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Abstract 

This study looks at an abandoned peatland ten years after a restoration which was 

undertaken to return the peatland to its natural ecological function of carbon storage.  

This thesis examines the export of organic carbon in water (dissolved organic carbon), its 

chemical properties, and carbon dioxide (CO2) flux in different vegetation communities and 

environmental conditions, ultimately seeking to understand how restoration has affected 

the carbon exchange in the restored peatland, vs. an abandoned peatland, and a nearby 

natural peatland. 

DOC export was higher at the abandoned site over the course of the year, DOC chemical 

properties suggested slowing decomposition at the restored site, and restoration has 

roughly halved atmospheric carbon export, now ten years after restoration.  
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1 Introduction 

1.1 Background 

Peat mosses (Sphagnum spp.) are able to colonise areas with high water tables and as they 

die the high water tables and internal chemistry of these plants can slow their decay and 

cause them to accumulate. Peatlands (including tropical non-Sphagnum peatlands) 

together store approximately 30% of the world's soil carbon (Gorham, 1991; Batjes, 1996) 

equivalent to 455 billion tonnes of carbon and cover 3.46 million km2 of the earth (Batjes, 

1996). In fact, Canada’s land area is estimated at 14% peatlands (Zoltai & Pollett, 1983). In 

addition, every year peatlands are estimated to store 0.076 more Pg (Pg = 1015 g) of carbon 

(Clymo, 1984).  

Peat is an important mineral and biological resource that is utilised for fuel and 

horticultural uses. Extraction of peat for horticultural use involves removing surface 

vegetation, and draining the peatland (Waddington & Price, 2000). Once the peatland is no 

longer economical for extraction they are often left abandoned (Waddington & Price, 

2000). These drained peatlands usually have a depth of peat still left, and this dry aerated 

peat mineralizes at a higher rate than natural peatlands (Waddington et al., 2002). Globally, 

mineralization of peat is estimated to release 0.0085 Pg C every year (Clymo, 1984; 

Waddington et al., 2002).  

To mitigate carbon losses restoration is now being applied to peatlands. Abandoned, 

extracted peatlands have had restoration treatments applied from simply blocking 

drainage ditches, to introducing vegetation and manually flattening the site profile. These 

methods combined (Quinty & Rochefort, 2003) have shown positive results in establishing 

Sphagnum spp. (Lucchese et al., 2010), regulating water levels (Shantz & Price, 2006), and 

increasing levels of vegetative productivity (Petrone et al., 2001; Waddington et al., 2010). 

Despite these promising results this early data does not answer several key questions 

following restoration: (1) what are the long term changes to carbon fluxes? (2) when will 

carbon flux patterns return to a natural state? (3) will hydrologic export of carbon 

stabilize? (4) and how does restoration compare to abandonment in the long term? 
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To answer these questions this study compares the CO2 fluxes and the hydrologic carbon 

export at a peatland restored for 10 years to an abandoned and an undisturbed natural site. 

1.2 Peatland Carbon Balance 

The amount of organic carbon (C) contained in a particular soil (Equation 1) is a balance 

between the rate of deposition of plant residues in or on the soil and of the sorption of 

dissolved organic carbon (DOC) in the cation exchange sites of the soil, the rate of 

mineralization of the residue carbon by soil biota, and the export of DOC and particulate 

organic carbon. Carbon balance looks only at the changes to the inputs and outputs to the 

system (Equation 1) 

Equation 1: Carbon balance equation 

              ( )            ( )                               

Where:   CO2D is the CO2 released from decomposition  

 CO2R is the CO2 released from plant respiration 

 CO2P is the CO2 fixed from the atmosphere by autotrophic organisms 

 CH4N is the net release of CH4 which is a balance between CH4 oxidised, to the 

  CH4 produced. 

 DOC is the net dissolved organic carbon export 

 DIC is the net dissolved inorganic carbon export 

 (Source: Gorham, 1991) 

The peatland carbon balance is controlled by the conditions established in the peatlands. 

For instance, anoxic conditions (Freeman et al., 2001) resulting from high water tables 

make peatlands a significant cache of carbon. This is because decomposition of vegetation 

is slowed, and much of the decaying biomass preserved. The specific amount stored 

annually can greatly vary as in Table 1.  

As an example of carbon storage in a natural bog we can use measurements taken at Mer 

Bleue (Roulet et al., 2007). Mer Bleue is a 28 km2 hummock-hollow alternating shrub bog 

where 6-years of CO2 net ecosystem exchange and regular DOC export was measured. The 

net ecosystem exchange (NEE) or the net flux of CO2 at Mer Bleue was a storage of 40.2 ± 
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40.5 g CO2-C m-2 y-1, while the DOC export was 14.9 ± 3.1 g m-2 y-1. (Roulet et al., 2007). 

Reviews (Table 1) suggest that NEE ranges from 313 (net release) to -411 g C m-2 y-1 (net 

storage) (Saarnio et al. 2007, Strack et al. 2008) with Ovenden (1990) providing a 

narrower normal for Canadian peatlands of 8-30 g C m-2 y-1 of storage. Similarly, DOC 

export ranges broadly (1.1 - 43 g m-2 y-1, Table 1). These large variations have been 

explained by environmental controls on CO2 flux, and controls on DOC export. 

1.2.2 Controls on CO2 Flux 

CO2 flux, including both gross ecosystem photosynthesis (GEP) and respiration, may be 

controlled by several environmental variables including soil temperature, water table, 

photosynthetically active radiation (PAR), and vegetation biomass. These four 

environmental variables give a range of variances in CO2 fluxes in mathematical models 

(Blodau, 2003). However these controls are selected as explanatory variables by their 

strong correlations to field data (Riutta et al., 2007). 

Temperature is a measure of kinetic energy of molecules. As temperature increases, 

activation energy for a given reaction becomes less of an energetic burden to overcome, 

and thus, as temperature increases, reaction rates increase. This was seen to be true in 

ecological contexts by Lafleur et al. (2005) who measured higher total respiration with 

increasing soil temperatures. Besides immediate changes in rates of respiration, 

temperature also has important seasonal variation that has implications for photosynthesis 

and carbon fixation. Griffis et al. (2000) saw temperature increases result in longer 

growing seasons, and with plants able to stay alive longer they contribute more to GEP 

yearly sums.  

Water table is one of the most significant controls on peatland carbon balances. Gorham 

(1991), and Riutta et al., (2007) saw water table eclipse temperature as an explanatory 

variable for annual carbon balances. The most important peat accumulator in many 

northern peatlands, Sphagnum (Ovenden, 1990; Rochefort, 2000), is non-vascular, relying 

on the wicking action of its leaves to hydrate its cells (Nichols & Brown, 1980). This makes 

the importance of water table as an explanatory variable fairly clear: Sphagnum is 

extremely sensitive to water availability (Titus & Wagner, 1984; Schipperges & Rydin, 
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1998). In fact Waddington et al. (1998) saw highest productivity in a subarctic fen when 

the water table was merely 2 cm below the ground surface. Water table also has important 

effects on degradation; decomposition is faster under oxic conditions compared to anoxic 

conditions, and because of this, deeper water table creates a larger oxic zone, which in turn 

increases heterotrophic respiration (e.g. Moore & Dalva, 1993). 

Plants' ability to photosynthesize is dependent on their exposure to photosynthetically 

active radiation (PAR). Pigments in the plant’s cells are able to take energy from the PAR 

range (400-700 nm) of electromagnetic radiation and store it as energy by fixing CO2 in a 

Calvin-Benson Cycle which ultimately yields hexose sugars (McCree, 1981). Sphagnum spp. 

were seen to reach their GEP maximum at a relatively low PAR level of 700 µmol photons 

m-2 s-1 (Titus & Wagner, 1984). Ultimately vascular vegetation is important to peatland GEP 

values as they are able to fix much more carbon than Sphagnum at light levels higher than 

700 µmol photons m-2 s-1 when Sphagnum spp. have already reached their peak GEP rates 

(Frolking et al., 1998).  

Vegetation type affects CO2 exchange in several ways; certain plants are more productive, 

some respire copiously, and others still decompose much faster. At rich fen sites with 

vigorous vegetation Frolking et al., (1998) saw greater NEE at high light levels than at poor 

fens or Sphagnum dominated bogs. Moore et al., (2005) and Moore & Basiliko (2006) 

reported differences in respiration based on different substrates, and differences in the 

decomposability between plant species. For instance Sphagnum litter’s exponential decay 

constants averaged -0.02 y-1 for hummock species, and -0.08 y-1 for hollow and lawn 

species, while sedges averaged -0.28 y-1 (Moore et al., 2005). Different parts of plants also 

differ in their decomposition rate. For example, Zech et al. (1997) reports that root xylem, 

epidermis, and leaf veins are rich in lignin, which decomposes slowly.  

1.2.3 Controls on DOC Export 

Decomposition is a concern also for carbon exported in water. Peatlands are a major 

contributor to global DOC levels in oceans (Thurman, 1985). This represents a future 

source of CO2 because though not a greenhouse gas itself, DOC can be oxidised to CO2 (Billet 

et al., 2004). DOC export can be a significant factor in the carbon balance of a peatland, 
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changing the final tally from a sink of carbon to a net source (Waddington & Roulet, 2000; 

Roulet et al., 2007). 

Chemically, DOC is given an operational definition of organic carbon that passes through a 

0.45 µm filter. However, all DOC is not equal, as some DOC mineralizes easily (labile DOC), 

and some DOC is, or becomes, highly recalcitrant over time. Labile DOC is considered fresh, 

newly derived from vegetation. Vegetation has two interfaces to deliver labile DOC to the 

peat. The first is through surface litter, and the second is through roots, via root exudates 

(Nelson et al., 1994). An organic carbon ages, and is repeatedly utilized for energy, 

removing side chains and increasing the relative percentage of aromatic functional groups, 

it becomes recalcitrant (Almendros et al. 1990, Baldock et al., 1992; Baldock & Preston, 

1995; Zech et al., 1997). These two extremes on a gradient of DOC lability, from very labile 

to very recalcitrant, have different solubilities. Labile organics are generally smaller and 

polar and are more able to become dissolved; recalcitrant carbon, with its hydrophobic 

aromatic groups (Qualls & Haines, 1991), generally remains in sorption spots in the soil 

(Dunnivant et al., 1992). Essentially, fresh, labile DOC is likely to decay quicker, recalcitrant 

DOC is older, and all DOC comes from vegetation. 

A major control on organic carbon entering solution is pH. Falling pH has been seen to 

decrease DOC concentration as having high H+ concentrations forces hydrophobic non-

polar DOC out of solution, precipitating to suspensions, or flocculating into the soil (Jardine 

et al., 1989). An increase of pH of 0.5 has been seen to increase the amount of mobilised 

organic carbon by 50% (Tipping & Woof, 1990). Bogs are acidic (3.5 > pH > 4.2, IPCC), thus 

holding a pool of DOC in sorption sites in the soil (Thurman, 1985; Jardine et al. 1989; 

Peterson, 1990; Kennedy et al., 1990; Evans et al., 2006).  

