, 74
9.35
0.0031
CH4 Q10
Temperature range
Drainage
Depth

1.13
0.65
69.84

0.2958
0.4258
<0.0001

Temperature range x Drainage

1, 32
1, 32
1, 32
1, 32

0.36

Temperature range x Depth
Drainage x Depth
Temperature range x Drainage x Depth

1, 32
1, 32
1, 32

11.84
12.75
20.89

0.5507
0.0016
0.0011
<0.0001
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Table 9. Results of GLMs for cumulative CO2 and CH4 production ratios at the end of the 210-day incubation period. Higher-order
interactions not listed below did not explain any additional variation in cumulative production ratios and were dropped from the model
during iterative model selection. Significant effects (p < 0.05) are highlighted in bold.
df
Model effects
(numerator,
F
p
denominator)
Aerobic CO2:Anaerobic CO2
Drainage
1, 55
0.08
0.7798
Temperature
2, 55
1.68
0.1949
Depth
1, 55
30.00
<0.0001
Anaerobic CO2: CH4
Drainage
Temperature
Depth
Drainage x Depth
Temperature x Depth

1, 52
2, 52
1, 52
1, 52
2, 52

1.55
31.87
122.94
6.91
135.52

0.2195
<0.0001
<0.0001
0.0112
<0.0001

Table 10. Chemical and physical soil characteristics in surface and deep peat originating from the pristine and drained plots. Data are
means ± 1 standard error. Same-letter superscripts denote non-significant differences (p > 0.05) as determined by Tukey post hoc
means comparisons.
Pristine
Drained
Surface (5 cm)
Deep (40 cm)
Surface (5 cm)
Deep (40 cm)
a
b
a
% nitrogen
1.47 ± 0.08
3.26 ± 0.11
1.31 ± 0.029
3.38 ± 0.08b
% carbon
45.74 ± 0.77a
49.68 ± 0.19ac
40.07 ± 2.24b
50.17 ± 0.25ac
a
b
a
C:N
31.48 ± 1.77
15.31 ± 0.51
36.17 ± 6.50
14.90 ± 0.38b
% organic matter
0.87 ± 0.01ab
0.94 ± 0.002b
0.78 ± 0.04a
0.94 ±0.004b
a
a
a
Bulk density (g/cm3)
0.29 ± 0.03
0.35 ± 0.05
0.29 ± 0.06
0.37 ± 0.04a
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Table 11. Summary of hypothesized and observed responses of plant and microbial communities and carbon exchange to drainage.
Hypothesized response to drainage

Support for hypothesis by experimental results / observed response

↑ Heterotrophic respiration

Supported; higher rates of ecosystem respiration (microbial and plant
respiration) in drained plot

↑ Primary productivity of vascular plants and
wet-adapted vegetation

Not supported; no differences in moss or shrub abundance between
pristine and drained plot; minor, inconsistent changes in forb and sedge
abundance

↓ Methane (CH4) emissions

Supported; decline in CH4 emissions in drained plot

↓ Soil temperature, resulting from
increased shading from shrub and tree canopy

Partially supported; soil temperatures lower in the drained than pristine
plot; lower temperatures may have been due to changes in soil moisture
rather than shading, as levels of incoming light (PAR) did not differ
among plots

Lower soil temperature would mitigate
positive effect of drier conditions on rates of
ecosystem respiration

Not supported; rates of ecosystem respiration higher in drained than
pristine plot, despite lower soil temperatures

↓ Peat substrate quality

Supported; lower potential CO2 and CH4 production rates in drained
compared to pristine peat

↑ Carbon:nitrogen

Not supported; no differences in %C, %N, or C:N between pristine and
drained peat

↑ Temperature sensitivity ( Q10) of potential
CO2 and CH4 production

Partially supported; no difference in Q10 of potential CO2 production;
Q10 of potential CH4 production varied by a temperature range x drainage
x depth interaction
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7.0 Figures