Peatlands can be acidic for three primary reasons. Firstly, as bogs are only fed by 

atmospheric precipitation (ombrotrophic), there is no groundwater inflow to carry away 

organic acids and hydrogen ions, as well as no influx of geologic materials to neutralize the 

acids present in bogs (Charman, 2002). Second, the decay of vegetative material in bogs 

releases organic acids (Gorham et al., 1984). Third, peatlands generally have high cation 

exchange capacities (CEC) where cations are taken in from solution and hydrogen ions 
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replace them, lowering pH. Sphagnum has been seen to be efficient at removing cations 

from solution. Up to 30% of the dry mass of Sphagnum exchange sites are in the form of 

carboxyl groups (COO-) in the sugars Sphagnum creates (Clymo & Hayward, 1982).  

Seasonal differences exist in DOC export from peatlands (McDowell & Wood, 1984). First, 

DOC concentration is partially controlled by contact time between soil and solution 

(McDowell & Wood, 1984; Easthouse et al., 1992; Michalzik & Matzner, 1999). In spring, a 

large volume of water rapidly passes through the soil, resulting in less contact time in the 

soil leading to lower DOC concentration. In summer, deep water tables and longer contact 

times during subsurface flow increase DOC concentrations (McDowell & Wood, 1984; 

Bourbonniere 1989). Important to note is that there is an inverse relationship between 

DOC concentration and water fluxes in peatlands. That is to say increasing water volume 

decreases DOC concentration (Pastor et al., 2003). However, a change in DOC concentration 

does not necessarily affect DOC export as much as discharge volume does (Jardine et al., 

1990), specifically, during storm events (Hinton et al., 1997). Essential the seasonal trend 

in DOC concentration mimics the seasonal water availability in the peatland. 

The second reason for seasonal differences in DOC export in peatlands is the effect of 

temperature on the energetics of organic carbon dissolution. The temperature response of 

DOC is tiny relative to that of soil CO2 respiration to temperature (Strack et al., 2008). The 

trend is that as temperature increases, DOC concentration increases as well (Bourbonniere, 

1989; Waddington & Roulet, 1997; Moore & Dalva, 2001). Additionally, freeze/thaw cycles 

increase DOC concentration (relative to the water content of the soil before freezing) 

(Zsolnay, 1996) with part of the increase in DOC concentration coming from microbial cell 

disruption (DeLuca et al., 1992), and part due to increased surface area (Kalbitz et al., 

2000).  

Last, DOC concentration may be controlled by vegetative productivity (Neufeld et al., 

2010), a control examined in this study. It can vary with litter type (Strack et al., 2008); and 

it has been linked to level of soil respiration (Burford & Bremner, 1975) both of which vary 

seasonally. 
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1.2.4 Effects of discharge on DOC 

Peatlands are seen as dynamic ecosystems where the accumulation of peat results from 

hydrological conditions which in turn are reinforced by the peat properties and 

accumulation, through the peat's effect on flow patterns of water (Wright et al.,1992). As 

water passes through an organic soil, i.e. a bog, its concentration of DOC increases (Cronan 

& Aiken, 1985; Moore, 1989; Moore & Jackson, 1989; Marin et al., 1990; Dalva & Moore, 

1991; Qualls & Haines, 1991; Koprivnjak & Moore, 1992; Dosskey & Bertsch, 1994) and as 

discharge increases the DOC concentration falls (McDowell & Fisher 1976, Fiebig et al. 

1990, Brown et al. 1999). Bog discharge often flows into fens (Wright et al., 1992), with 

exported DOC maintained in the soil column or metabolised by microbes and released to 

the atmosphere (Pastor et al., 2003). In natural peatlands water table affects both export of 

DOC and DOC production. Water table levels control the region of the peat profile that is 

aerobic, a control on DOC concentration (Moore & Dalva, 2001), and the discharge (by 

raising the water to levels where hydraulic conductivity is higher), which changes the total 

mass of DOC exported (independent of concentration; Boelter & Verry, 1977; Brooks, 

1992) 

1.3 Effects of Peat Extraction on Peatland Carbon Biogeochemistry 

1.3.1 Effects of Extraction on CO2 Exchange 

Any disturbance to a peatland can have drastic effects, and extraction, the removal of 

vegetation and the drying of the peat, leads to conditions that a peatland ecosystem cannot 

recover from on a time scale of 100's of years. Extraction has two impacts on carbon 

balance. First, any peat extracted may decompose. Horticultural peat continues to decay, 

and this decay accounts for 70% of the greenhouse gas emission in the lifecycle of peatland 

extraction (Cleary et al., 2005). Secondly, once extracted the remnant peatland may be a net 

source of carbon due to lack of productive vegetation, and a deep water table allowing 

oxidation of the residual peat. At an abandoned peatland, estimates of CO2 flux, prior to 

restoration, were a source of 520 g C m-2 y-1 (Petrone et al., 2001). With a lifetime of 

abandonment being 20 years to 100 years, in historical peat excavations, the loss of carbon 

is significant. 
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1.3.2 Effects of Extraction on DOC Export and Chemistry 

Extraction in peatlands increases DOC export (Glatzel et al., 2003; Waddington et al., 2008) 

through increased discharge. Discharge in extracted peatlands is intentionally sped up. 

Across a site parallel ditches will be dug, spaced every 30 meters (Waddington & Price, 

2000)(Figure 1). Between these the bare peat is worked into a slope towards the ditches. In 

natural peat systems water would have to travel laterally perhaps hundreds of meters with 

a loss of one meter elevation, whereas in extracted peatlands the distance between any 

point in the peat and the drainage ditch is 15 meters, with a loss of two meters of elevation. 

These hydrological conditions not only dry the peat, but they prevent water from being 

retained. Spikes in discharge at extracted sites are expected to be higher following 

precipitation than at a restored site with blocked drainage ditches that has been 

recolonized by bog vegetation (Shantz & Price, 2006). 

The second way DOC export is increased, besides through discharge, is that the 

concentration of DOC in the water is changed. There are four reasons why extraction can 

increase DOC concentrations. First, peatland disturbance itself, in removing the surface 

vegetation, and creating a slope in the fields towards ditches, creates a new interface for 

carbon to become dissolved (Lundquist et al., 1999). Second, dry conditions induced by 

drainage ditches leave conditions harsh for microbial colonies that would otherwise 

decompose DOC (Lundquist et al., 1999) so net production of DOC increases and this leaves 

more DOC available to be exported. Third, wetting and drying cycles in the peat result in 

increased turnover (Lundquist et al., 1999) and disruption of microbial biomass (i.e. cell 

lysis/death) (Christ & David, 1994) and condensation of microbial products (Lundquist et 

al., 1999) which are exported as DOC . Fourth, deeper infiltration of rainwater raises pH, a 

situation where organic carbon is more likely to enter solution (Christ & David, 1996). 

In addition to higher DOC concentration, the chemistry of DOC is also altered in extracted 

peatlands. Specific UV absorbance (SUVA), a measure of aromaticity, calculated with UV 

absorbance divided by DOC concentration, can show significant differences between 

measurements comparing extracted peatlands and those rewetted for 20 years (Höll et al., 

2009). Abandoned sites have SUVA values consistent with less aromatic DOC molecules, 

and DOC molecules smaller in overall size (Höll et al., 2009). In contrast, Glatzel et al., 
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(2003) between undisturbed and extracted peatlands, did not observe any significant 

change in SUVA values, which indicate humic acid content, humification index, or 

aromaticity in general. 

1.4 Effects of Restoration 

Restoration of bogs seeks to create a carbon sink by re-establishing natural hydrological 

conditions, and recolonization of Sphagnum moss (Gorham & Rochefort, 2003; Waddington 

& Warner, 2001; Rochefort, 2000). Hydrology, in brief, is stabilized by blocking ditches and 

levelling the peatland site. Then vegetation is introduced from a nearby donor site and 

covered with a straw mulch (Rochefort et al., 2003). However, the results of these 

"restorations" are unknown in the long term, and the results that have been published are 

both positive, by establishment of a carbon sink function (Bortoluzzi et al. 2006, Tuittila et 

al. 2004, McNeil & Waddington 2003, Waddington & Warner 2001, Tuittila et al. 1999), and 

uncertain with regard to long-term effects of restoration (Gorham & Rochefort, 2003; 

Feldmeyer-Christe et al., 2001). 

1.4.1 Effect on CO2 Exchange 

Restoring peatlands reduces CO2 emissions due to both wet, reducing conditions and 

increased vegetation cover. Some bogs have become carbon sinks following establishment 

of a thick carpet of Sphagnum spp. (Strack et al., 2008). Previous investigations have been 

too short to evaluate the long-term effects of restoration on the carbon flux and DOC 

export. Petrone et al. (2001) saw temperature as the only notable control on respiration 

after restoration at BDB; yet this occurred only in the first year after restoration treatment. 

Waddington et al. (2010) looked at BDB only in the first three years after restoration, yet 

started to see significant differences between the abandoned site and the restored site. 

Samaritani et al. (2011) also looked at a site post-restoration before it was fully vegetated. 

These studies leave us asking what are the long-term results of peatland restoration. 

Long-term results may have important differences compared to these short-term review 

studies. Joosten & Augustin (2006) reviewed contemporary studies on peatland rewetting, 

and broke restoration into three phases of carbon balance. They suggest that it is only in 

the third phase, postulated as 51 years after restoration, that positive results are achieved 
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(CO2 and CH4 sink function in the peatlands). Long-term studies should be pursued based 

on estimates of length of time to naturalization, and the uncertainties raised by short-term 

studies. 

1.4.2 Effect of Restoration on DOC Export and Chemistry 

Restoration may increase anoxia in the peatland which alters DOC concentration as seen in 

three studies. Rewetting produces anoxia, and this is known to decrease DOC adsorption in 

soils (Kaiser & Zech, 1997). Anoxia also induces microbial anaerobic decomposition which 

releases a higher proportion of water-soluble intermediate organic carbon as metabolites 

(Mulholland et al., 1990). Laboratory results, as well, show that anoxic waterlogged soils 

release higher levels of water-extractable organic carbon than controls (Kalbitz et al., 

1997). However, even if concentration increases due to anoxic conditions, the hydrologic 

changes made during restoration should lower discharge, possibly lowering the amount of 

DOC export.  

Waddington et al. (2008) looked at the export of DOC from BDB before and in the two years 

after restoration. In 1999, the wettest of the three years, Waddington et al. (2008) 

measured DOC export at the abandoned site and the "restored" site (the latter awaiting 

treatment). The DOC export was 10.3 g C m-2, and 4.8 g C m-2, at the abandoned and to-be-

restored sites respectively. In 2000 and 2001, two drier years, the DOC export for the 

abandoned site, and for the restored site both dropped to 6.2 g C m-2, and 3.5 g C m-2, 

respectively. Meanwhile a restoration involving only blocking ditches was modelled to 

decrease export (Wilson et al., 2011) depending on drain spacing (Worrall et al., 2010; 

Armstrong et al., 2010). Also, long-term rewetting studies in Europe suggest that DOC 

concentrations become lower than abandoned sites in the time range of 20 years (Höll et 

al., 2009). These studies still leave us to question what a comprehensive donor vegetation 

restoration does to DOC export. 

DOC compositional assessments following restoration have been performed. DOC 

fractionation, into humic and fulvic acids (Strack et al., 2011) recorded exported DOC 

composition (humic acid fractions) not significantly different between abandoned sites and 

restored sites. Yet Glatzel et al. (2003) suggested that restoration led to a increases of DOC 
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concentration. This was reported to be due to an increased source of dissolved organic 

matter from anoxic conditions, and the authors suggested that root exudates could be a 

primer for increased DOC concentrations. In this case still, the DOC composition was not 

altered after restoration (Glatzel et al., 2003). We are again left wondering what the effects 

of restoration are in the long term. 

1.4.3 Unknowns & Objectives 

Time scales to achieve a carbon sink status in restored peatlands are poorly studied 

highlighting the need for long-term studies. Chemical changes, and changes in DOC 

concentration in-situ are not understood especially in restored peatlands and how this 

compares to abandoned and natural peatlands is unclear. 

In order to address these knowledge gaps this study looks at a site restored 10-years ago. 

The first chapter aims for greater precision models on long-term CO2 balances in peatlands 

following rewetting/restoration based on CO2 flux and DOC data collected a decade after 

restoration.  

I address long-term changes in CO2 fluxes due to restoration efforts in chapter two. This 

part of the study evidences whether ten years is the time frame to return the BDB restored 

site to a negative carbon balance (i.e. storing carbon). This was completed by measuring 

CO2 as part of a site carbon balance to make a comparison between a restored site 

(restored 10 years prior to the study), a nearby natural site, and an abandoned site. 

The third chapter deals with DOC concentration and chemistry, and the fourth chapter 

examines DOC export from the peatland. In-situ DOC concentration and chemistry was 

measured, quantifying changes long after restoration was performed. Also, this study seeks 

evidence to corroborate studies suggesting carbon dioxide fixation by productive 

vegetation has a link to DOC concentration and chemistry in-situ (Gödde et al.,1996) or to 

the contrary that there may be no such link. Chapter four deals with DOC export from the 

site and the effect of storms on DOC concentration, export, and discharge. This study's 

objective is to determine the effect of restoration on discharge, storm discharge lag time, 

and DOC export ten years after restoration. In these chapters DOC is thoroughly 

investigated with special attention on long-term effects compared to previous short-term 
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studies, and lesser understood relationships such as DOC quality and soil carbohydrates, or 

DOC concentration and moisture regimes. 

1.5 Study Site Overview 

Bois-des-Bel (BDB) Quebec (Figure 1, Figure 2) is a NSERC and CSPMA funded research site 

in the Bas-St. Laurent region of Quebec approximately 11km northeast of Riviére-du-Loup 

(N47.9671°, W69.4285°).  

The BDB research site is part of a 200ha treed and open bog complex. Bogs are normally 

elevated portions of peatland complexes where peat has accumulated and raised the 

surface level (and local water table) above the regional water table (Pastor et al., 2002). 

Horticultural extraction commenced at BDB in 1972, and an 11.5 ha section was drained 

and vacuum harvested, and operationally abandoned in 1980. The abandoned peatland has 

eleven 300 m long fields separated by parallel drainage ditches 30 m apart. These fields are 

surrounded by a thick Picea mariana treed bog that transitions into open bog in places 

within the complex. 

In late 1999 an ecological recovery project was undertaken, 19 years after abandonment 

post-extraction. As part of the restoration effort the 11.5 ha were separated into three sites. 

The first site, two fields or 1.8 ha, was left abandoned to be a control field for future studies. 

The second site of 7.5 ha was actively restored according to the guidelines of Quinty & 

Rochefort (2003) with a buffer field between the first and second sites (cf. Figure 1). 

Active restoration has several steps. To stabilise water levels several peat dikes were 

constructed to contain snowmelt waters in four terraces with the highest elevation at the 

west end (Figure 1), and a mildly lower elevation at the east end in which direction all the 

ditches empty. These drainage ditches were blocked at their southeast ends to stop further 

drainage rather than levelled. These now artefact ditches were retained as habitat for open 

water bog fauna with open water area further supplemented with the construction of eight 

small ponds (Figure 1). Live donor material from a nearby bog was spread on the top of the 

1.5 m of peat remaining on the 30m wide fields, where 0.75 ha of material was spread over 

7.5 ha, a 1:10 ratio. A protective straw mulch cover (3000 kg ha-1) was sprayed on the 

donor material; by adding a straw mulch as a protective cover, surface humidity increased, 
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thus improving soil moisture and tension (Price et al., 1998), making the dry peat surface 

more habitable for the donor material that cannot survive extreme water stress (esp. 

Sphagnum spp.). Finally, to stimulate Sphagnum nurse species Polytrichum strictum 

colonization, 15g m-2 phosphorus fertilizer was applied (Groeneveld et al., 2007). Though 

restoration treatment has been applied, for simplicity the restoration treatment site, will be 

referred to as restored in this study. 

 

Bois-des-Bel (BDB) Quebec is 5 km from St. Arsène weather station. St. Arsène has a 30-

year average (1971-2000) annual precipitation of 962.9 mm. Bois-des-Bel received 

885.6mm in 2010, and compounding this drier year was the unequal distribution of 

precipitation. This resulted in a severe water deficit compared to the 30 year climate 

average in July and August (Table 2). Average annual temperature is 3.2°C ± 0.8 with 

average of 17.8°C ± 5.0 in July and -12.6°C ± 3.4 in January (Environment Canada, 2000). In 

2010 ,the annual average temperature was 6.3°C, with July average of 18.5°C, and a January 

average of -7.5°C. 
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2 CO2 Dynamics 

2.1 Methods 

CO2 exchange was measured with the closed chamber technique (Tuittila et al., 1999; 

Griffis et al., 2000). An acrylic chamber was designed for this experiment measuring 60 cm 

x 60 cm and 30 cm high. The chamber had an electric fan installed inside to mix headspace 

air while a field researcher sampled CO2 concentration and recorded incident temperature. 

To gather data the chamber was placed on the ledge of a metal sampling collar placed into 

the peat the preceding summer. By filling the ledge with water, the acrylic chamber formed 

an air-tight seal with the ground for sampling air inside the chamber. An EGM-4 infrared 

gas analyser (PPSystems) was connected to two sealed connectors inside of the acrylic 

chamber with PVC tubing to sample chamber air for CO2 concentration (ppm). The CO2 flux 

was calculated from the linear change in CO2 concentration recorded every 15 seconds for 

105 seconds within the chamber. Additionally, environmental data including incident PAR 

and air temperature were recorded every 15 seconds with the CO2 concentration, and soil 

temperature was sampled from 2 cm to 20 cm below ground level using a thermocouple 

thermometer. Water table level was recorded from a perforated plastic tube installed 

adjacent to the collar to a depth of approximately 115 cm, at every sampling. Once a week a 

measure of vegetation volume was recorded using the fuel rule technique outlined below.  

2.1.1 Vegetation Biomass (Fuel Rule) 

Davies et al. (2008) developed a visual estimation technique to derive a calculated index of 

volume of vegetation. Statistically significant regressions were found between vegetation 

volume, and biomass of vegetation clippings in a peatland in the same region as BDB 

(Strack & Srivastava, 2010).  

A 1.5 m four sided ruler was made from a square-cut rod painted with 10 cm bands, 5 cm 

bands, and 2 cm bands on three of its sides respectively. By placing the rule in the collar, a 

field researcher recorded the percent of each band that was obscured with vegetation. The 

ruler was rotated so at least five coloured bands were obscured by vegetation; if the 10 cm 

bands were not at least partially obscured up to 50 cm, the 5 cm band was used; if 25 cm 

were not partially obscured on the 5cm banded side, the 2 cm bands were used. Collars 
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were evaluated for vegetation volume using this technique biweekly May to October. The 

applicability of this technique was evaluated by collecting and weighting biomass and 

regressing this on the vegetation volume derived from the Davies et al. (2008) method (r2 = 

0.711, F= 29.570, p<0.001). 

With CO2 concentration, PAR, soil temperature, air temperature, vegetation volume, and 

water table level collected on a weekly basis, I was able to construct an extrapolation for 

CO2 flux throughout the measurement season. But to ensure the extrapolated seasonal 

values matched the site variability I had to ensure collar placements represented the BDB 

site. 

2.1.2 Collar placement 

To estimate site wide carbon dioxide flux, collar placement reflected site vegetation 

community variation. Collar placement varied by bog microtopography i.e. hummocks and 

hollows, sites that were visibly wet vs. drier sites. Collars were placed in the abandoned site 

based on differences in surrounding vegetation in three distinct areas: treed, open growth, 

and bare peat. The restored site collars were placed based on differences in water regime, 

with half in wetter areas, and half on drier lawns or hummocks. Collars were also placed in 

artefact (not functioning) ditches, and in artificially landscaped ponds. This strategy aimed 

to achieve a measure of the range of variation across the site, not to estimate the carbon 

balance for specific vegetation communities. In the end 34 collars were placed in the BDB 

complex, 14 of which were on restored fields, an additional three on ditches, and three on 

pools; another six were placed on the abandoned site of BDB; eight were installed on a 

nearby natural site. The eight natural site collars were placed in May of 2010, and the other 

26 in August 2009. With appropriate, representative collar placement I was able to create 

an extrapolation for GEP and for respiration from the CO2 concentrations and 

environmental variables recorded. 