Ecosystem respiration

Pristine plot

CH4 emissions

Gross primary productivity

Drained plot

Dry

← Water table position →

Wet

Figure 1. Hypothesized responses of ecosystem respiration (ER), gross primary productivity
(GPP), and CH4 emissions to spatial and temporal variability in water table position (Hypothesis
1; H1). Drier conditions in the drained plot were predicted to rates of understory ER, lower the
optimum water table position for maximum ER, and extend the water table range at which ER
rates are highest. Rates of GPP were predicted to remain similar in the pristine and drained plots
while CH4 emissions were expected to decrease with drainage.
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Figure 2. Potential effects of drainage on decomposition through direct effects on the soil
environment and through plant community succession. The effects of drainage on
decomposition, mediated by changes in the soil environment, were quantified by measuring CO2
and CH4 exchange in the field. The influence of substrate quality on decomposition was
quantified in a laboratory incubation by measuring potential CO2 and CH4 production in pristine
and drained peat under controlled temperature and moisture conditions.
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N

N

Figure 3. Air photos of the study site taken 13 years before (top) and 11 years after (bottom)
road construction. Darker areas are indicative of tree cover while lighter areas indicate open
water. An increase in tree cover on the western side of the road (study site) and a decrease in
tree cover on the eastern side (flooded area) can be seen in the bottom photo. The white box in
each photo shows the approximate location of the study site.
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Figure 4. Mean growing season net ecosystem exchange (NEE), gross primary photosynthesis
(GPP) and ecosystem respiration (ER) in hollows and hummocks in the pristine and drained
plots, averaged across both study years. Post hoc comparisons were performed between plot x
microtopography combinations for each CO2 exchange component separately; same-letter
superscripts denote non-significant (p > 0.05) differences for each flux. Negative values indicate
CO2 uptake while positive values indicate CO2 release.
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Figure 5. Modeled GPP as a function of water table position (top) and photosynthetically active radiation (bottom) in pristine and
drained plots. In order to examine the effect of each environmental variable on GPP individually, GPP was recalculated using
parameter estimates derived from Eqn. 1 (Table 3) to yield an Adjusted GPP value (points) for each measurement event, following
Tuittila et al. (2004). Gross primary productivity was first modeled (lines) using set values of PAR or water table, where PAR was set
to non-limiting incoming radiation, 1000 μmol m-2 s-1 (both plots), to isolate the influence of water table alone, and water table was set
to optimal water table (uP in either drained or pristine plot; Table 3) to isolate the effect of PAR alone. Each Adjusted GPP value is
the sum of model GPP plus the residual of observed minus modeled GPP. More negative numbers indicate greater CO2 uptake.
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Figure 6. Light-response curves for gross primary photosynthesis (GPP) in hollows and hummocks in the pristine and drained plots.
Each point represents measured GPP, with more negative numbers indicating greater CO2 uptake. Lines indicate modeled GPP in
response to photosynthetically active radiation (PAR); limited data points prevented the full PAR and water table model (Eqn. 1) from
converging for each microform.
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Figure 7. Relationships between ecosystem respiration (ER) and water table position (top) and peat surface temperature (bottom).
Points are observed ER while lines indicate ER modeled according to Eqns. 2 and 3.
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Figure 8. Growing season CH4 emissions across both study years. Same-letter superscripts
denote non-significant differences (p > 0.05).
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Figure 9. Relationships between CH4 flux and water table position (top) and temperature at 20 cm below the peat surface (bottom).
For visual clarity, one flux measurement in the pristine plot (1648 mg CH4 m-2 d-1) is not shown.
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Figure 10. Mean daily CO2 production rates over the 210 day incubation in surface (5 cm depth;
a-e), and deep (40 cm depth; f-l) peat.
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Figure 11. Mean daily CH4 production rates over the 210 day incubation in surface (5 cm depth;
a-c) and deep (40 cm depth; d-f) peat.
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Figure 12. Cumulative CO2 production for the 210-day incubation experiment.
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Figure 13. Cumulative CH4 production at the end of the 210-day incubation period.
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Figure 14. Ratio of anaerobic-aerobic cumulative CO2 production (a-c) and anaerobic
cumulative CO2-anaerobic cumulative CH4 production (d-f).
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