2.1.3 Modelling GEP 

GEP was modelled with environmental factors compared to field recorded GEP. Field 

measurements, however, only recorded net change in CO2 concentration (ppm). This 

change, net ecosystem exchange (NEE) has two component parts. The first is consumption 
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of CO2 by the plants, and the second is production of CO2 through respiration. Respiration 

was recorded as the change in CO2 concentration under zero light, when there could be no 

contribution to NEE from GEP, leaving only respiration. By taking the difference of the NEE 

and respiration from the field measurements, taken under ambient or shaded light, field 

GEP measurements were calculated. With these field GEP measurements, parameters from 

literature adapted from recent peatland work (Riutta et al., 2007) were used to derive 

empirical models of seasonal GEP from the following equations: 

Equation 2: GEP calculation for modelling CO2 fixation 

          (
   

     
)               (Riutta et al., 2007) 

 

Where: GEP = gross ecosystem photosynthesis (g CO2 m-2 day-1) 

 Pmax = level of PAR required for maximal photosynthesis (µmol photons m-2 s-1) 

 PAR = recorded PAR levels (µmol photons m-2 s-1) 

 k = PAR correction factor 

This equation has three embedded equations (Riutta et al., 2007): 

Equation 3: Soil Temperature Factor for GEP  

           (
              

         
)
 

    (Riutta et al., 2007) 

 

Where:    = Soil Temperature Factor  

 Soil T = Recorded Soil Temperature (°C) 

 optimum = Soil temperature of greatest GEP (°C) 

 tolerance = deviation from optimum where GEP is 61% of its maximum (°C)  

Equation 4: Water Table Factor for GEP 

       
                

              (Adapted from: Riutta et al., 2007) 

 

Where:      = Water Table Factor  
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 WT level = Recorded Water Table Level (cm below ground level (bgl)) 

 optimum = Water table of greatest GEP (cm bgl) 

 tolerance = deviation from optimum where GEP is 61% of its maximum (cm bgl) 

 

Equation 5: Vegetation Biomass Factor for GEP 

                     (Riutta et al., 2007) 

 

Where:      = Vegetation Biomass Factor  

 α = Vegetation correction factor 

 Volume = Biomass volume (Davies et al., 2008) 

 

Equation 2 was used to generate seasonal GEP. Maximum, optimum GEP calculated using 

the PAR factors in Equation 2 are multiplied by environmental factors calculated in 

equations Equation 3 to Equation 5. Having these equations from Riutta et al. (2007) I 

entered them into Microsoft Excel beside the field recorded environmental and GEP data. 

These cells with Equation 2 were designated to calculate GEP and compare them with the 

field recorded GEP. Each of the field recorded GEP and modelled GEP Equation 2 columns 

drew its variables from the same constant cells. These constant cells were empty but 

associated with given optimums and tolerances not yet calculated. Microsoft Excel's solver 

function was started to iterate 10,000 times to vary the values of optimum, tolerance, and 

other factors to achieve the lowest sum of squares for the modelled GEP. This was repeated 

for each collar to calculate all parameters. With these modelled parameters, weather 

station data and seasonal vegetation models could be entered into the PAR, temperature, 

water table and biomass variables in Equation 2 to Equation 5 to calculate GEP outside of 

weekly field measurements. Seasonal GEP sums were calculated from the 30 minute 

weather station data and modelled seasonal vegetation biomass. 

Vegetation biomass seasonal models were derived from the field recorded biomass 

estimated by the fuel rule technique. Biomass was modelled for each collar to determine 

fall declines, and summer peaks in vegetation for each collar. Weather station variables 

(PAR, soil temperature, and water level) were recorded twice per hour from May 25th to 
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October 28th. These data were used in conjunction with the modelled parameters in 

Equation 2 to Equation 5 to determine GEP at each collar from May 25th to October 28th. 

Each 30 minute period returned a GEP value that was summed for a "seasonal GEP" of the 

length of weather station measurements (155 days). 

2.1.4 Modelling Respiration 

Respiration models for each collar were calculated using the same iterative manipulation of 

modelled constant factors as GEP (Equation 2 -Equation 5) but with the following equation: 

Equation 6: Respiration calculation for modelling CO2 production 

                [  (
 

             
 

 

          
)]  [    

(  
     

  
)
]
  

          

      (Riutta et al., 2007) 

where:     = Respiration at 10°C, when Veg is zero,  

and WT is non-limiting (g CO2 m-2 day-1) 

    = activation energy divided by the gas constant 

 T = Soil temperature (°C) at 5 cm bgl. 

 WL = Water Table Level (cm bgl) 

 b2 = Water level (cm bgl) at the centre of the fastest change along the WL range.  

 b3 = This is the slope determining the speed and direction of change in 

 respiration along the WL range. 

    = Change in respiration per biomass unit     

Respiration modelling for each collar was similar to modelling for GEP modelled 

parameters. Microsoft Excel solver function was used to iteratively modify the parameters 

for Equation 6. With parameters calculated (by minimizing sum of squares between 

calculated respiration and recorded field respiration) seasonal respiration (May 25th to 

October 28th) was calculated using environmental factors recorded every half hour at the 
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field weather station. With both seasonal respiration and seasonal GEP modelled for each 

collar, a seasonal NEE was calculated from the sum of GEP and respiration.  

2.1.5 Statistics 

Differences in means between the restored, abandoned and natural sites were compared 

using one way analysis of variance (Sigmaplot 11.0) on pair wise comparisons of the three 

sampling sites with α set to 0.05, leaving a cut-off for statistically significant differences at 

p<0.05. Parametric statistical tests were only referred to if they fulfilled the requirements 

of the tests (e.g. normality of residuals). In cases of non-normal variance a non-parametric 

Kruskal-wallis ranks sum analysis was used to determine significant differences between 

groups (Sigmaplot 11.0). Pearson's r correlation (Sigmaplot 11.0) was used to evaluate 

correlations between measured environmental variables and all the measured carbon 

dioxide fluxes (GEP, respiration and NEE.) Differences among sites were also evaluated 

based on variations between sites in means, standard deviations, and ranges.  

  

2.2 Results 

2.2.1 General comments  

Modelled results were graphed against their field measured values to give a measure of 

under or over estimation in the models. In this test the slopes of the lines-of-fit rarely 

deviated far from a value of one. When models did deviate they underestimated values. 

Underestimation occurred in the highest respiration values. To correct this we could not 

remove these models due to further unspecified underestimation. Because of further 

underestimation these collars were retained in the site wide calculations despite their 

drawbacks. 

When the collars are separated and the seasonal model is separated by the time of day we 

can see the average daily trend over the season (Figure 4). Dry sparsely vegetated collars 

like "C10C" have low but constant total respiration throughout the day as modelled across 

the season. Highly vegetated collars, like C10A, have higher peaks (-48 g C m-2) and a 

respiration curve that swings upward through the day, as temperature increases.  
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Besides looking at daily aggregates, I investigated how the system reacts by month (Figure 

5). As noted in Table 2, July and August were extremely dry months. July precipitation was 

46.3% below 30-year averages, and August precipitation was 89.5% below average (Table 

2). July was the only month that the natural site did not store CO2. In August there was a 

drop in NEE at the abandoned site, due to an upswing in GEP (Appendix B). All the while 

CO2 export trends towards a July peak at the restored site. 

The abandoned site, when averaging the seasonal (June to October) modelled sums for 

each collar, was a source of CO2 to the atmosphere of 295.6 g C m-2 (±199.8 g C m-2 ). The 

restored site was a seasonal source of 119.7 g C m-2 (±78.0 g C m-2) based on modelled 

values, including area covered by ditches and pools (113.1 g C m-2 y-1 without ditches and 

pools included).  

2.2.2 GEP  

Models were created for each of the collars to generate GEP numbers to span the 

meteorological records at the BDB site. Models did not necessarily utilise each of the model 

parameters. Many GEP models, for example, only required PAR; occasionally adding water 

table to the model did not ultimately minimise the regression sum of squares. Additional 

statistics were run to evaluate the effect of environmental parameters. 

For instance, a Pearson's correlation was run between weekly measured values and 

recorded environmental variables. Site wide tables are given in Appendix D. Pearson R 

values for GEP largely resembled environmental differences associated with the collar 

microtopography, the specifics of which are detailed here. Across the restored site collars, 

the four parameters investigated for correlation to GEP were: PAR, soil temperature, water 

table, and vegetation biomass (Appendix D). With PAR above 1000 µmol m-2 s-1 the GEP 

correlations remain for PAR, but no other parameters correlate to GEP (Appendix D). 

Looking on a collar by collar basis at the restored site (Table 3), GEP correlated to PAR at 

13 collars (at all restored collars but R8A), and to soil temperature at five collars. All of 

these particular five collars were dryer lawn or hummock collars, suggesting that water 

table might be the limiting factor leaving changes in temperature of little effect (Appendix 

D). Broadly speaking GEP models seemed to fit environmental specifics in the 
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microtopography of the collars. Seasonal GEP modelled levels had no significant difference 

between any of the three sites (ANOVA F=2.405, P=0.093, α=0.95, Figure 3).  

2.2.3 Respiration 

Respiration was compared to three environmental variables for correlation: Soil 

temperature, water table levels, and vegetation biomass; with correlation of: 0.309 

(P<0.001), 0.0257 (P=0.67), 0.15 (P=0.0111), respectively. Looking at the effect of 

temperature, which was assumed to be a major control of respiration, on respiration at 

individual collars found almost no significant correlations (P<0.05) at individual collars but 

did find significant correlations (P<0.05) with each site as a whole. Water table's effect on 

respiration was significantly correlated (P<0.05) with nearly all the natural and restored 

collars. Vegetation biomass was significantly correlated to nearly all the restored site 

collars. 

2.3 Discussion 

2.3.1 Monthly trends 

NEE was calculated for month to month comparison (Figure 5, Table 4). It was thought 

monthly sunlight hours (Figure 6) would take a significant role for monthly CO2 flux, but 

the calculated NEE does not mimic sunlight trends closely (cf. Figure 5 vs. Figure 6). 

Contrary to the month over month export at the restored and abandoned sites, the natural 

site was able to store CO2 (shown as negative values) in each of the modelled months other 

than July (Figure 5). Export of CO2 at the natural site might be explained by the abnormal 

summer precipitation patterns. In 2010 BDB had 46.3 percent less precipitation than 

climate normals in July, and 89.5 percent less in August (Table 2). This provides an 

opportunity to see the effect water stress takes on CO2 balance in abandoned, restored, and 

natural peatlands. In July respiration increased overall at the abandoned site, but had a 

dramatic drop as the water stress deepens. This makes sense based on previous field 

research indicating drying under aerobic conditions limits CO2 release from respiration 

(Blodau & Moore, 2003). This was also observed in laboratory simulations (Goldhammer & 

Blodau, 2008). The restored site has falling water tables in August but the water table falls 

deeper at the abandoned site (Figure 7). The differences in water table levels may play into 
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respiration declines due to microbial die off, and lowering respiration more intensively at 

the hydrologically unstable abandoned site. These broad month-by-month comparisions, 

which appear controlled in part by water table, lead us to the seasonal carbon balances. 

2.3.2 Seasonal carbon balance 

In 2002, Waddington et al. (2010) measured a growing season carbon balance of -19.9 ± 

5.0 g C m-2 d-1 at the restored site. In this respect our 2010 seasonal carbon balances are 

slightly unexpected, the restored site for instance has a net loss of 113.1 g C m-2, more loss 

than the abandoned site in 2002 (76.1 ± 19.0 g C m-2 d-1) (Waddington et al., 2010). 

Eriophorum vaginatum is a peatland colonizer that expanded quickly in the restored site as 

recorded by Waddington et al. (2003). In 2010, Eriophorum was observed to be in the 

midst of a die-back (Plate 2). Eriophorum may have provided an early boost to CO2 fixation 

at the restored site early in restoration, while providing microhabitat (observe Polytrichum 

spp. growing from Eriophorum litter in Plate 2) suitable for species that are more naturally 

prevalent in bogs. A similar pattern of rapid CO2 uptake initially following restoration 

followed by reduced CO2 uptake or even a shift to a CO2 source has been reported in 

Finland with a dieback of Eriophorum cited as a possible cause (Yli-Petays et al., 2007). 

Observed dieback of Eriophorum at BDB may have led to reduced productivity and 

contributed to the restored site acting as CO2 source during the study period. With this 

dieback, modelled carbon balances are showing net release of carbon, though this release 

has been mitigated with roughly one third the carbon loss of an abandoned peatland.  

Though species composition may be playing a role, water deficits likely also affected the 

measurements taken in this study. The restored site in particular may have remained a CO2 

source due to the particularly dry conditions observed in July. Natural peatlands have been 

seen to be sources of CO2 in dry years (Waddington & Price, 2000; Roulet et al. 2007; 

Koehler et al., 2009). Furthermore, several studies (Titus et al., 1983; Titus & Wagner, 

1984; Rydin & McDonald, 1985; Murray et al., 1989; Gerdol et al. 1996; McNeil & 

Waddington, 2003; Blodau et al., 2004) have found decreasing water levels reduced CO2 

uptake by photosynthesis. Furthermore, Sphagnum photosynthesis may take 20 days to 

recover from water stress (McNeil & Waddington, 2003).  
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2.3.3 Site carbon balances 

Natural peatland NEE has been reported to range between 341 g C m-2 y-1 source and -411 g 

C m-2 y-1 sink (Table 1) with northern peatlands averaging net storage of -25 g C m-2 y-1 

(Gorham, 1991). We can see the restored site has recovered (119.7 g C m-2 y-1) compared to 

the abandoned site (295.6 g C m-2 y-1) yet it has not reached an average, carbon storing 

peatland state. Important to mention is that the area designated to be restored had its 

carbon dioxide flux measured before restoration and the difference in respiration between 

sites manifested itself even before restoration (Waddington et al., 2003) with the restored 

site recording higher respiration than the abandoned site. Considering the innate higher 

respiration at the restored site before restoration treatment the difference in CO2 exchange 

between the restored and abandoned site, as measured in this study, are encouraging for 

restoration progress.  

In this study I noticed thick hummocks had formed in places in BDB higher than recorded 

in a systematic peat depth profiling study (Lucchese et al., 2010). In Lucchese et al.'s (2010) 

opinion, the excavated peatland, eight years after restoration, had not yet been restored in 

an ecohydrological framework. The authors did not find that peat accumulated to the 

degree that the accumulated peat contained seasonal water table level variation, i.e. an 

acrotelm. Ten years after restoration the seasonal balance suggested that the accumulation 

of peat on the surface may not be entering the catotelm where organic matter decay is 

slower (Clymo, 1984).  

2.4 Chapter Summary 

Weekly CO2 measurements were combined with environmental variables to generate 

seasonal models of CO2 exchange. Seasonal models show that the abandoned site was a 

source of 295.6 g C m-2. The restored site is still a net source of carbon (119.7 g C m-2), 

however, the reduction is the source compared to the abandoned site suggests that 

restoration has mitigated CO2 loss. The specific conditions in 2010, namely the dry 

summer, may have masked further fixation of carbon. Lastly, ongoing changes in vegetation 

cover may also play a role in changing BDB from a net sink of carbon in 2002, to a net 

source in 2010.   
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3 DOC In-situ & GEP 

Previous work investigating DOC in peatland ecosystems has led to a number of hypotheses 

to be dealt with in this chapter. DOC has been seen to correlate to CO2 fixation on an hourly 

time range (Fenner et al., 2004; 2007) but not at a seasonal or monthly time scale (Glatzel 

et al., 2003). I hypothesise that DOC measurements will correlate to GEP. Increased GEP 

may lead to increased photosynthate and root exudates that could increase DOC 

concentrations in-situ. Bergmann et al. (1999) saw a relationship between hexose and CO2 

production, and this study will extend this work by investigating hexose and pentose in the 

BDB abandoned and restored peatland. 

3.1 Instrumental Methods 

Wells were bored through the peat moss and recently accumulated peat (0.2-0.4 m) and 

into the remaining residual peat following Bois-des-Bel's horticultural peat extraction (1.5-

1.6 m. Wells were made of 2 inch PVC pipe with drilled 5mm perforations along its 

subsurface length with a bottom reservoir of 10 cm and an end cap to protect the reservoir 

of water that accumulated. Wells were sheathed with nylon stockings to prevent peat 

entering the well en masse. To understand the effects of carbon flux on DOC chemistry and 

concentration, wells were placed at all the gas flux collars, except at the natural site where 

three pairs of collars share a single well per pair (Figure 2). 

Each well had its water level recorded once a week during carbon flux measurements while 

DOC was sampled bi-weekly. The day before collection accumulated water was siphoned 

out with 1.5 cm diameter plastic tubing. Twenty-four hours later all the water that 

accumulated in the wells was removed from the well with a foot pump into a 1 L bottle. The 

bottle was shaken vigorously to emulsify the water samples. From this, a subsample of 100 

mL was taken. DOC is known to decompose after collection, so to prevent compositional 

changes, or to minimize them, DOC samples were transported in a cooler with ice packs, 

and refrigerated at 4°C until filtration.  

Determining DOC concentration required three steps: first, 15 mL to 30 mL of the samples 

were filtered with a 0.4 µm borosilicate glass fibre filter (Macherey-Nagel GF-5), 25 mm 

filter paper on a standard vacuum filtration apparatus. In cases of high particulate load 
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each sample was filtered multiple times, or prefiltered through a 1.5 μm borosilicate glass 

fibre filter paper. While samples underwent filtering the remaining unfiltered sample was 

tested for pH (HANNA®, HI98130)  

Second, a spectrophotometer was used to measure absorbance of 400 nm wavelength light 

by the water sample (compared to Ultrapure Water™ (UPW) blank). Chemical properties 

such as E2:E3 and E4:E6 ratios, and a measure of aromaticity (SUVA) were calculated by 

measuring absorbance at 365 nm:250 nm, 465 nm:665 nm, and 254 nm, respectively, using 

a UV/VIS Spectrophotometer (Perkins-Elmer 3B Lambda). Quartz cuvettes with a 1 cm 

path length and 1.2 mL volume, designed for wavelengths between 90 and 2500 nm, were 

used. 

Third, a subset of samples were chosen to be analysed on Shimadzu TOC analyser 

(Environmental Sciences Program, University of Calgary), these samples had an additional 

15 mL vacuum-filtered and then acidified with 1 mL HCl, to a pH < 1. Acidifying these 

samples prevented microbial changes to the DOC while in transport to Calgary from 

Quebec. The TOC analyser effectively determines the DOC concentration at the time of 

sampling. Though the machine is called a total organic carbon analyser, all the samples 

analysed on this machine were filtered to remove non-dissolved organic carbon, leaving 

only DOC to be detected. TOC was analysed using the Shimadzu 680 C combustion catalytic 

oxidation method as below: 

Equation 7: TOC methodology 

                 (                 
           

→                     )

                 (               
             

→                      ) 

(Shimadzu Ltd, 2011) 

Once the concentration of DOC had been determined for DOC samples with known 

absorbances, the absorbtivity constant for the BDB peatland was determined (Equation 8) 

and used to convert absorbances to DOC concentration. 
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Equation 8: Absorbtivity constant; the relationship between absorbance and DOC 

concentration 

              
                                                 

         
  

(Thurman, 1985) 

Results from TOC derived DOC concentrations to absorbance at 400 nm fit within a 95% 

confidence interval (Figure 8, Figure 9), and samples had the best regressions when split 

between in-situ DOC samples (Figure 8), and export DOC samples (Figure 9).  

3.1.1 Photospectrographic Ratios 

Absorbance ratios, such as E4:E6 (Kononova, 1966), can be used to indicate chemical 

characteristics of DOC. E4:E6 is an absorbance ratio (665 nm to 465 nm) used to detect 

differences in humic materials. One difference E4:E6 can detect is different quantities of 

fulvic acids and humic acids. This could be important as there is a clear chain of 

progression in thermal transformations of humic material from fulvic acids to humic acids 

to humin, and finally to the maximally recalcitrant black carbon (Almendros et al., 1990). 

As a chain of thermal transformations mimics recalcitrance, the E4:E6 should correlate to 

recalcitrance. There is some discussion as to how to interpret E4:E6; Kononova (1966) 

wrote that E4:E6 was related to the electronic pi-bond condensation of an aromatic carbon 

network. A large E4:E6 ratio under this theory indicates predominance of aromatic C 

structures, while a large E4:E6 in Chen et al.'s (1977) determination indicated larger 

molecular size and weight, with a higher C:O ratio indicating fewer side chains.  

SUVA (Specific UV Absorbance) is calculated by taking absorbance of a sample at 254 nm 

and dividing by DOC concentration to control for increased absorbance due to the 

concentration of DOC. The measure has been correlated to aromatic concentration in a 

sample (Bourbonniere , 2009). E2:E3, an absorbance ratio measured at 250 nm to 365 nm, 

has been negatively correlated to molecular mass as has E4:E6. However E2:E3 does not 

have the depressing effect of side chains that E4:E6 has (Zhao et al., 1996). These ratios 

were measured on each weekly export sampling and each biweekly in-site water sampling. 
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3.2 Chemical Methodology 

3.2.1 Pentose  

In addition to absorbance ratios I have tried to characterise the chemistry of the DOC in 

several ways. First, I measured the ratio of pentose to hexose. Pentoses are largely from 

plant-based sources. By measuring pentose and giving a ratio of pentose to hexoses we get 

a measure of how much of the carbon is sourced from plants vs. microbes and decomposers 

(Gupta 1967, Stevenson 1982). Pentose concentrations were calculated using the standard 

Bial's orcinol test (Chantigny et al., 2008a). This experiment had two reagents. The first 

reagent, 0.1 g iron chloride (FeCl3), was dissolved in 100 mL of 32% hydrochloric acid 

(HCl). The second reagent,1g of orcinol (CH3C6H3-1,3-(OH)2; 3,5-dihydroxytoluene), was 

dissolved in 100 mL of 95% ethanol. I took 1 mL of a DOC sample and placed it in a test 

tube with 1 mL of iron chloride reagent. Here the acid dehydrated the pentoses to form 

furfural. At this point I added 1 mL of orcinol reagent. The furfural present reacted with the 

orcinol, and the furfural-orcinol complex attracts Fe3+ ions colouring the solution blue. 

Lastly before measuring in a spectrometer, 2 mL of ethanol was added and the sample 

mixed by hand swirling the vials. At this point 1 mL of the reacted sample was placed into a 

cuvette for the spectrophotometer and read against a blank (blanks were UPW that 

followed all the preceding steps) at 660 nm. A calibration curve was prepared using a 

prepared standard solution of ribose diluted to various concentrations (2.5, 5, 10, 20, 30, 

50, and 100 mg L-1 ribose) with UPW. 

3.2.2 Hexose 

Hexose concentrations were calculated using the standard anthrone reaction (Chantigny et 

al., 2008b). Hexose was added to 0.200 g anthrone dissolved in 100 mL 98%v/v H2SO4. 2 

mL of this reagent was added to 1 mL of DOC sample which was then mixed for 15 minutes. 

The acid reacts with all sugars and produces furfuraldehyde derivatives. Anthrone reacts 

with the resulting chemicals producing a blue/green colour with an intensity relative to the 

concentration of sugars. The solution was heated in a water bath for 20 minutes at 95°C. 

Heating makes pentose furfuraldehyde-anthrone complexes react with excess anthrone 

and makes them yellow or colourless derivatives out of the range of the 625 nm 

wavelength optimally absorbed by blue/green compounds. The samples were then cooled 
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on ice packs and read in a spectrophotometer at 625 nm. The hexose concentration to 

absorbance regression was calibrated from reactions of known concentrations of D-glucose 

and laboratory blanks of UPW. 

Hexose and pentose concentrations were calculated for a subset of samples once per month 

from May to July. Samples were taken from filtered in-situ and export water samples. 

3.3 Results 

3.3.1 Quality and Chemistry Results 

The concentration of DOC in-situ had the highest mean at the restored site ( 

Table 5), and the lowest mean in the natural site, while the abandoned site had samples 

that crossed the entire range of both the natural and restored sites. Each of the sites was 

significantly different from one another (ANOVA: F= 4.219, p=0.043 Abandoned to 

Restored; F=72.293, p<0.001 Restored to Natural; F=5.28, p=0.026 Natural to Abandoned;  

  
    Abandoned to      Restored to     Natural to 

  
Abandoned Restored   Restored   Natural   Natural   Abandoned 

  
Mean SD F or H p Mean SD F or H p Mean SD F or H p 

 
pH 6.05 1.101 0.218 0.641 5.95 1.055 25.11 <0.001 4.46 0.942 23.6 <0.001 

SUVA254 
mg C 
cm−1 0.0397 0.0319 11.913 <0.001 0.0876 0.0177 17.23 <0.001 0.0419 0.0148 0.538 0.463 

E2:E3 α:α 3.00 0.765 0.499 0.482 3.10 0.606 38.39 <0.001 4.09 0.282 28.7 <0.001 

E4:E6 α:α 5.60 2.139 0.473 0.493 5.38 0.97 2.868 0.094 6.04 2.422 0.4 0.528 

Hexose mg/L 4.84 6.305 2.885 0.045 2.98 1.237 0.987 0.324 2.61 0.23 1.35 0.252 

Pentose mg/L 101.1 77.078 2.967 0.089 175.56 220.941 0.0349 0.852 162.78 99.982 2.92 0.046 

P:Hex : 33.31 30.663 2.879 0.045 60.06 65.563 0.0001 0.99 60.31 33.612 3.41 0.021 

DOC  mg/L 59.57 25.491 4.219 0.043 66.84 9.695 72.293 <0.001 44.09 7.543 5.28 0.026 

  
    Abandoned to      Restored to     Natural to 

  
Abandoned Restored   Restored   Natural   Natural   Abandoned 

  
Mean SD F or H p Mean SD F or H p Mean SD F or H p 

 
pH 6.05 1.101 0.218 0.641 5.95 1.055 25.11 <0.001 4.46 0.942 23.6 <0.001 
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Table 5). 

pH had no significant difference between the abandoned and restored site (ANOVA 

F=0.218, P=0.641), though there is a significant difference between the natural site to the 

abandoned (F=23.609, P<0.001), and to the restored site (F=25.11, P<0.001;  

Table 5).  

DOC absorbance ratios of E2:E3 and E4:E6 had contradictory results in the natural site 

(when one parameter goes down the other should go up) though these results were not 

statistically significant, which may be due to uncorrected pH (cf. § 3.4.2, paragraph two). 

The restored site's E4:E6 was slightly depressed ( 
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Table 5) compared to abandoned site's levels. Natural levels (recorded at the natural site) 

of E4:E6 were higher than both the restored site and abandoned site ( 

Table 5). Statistical tests (ANOVA) did not mark any of the sites as significantly different 

from each other ( 

Table 5) with regard to E4:E6. Averaging all the restored collars together has a negative 

seasonal trend (r2=0.5218), while individual collars (R2A, R2B) can have positive trends (r2 

0.6228). The abandoned site shows a very weak positive seasonal trend (r2 0.0513), though 

individual collars (C10B, C11A) had stronger seasonal correlations (r2 0.4314, 0.4075). 

E2:E3 for the natural site was the highest of the three, however we predicted that as E2:E3 
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increases, E4:E6 decreases. Again this may be due to incorrect pH correction (cf. § 3.4.2). 

Regardless, the E2:E3 at the natural site was significantly different from both the 

abandoned and restored site. E2:E3 were however nearly identical, with no statistical 

difference, between the abandoned and restored site. 

Restored and abandoned sites had very similar mean values of SUVA ( 

Table 5), but variance was much higher at the latter. Statistical significance tests saw 

significant differences between the abandoned site and restored site, and the restored and 

the natural site (Kruskal-Wallis: H= 11.913, p<0.001 Abandoned to Restored; H=17.23, 

p<0.001 Restored to Natural;  
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Table 5).  

Hexoses when in soil are largely derived from microbial decomposition (DeLuca & Keeney, 

1993) which gives us a measure of microbial activity, but also of recalcitrance as the 

chemical method employed to measure hexose cannot access recalcitrant carbon. Here the 

values are similar for each of the sites but with much variation. The abandoned site, is an 

extreme example of this, ranging from more than 15 mg/L to 2 mg/L all while having a 

similar mean as the rest of the sites near 3 mg/L. Further investigation with a Pearson's R 

correlation test gave no correlation (p > 0.05) to environmental variables. However, 

significant differences (F=2.885, p=0.045,  

Table 5) were recorded between the abandoned and restored site. 

Pentose, largely coming from vegetation, had significant differences ( 

Table 5) between sites. High levels can indicate slowing decomposition in the soil column 

(Gupta 1967, Stevenson 1982). The natural site and the restored site both had high levels 

compared to the abandoned site, the variation was greatest at the natural site while the 

restored and abandoned site had similar variation. Significant differences ( 
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Table 5) were observed between the abandoned and natural sites (F=2.92, p=0.046), and 

comparing the abandoned and restored site (F=2.967, p=0.089) at a lower 90% confidence 

level. 

Pentose to hexose ratios were not significantly different ( 

Table 5) between the restored site and the natural site, but were significantly different 

between the abandoned site and both the restored and natural sites.  

3.3.2 CO2 and DOC concentrations 

DOC can be derived from root exudates and plant photosynthate. This provides a ready 

source of decomposable organic matter that increases CO2 release. As part of this process 
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photosynthate has been implicated as a control in hourly DOC production in 13C studies 

(Fenner et al., 2004; Fenner et al. 2007). However this linkage did not extend to production 

of CO2 on long time scales; seasonal and monthly DOC concentrations were not found to 

correlate to CO2 efflux (Glatzel et al., 2003). These results can be attributed to not all DOC 

coming from plants, and not all DOC decomposing readily to CO2. 

Furthermore, photosynthetic productivity is related to CO2 uptake, when there is more 

photosynthesis, more CO2 is bound into sugars. Photosynthetic production as GEP was 

examined, thus, for possible correlations to DOC concentrations in this study. When daily 

GEP averages were used as an independent variable to calculate DOC concentration in the 

top 100cm of soil it returned insignificant results at BDB (Table 6) without considerable 

sorting. With all the collars taken together the r2 is 0.002. Sorting by vegetation, or by 

water regime both had poor regressions. Even running single collars by themselves yielded 

poor results ("Treed peat", Table 6). Monthly GEP to DOC concentrations had strong linear 

regressions but the statistics may not be reliable due to low sample size and 

heteroscedastic variances. That being said, abandoned site average GEP vs. DOC 

concentration had r2 of 0.936 (F=14.718 p= 0.162). The natural site returned an r2 of 0.151 

(F=0.178, p=0.746), and the restored site returned an r2 of 0.988 (F=82.058, p=0.070) 

3.3.3 CO2 Production and Hexose 

Bergmann et al. (1999) saw a relationship where glucose (a hexose sugar) led to higher CO2 

production. The hexoses measured in this study however, did not from a significant 

relationship between CO2 production on a daily (P=0.433) or weekly (P=0.382) time scale. 

3.4 Discussion 

3.4.1 DOC Concentration 

DOC concentration was significantly different at each site. Waddington et al. (2008) found 

at the BDB site from 1999 to 2001, that the abandoned site had higher concentrations than 

a natural site, and the restored site had still higher concentrations. Two mechanisms for 

high DOC concentrations following restoration were proposed in that preliminary study: 

1). that straw mulch used to protect donor plants from desiccation was creating a labile 

substrate for DOC production, and 2). that water table fluctuations had a greater amplitude 
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at the restored site (Shantz & Price, 2006), and until these fluctuations are isolated to an 

acrotelm layer DOC concentrations could be expected to be larger.  

In this thesis too DOC concentrations were higher at the restored site (significantly higher) 

than the abandoned site. However, with no remnant of the straw mulch the explanation 

may have to do with water table levels. Another possible link between the DOC 

concentration and the restored site is vegetative productivity. Regressions between these 

produced poor results except at the abandoned site with small grouping based on 

vegetative cover. DOC is refreshed by labile carbon, with modern sources providing the 

majority of DOC (Neff et al., 2006), but essentially all the carbon in the soil column can 

come into play in the production of DOC, especially late in the season (Neff et al., 2006), and 

due to this pH can play a significant role.  

The pH of pore water at the restored and abandoned site was 5.78 and 5.98. pH is believed 

to be a controlling factor in the release and solubility of organic carbon (Kalbitz et al., 

2000). As pH rises it allows organic carbon cations that were forced to precipitate, to 

dissolve. Sphagnum moss is known to provide a source of acidity to peatlands (Charman, 

2002). The absence of Sphagnum at the abandoned site and colonization at the restored 

site should result in lower pH at the latter and thus reduced DOC export. As lower pH 

should reduce the amount of dissolved organic carbon at the restored site, the higher 

measured in-situ concentrations suggest that rapid production must be occurring. It is also 

possible that this interplay between production and precipitation resulted in the lack of 

strong correlation between CO2 exchange and DOC concentration.  

3.4.2 Effect of low water tables and vegetation on DOC chemistry 

Lower E4:E6 has been linked to drain blocking in peatland restoration studies (Wallage et 

al., 2006). More recent studies have linked drain blocking to higher E4:E6 ratios (Wilson et 

al., 2011), however the BDB site, though having different values, did not have significant 

differences between the restored site and the abandoned site, ten years post restoration. 

Above are three results all different with regard to E4:E6. Resolving this conflict requires 

an examination of studies into the nature of E4:E6 and a understanding of the processes at 

work in the BDB peatland. 
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Moore (1987) reported that the E4:E6 ratio had a strong increasing seasonal trend, this 

wos corroborated at a few collars; however, on a site wide basis, seasonal trends were 

marginal, or negative. As E4:E6 has been used as a correlate of recalcitrance, with larger 

numbers being more recalcitrant, Moore's (1987) results are harder to rationalize. Over the 

growing season, why would recalcitrance increase as plants deposit more fresh labile 

material to the soils? In my sampling regime DOC was taken from more than 100cm of the 

soil profile. While the surface of the peat may have highly labile material, when this surface 

area dries it is exclusively the recalcitrant remnant peat contributing to the DOC samples. 

In the abandoned site shrubby collars do show this trend, with the largely bare peat collars 

having a flat trend across the season (with larger variability in the early season). Having 

seasonally consistent values of E4:E6 led to weak seasonal trends for the abandoned site. 

But again, results show that certain vegetation communities can have strong positive 

seasonal trends, while this is not the rule across the collars. In addition to these seasonal 

trends, experimental error may have played a part in the calibration of our E4:E6 data. 

Information provided by E4:E6 includes largely particle size (or weight) (Chen et al., 1976), 

and independent fulvic and humic acid concentrations between 100 to 500 ppm are known 

to be affected by pH (Chen et al., 1976). The original suggestions for using E4:E6 as a 

analytical measure (Kononova, 1966) suggested confining the range of pH to between 7 

and 8 by adding 0.05N NaHCO3. As this was not done for this study differences in pH may 

contribute to the inconclusive results of the E4:E6 ratio for this study and the three 

contradictory results between Wilson et al. (2011), Wallage et al., (2006) and this study.  

This narrative of a low water table selectively releasing only older or more recalcitrant 

carbon could possibly be corroborated by data collected from SUVA measurements, sugars, 

and from E2:E3 ratios. Aromatics (via SUVA measurements) curiously showed no 

significant difference between the abandoned and natural sites, whereas the restored site 

was significantly different from both and was the highest average aromatic absorbance 

mean. Neff et al. (2006) reported that DOC flux is in large part from modern sources (from 

14C measurements), however the mechanism of DOC generation transitions from surface 

layers (aromatic lignin derived monomers) to deeper, previously stabilized carbon after 

spring melt is over (Neff et al., 2006). A transition of DOC production to deeper peat might 
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happen to a lesser degree at the restored site, which leaves the higher aromatic levels due 

to another mechanism such as near surface labile DOC being consumed much faster at the 

restored site.  

Rapid consumption of DOC should be observed in changes in sugar concentrations. 

Fructose (a pentose sugar) to all pentose ratio, has been well correlated to decomposition 

constants in mosses (Turetsky et al., 2008), but otherwise analytical uses of pentoses and 

hexoses have been limited in peatlands. The pool of free sugars in soil can be read as 

decomposability as it reflects the rate of decomposition versus uptake (Gupta 1967, 

Stevenson 1982). Levels of pentose were significantly different at the three sites, 

compounded by not only the differences in the ultimate vegetative sources, but also likely 

in the rates of decomposition in the soils. Looking at a index of supplied sugars vs. 

decompositional sugars (pentose:hexose) at the three sites as a measure of decomposition 

gives 33.31 ± 30.66 at the abandoned site, and 60.00 ± 63.56 at the restored site which had 

no statistical difference to the natural site 60.31 ± 33.61 ( 

Table 5). 

Considering the high quantities of free pentose measured at the restored site, if labile DOC 

is being consumed faster at the restored site, the contributions of labile DOC to the soil 

could be even higher, and masked by consumption. Another possible reason is the plant 

communities involved at the restored site differ from the other sites and could have more 
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phenolic compounds (phenolic acids, tannins, quinones, humic and fulvic acids) (Gallet & 

Lebreton, 1995) that have higher levels of aromatics even before decomposition. Sphagnum 

spp. may be a significant contributor: a natural collar dominated by Sphagnum spp. (95-

100% coverage) had a SUVA value higher than the restored site mean. Also, the many 

sedges currently dying back (cf. Plate 2) at the restored site could provide a significant 

source of lignin. Grasses as they grow do not contribute growth laterally, and have no 

lateral vascular structures only independent elongated vascular bundles. Bundles across 

the width of a leaf grow the length of the leaf vs. in the rings of woody plants. These bundles 

are sheathed in schlerechyma cells that are rich in lignin. In each of the bundles that 

compose a single leaf, xylem tissue is generated at the centre. Xylem is a unique tissue in 

vascular plants composed of hydrophobic lignin covalently bonded to hydrophilic 

hemicelluloses in a way that allows bands of lignin to efficiently move water. With all the 

xylem tissue surrounded by schlerechyma, and therefore (on both counts) lignin, sedge 

decomposition could lead to higher aromatic levels (Prescott et al., 2000, Höll et al., 2009). 

Thirdly, E2:E3 is correlated to molecular weight, where a high ratio is interpreted as a low 

molecular weight. E4:E6 is similar to E2:E3, however E4:E6 ratio can be increased by 

reducing the number of side chains on the bulk molecule. A lower number of side chains 

would indicate high recalcitrance. When we look at the E2:E3 and E4:E6 numbers we see 

that E2:E3 is higher in the restored, while E4:E6 is higher at the abandoned. This is 

understandable as newly produced organic carbon would be less recalitrant (i.e. a lower 

E4:E6 ratio). The higher E2:E3 number might be because higher water table at the restored 

site may allow water movement through a soil layer with more labile material. Aromaticity 

as a measure of hydrophobicity aids this explanation, as a lower aromaticity allows larger 

molecules to become dissolved. 

3.5 Chapter Summary 

Looking at in-situ DOC concentrations and chemistry allowed me to explain larger trends 

happening in the peatland reflected at a molecular level. We can see through pentose to 

hexose ratios that decomposition is slowing at the restored site, and is now significantly 

different than the abandoned site. Differences in the hydrology between the sites manifests 

itself in observed differences in E4:E6 ratios and may reflect slowing decomposition, 
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deeper water tables as the season progresses, or differences in plants contributing phenolic 

compounds to the soil. Correlations between gross photosynthesis and DOC concentration 

were also examined, but were found to be insignificant at BDB. This suggests that 

differences in vegetative productivity between the sites are not the main drivers of net DOC 

production. This may be due to the water table being low enough to reduce the influence of 

newly sourced labile DOC on the total DOC pool. Secondly, hexose sugars were not seen to 

contribute to alterations in CO2 efflux on short time scales. 
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4 DOC Export; Storms and Baseflow 

4.1 Methods: 

4.1.1 Water Sampling 

At the study site each of the two zones, restored and abandoned, are surrounded by ditches 

that feed a continuous water flow into two outlets, one for the abandoned site, and one for 

the restored site. These two exit points have V-notch weirs installed where volume of the 

water discharged is a function of the height of the flowing water on the "V" shape of the V-

notch weir (Shantz and Price, 2006). Water was collected every week, or if precipitation 

was expected measurement regimes were changed to include a pre-storm sampling. 

Samples of  100 mL was taken from outflow from the V-notch weir at the restored site, and 

from a large conduit at the abandoned site where water discharged. Samples were filtered 

and measured for chemical properties (pH, sugars, ratios), and concentrations according to 

the same methods as outlined in Chapter 3.  

4.1.2 Storm Sampling  

Discharge was measured at each DOC sampling, during storm events and an additional 

three times a week at each weir. A 100 ml graduated cylinder was used, or during 

extremely large flow a Rubbermaid™ 54 gallon bin was used to collect discharge while 

using a stopwatch. Every measurement of discharge was averaged over three runs. Time 

was recorded to provide a discharge amount to create a regression between discharge and 

recorded water level. Water level was measured and recorded using a level-logger (Solinst 

Levelogger™). Atmospheric pressure was subtracted from the overall recorded pressure 

and difference was averaged over a four hour period to create a stage-discharge 

relationship for high flow and flow less than 100 mL/s.  

Storm events and snowmelt are the major types of discharge prompting events in bogs, 

accounting for substantially more discharge than base flow. Precipitation events export 

more DOC than base flow (Clark et al., 2007). In order to investigate storms DOC export, 

during storms DOC was collected before peak rainfall, and every four hours afterwards, up 

to 16 hours after the peak rainfall. Events longer than three days were measured twice a 

day. 
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Regular precipitation occurs throughout the year at the study site with a mean annual 

precipitation of 926 mm with 27% falling as snow (Waddington, 2010). Snowmelt is the 

most important discharge event of the year; however, storm events also have considerable 

influence on DOC concentrations and export. In spring, snowmelt volume can be very high 

and the weir cannot be installed and measured (i.e. water flow over the top of the weir or 

washes it out completely). Previously, to gauge water export researchers used a dilution 

experiment to infer how much water was escaping. However, in this study a salt dilution 

was not performed. As a result DOC exported by snowmelt was estimated based on scaling 

Waddington et al.'s (2008) measurements from 2001 according to snow depth preceding 

melting. 

4.1.3 Concentration Calculations 

DOC concentration could not be regressed to pressure across the season due to regression 

residuals failing statistical requirements (non-constant variance, non-normal) so Verhoff et 

al.'s (1980) widely cited (Koehler et al., 2009; Billet et al., 2010; Worall et al., 2009) 

calculation method (Equation 9) was used to calculate cumulative DOC export from the 

restored and abandoned sites' weirs.  

Equation 9: Verhoff's Equation (Verhoff et al., 1980) 

(
 ∑ (    )

 
   

∑   
 
   

)   

Where: 

   = instantaneous concentration of DOC (mg/L) 

   = instantaneous discharge (L/s) 

   = average discharge (L/s) 

  = time correction factor (s/day) 

4.2 Results 

4.2.1 DOC concentration 

The abandoned site DOC concentration ranged between 75.25 to 134.79 mg/L, with a mean 

of 100.62 ± 15.21 mg/L. The restored site DOC concentration ranged between 49.20 to 
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129.29 mg/L with a mean of 86.31 ± 20.92 mg/L. There is no seasonal trend in DOC 

concentrations at the abandoned (r2= 0.003, F= 0.169, p=0.683) or restored sites (r2=0.009, 

F=0.457, p=0.502). However, a negative trend appears to exist between discharge and DOC 

concentration. Discharge versus DOC concentration relationships have been positively 

correlated in watersheds with few wetlands (McDowell & Fisher 1976, Fiebig et al. 1990, 

Brown et al. 1999). However the seasonal relationship in the BDB peatland has a negative 

correlation ( 

Figure 10 and Figure 11), which corresponds to similar results in peatlands (Freeman et al., 

2004).  

At the restored site, regressing discharge on DOC returns r2 of 0.9968 (p<0.0001) during 

the September 27th/October 9th storm event. This is one example of how shorter events 

results in a strong correlation between DOC concentration and discharge. 

Hudson et al., (2003) reported that temperature does not positively correlate to DOC 

concentrations in a 21 year field study. However models created for peatlands using 

monthly mean temperatures, and rainfall (Worrall et al., 2008) have performed well. In this 

study temperature was positively correlated to export DOC concentration at the abandoned 

site (r=0.764, P<0.001) and to a lesser extent at the restored site (r=0.557, P<0.001). 

4.2.2 DOC Chemistry 

The abandoned and restored sites have many significant differences in the chemistry of the 

discharge water and exported DOC (Table 8). The pH of the discharge was 6.18 ± 0.42 and 

5.94 ± 0.59 at the restored and abandoned sites, respectively. E2:E3 was higher at the 

restored site implicating reduced recalcitrance; however, no difference was noted in the 

SUVA or E4:E6 measurements. Also sugars, and DOC concentrations at each site were 

significantly different with higher sugars at the restored site (ANOVA: Hexose F=6.733, 

p=0.011; Pentose F=99.311, p<0.001, Table 8), and DOC concentration was higher at the 

abandoned site weir (ANOVA: F=15.801, p<0.001). 
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4.2.3 DOC Export 

Total DOC export for May through October was 28.8 g C m-2 at the abandoned site and 5.0 g 

C m-2 (Table 7) at the restored site as calculated from Verhoff's equation (Equation 9).  

At the restored site, regressing discharge on pressure returned a r2 of 0.9968 (p<0.0001) 

with the formula       during the September 27th/October 9th storm event. DOC 

concentration regressed well with discharge (r2 0.6275, p=0.0037), with most of the 

variance coming with low level discharge. 

4.2.4 Storm hydrology 

The seasonal hydrograph shows a few early season peaks, but these are overshadowed by 

very large events in October with a peak discharge of 30.2 L/s. A good cross section of 

storms of various magnitudes were sampled for DOC export. Storm event samples were 

taken ( 

Figure 10) on Julian day 175 and 199, storms with 34.3 mm, and 1.3 mm of precipitation, 

respectively. Also recorded, the events on Julian day 271, 274, and 280 were 43.9 mm, 97.0 

mm, and 36.3 mm of precipitation respectively.  

At the restored site the lag from the start of precipitation to peak discharge was not 

standard, changing as the site reached its saturation point (Table 9). After a dry summer, 

lag time to peak discharge was shorter at the restored site by almost three hours. It was not 

until approximately 90 mm of rain fell that the sites were equivalent for lag time. After this 

time the restored site followed the trend recorded by Shantz & Price (2006) where lag time 

was longer at the restored site than at the abandoned site.  

As discharge increased DOC concentration dropped in every case at both sites. As the storm 

progressed the DOC concentration would rise, and after the storm it would increase 

further. Highlighted in  

Figure 10 and Figure 11 on the right middle panel is DOC concentration through a large 

storm system. The lowest DOC concentration occurs shortly after peak discharge was 

recorded, whereas the highest DOC concentration measured in the system is during late 

summer base flow before Julian day 271 and 274. 
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A reduction in DOC concentration with increasing discharge does not greatly reduce DOC 

export (Figure 12). This is seen in the first derivatives of the cumulative percent of DOC 

exported that are highest at the peaks of discharge, and taper off towards base flow. The 

loss of carbon in this storm event of 36.32 mm is calculated at 2.17 g C m-2. 

4.3 Discussion 

4.3.1 DOC Export and Chemistry 

In this study DOC concentration in discharge changed over time; however, this change 

seemed to follow rainfall patterns versus a seasonal trend (Figure 13) and a Pearson’s 

correlation shows no significance between progression of the year, and DOC concentration 

(Julian day and DOC concentration, R=-0.0599, P=0.679). In Figure 13, we look at the 

central panel; between droplines 1 and 2 we can see that there is no precipitation. It is 

during this time that there is an increase in DOC concentration in both the abandoned and 

restored sites (as seen in the top and bottom panels respectively). This is a trend repeated 

between lines 6 and 7. This trend of increasing DOC concentration during lack of 

precipitation is complemented by the reverse trend when there is precipitation. After 

rainfall, in the days before dropline 6, there is a fall in DOC concentrations in both the 

abandoned site and restored sites. As the precise timing of DOC concentrations increasing 

coincide with no rain, and DOC concentrations dropping coincide with rainfall, we 

rationalise that precipitation is a control on DOC concentrations in export waters (Hinton 

et al., 1997). 

While knowing the amount of DOC exported is important to quantify the carbon balance 

and understand water quality coming from abandoned and restored peatlands, we want to 

understand how water moves through these ecosystems and how restoration affects this 

movement and subsequent DOC export. Lag time may provide some insight into the 

hydrological response to the peatland to precipitation events. One of the effects of 

restoration taken into consideration when drafting hypotheses was whether a layer of 

uncompressed peat could accumulate in ten years that would significantly affect water flow 

via changed (higher) hydraulic conductivity (Shantz & Price, 2006), and thus lag times. 

Hypothetically, it was rationalized that water would move transversely through the 
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restored site’s uncompressed peat faster than transversely through the abandoned site’s 

peat. Moreover, the expected higher hydraulic conductivity at the restored site, due to 

uncompressed peat (i.e. an acrotelm), would lead to more of the rainfall penetrating the 

restored peatland’s acrotelm, compared to the compressed peat at the abandoned peatland. 

The abandoned site would thus not have as much water infiltration and would quickly 

discharge precipitation into drainage ditches leading to shorter lag times compared to the 

restored site. Contrary to this hypothesis, in 2010 after extended periods of dryness the 

time from peak rainfall to peak discharge (i.e. lag-time) was shorter at the restored site, 

than at the abandoned site (Table 9, Julian day 267). This outcome may be due to the 

overall lower water table positions at the abandoned site (Figure 7) that left much more 

pore space available for rain to infiltrate. Indeed, longer lag times at the abandoned site 

following dry periods could certainly be due to precipitation recharging the deeper 

unsaturated zone at the abandoned peatland, and the water table drawdown after a long 

dry period is simply a more significant export control versus the expected peat 

compression at the abandoned site and the resultant low hydraulic conductivity. Contrary 

to shorter lag times at the restored site following dry spells, after rain, as both sites reach 

saturation, the lag time relationship reverses. After rainfall (i.e. antecedent wet conditions) 

the restored site has increasingly longer lag times (cf. Table 9, antecedent wet Julian day 

273 versus antecedent very wet Julian day 289). Similarly, in 2002 Waddington et al. 

(2008) reported that restoration had led to higher water tables, which resulted in higher 

discharge and shorter lag time at the restored site. This is the same pattern as 2010 when 

there are antecedent dry conditions at the restored site. Following up these results we 

found when rainfall followed antecedent wet conditions the situation was reversed with 

the abandoned site reaching peak discharge sooner than the restored site. I propose this 

difference could have stemmed from difference in peat properties between the restored 

and abandoned sites, namely that the accumulation of fresh organic matter at the restored 

site and the compressed peat at the abandoned site, the former impeding water discharge, 

and the latter discharging water quickly when wet, and storing water when dry.  

But the rationale of "impeding water discharge" goes further. As the sites become wetter, 

independent systems of stored water, such as the terraces of BDB separated by peat dikes, 
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could become connected. When stored water becomes connected the contributing area to 

the restored site's discharge increases. With a larger contributing area, the water being 

exported travels farther and thus takes longer to reach the outlet. This leads to longer lag 

times, which is what we observe when the restored site is wet, and these systems of water 

would be connected. Furthermore, these longer lag times during antecedent wet conditions 

(cf. Table 9) could increase contact time between the water and the soil likely increasing 

DOC concentrations, and picking up larger molecules that would be left from regular faster 

flow, this was observed to occur between Sept. 30 and Oct. 9th at both the restored and 

abandoned sites with changes in chemical properties (e.g. E2:E3) of exported DOC. This is 

further discussed below.  

4.3.1 E2:E3 

Previous research (Austnes et al., 2010) has reported an E2:E3 ratio that increases as the 

season progresses, the implication being that the DOC has decreasing molecular weight. 

Figure 15 displays the E2:E3 ratios recorded at BDB across the year April to October. 

Austnes et al. (2010) trend was observed in BDB with E2:E3 ratios following the 

cumulative precipitation, and not falling during the dry summer. 

 

Figure 10 and Figure 11 show E2:E3 during a large autumn storm event indicating that 

E2:E3 decreases with lower discharge i.e. increased molecular weight associated with 

longer lag times. However, as hydrological systems would be connected, as rationalized 

above, no change in molecular weight of DOC is detected (in antecedent wet vs. antecent 

dry conditions). Are E2:E3 levels under the influence of a biogeochemical control or a 

hydrological control? The non-detection of a change in E2:E3 with changing lag times could 

be due to the zone in which water moves as the site discharges. Table 9 shows increasing 

lag time with wet antecedent conditions at the restored site. As discussed above, this may 

result from an increase in contributing area as the site wets up. This suggests that the 

restored site during dry times may act as independent systems, and wetting links them 

together. Increasing lag times suggest a larger and larger portion of the restored site is 

contributing to storm discharge as the site becomes wetter and these independent systems 
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are connected. The E2:E3 measurement suggests that the restored site is exporting lighter, 

less aromatic molecules when discharge is high. This suggests an interaction between 

hydrologic and biogeochemical controls since as the site wets up, flow is through the near 

surface where fresh material is available due to growth of vegetation. The difference seen 

in export between the abandoned and restored site but not in in-situ could be that in-situ 

measurements average the entire soil column while export is more likely to mobilize the 

smaller, more labile molecules if they are available, and it is moving through the surface 

layers where smaller, more labile carbon is available.  

4.4 Chapter Summary 

Discharge has a negative relationship with DOC concentration. Regardless, DOC export 

increases with increasing discharge. Dry periods show increasing DOC concentrations and 

rainfall is followed by a fall in DOC concentrations. The restored site was calculated to 

export less DOC than the abandoned site. I propose that separate independent caches of 

water become connected as the site water table rises enough to hydrologically link them. 

Lag times compellingly suggest this is the case; however, chemical evidence was not found 

to support this, possibly due to the restored site lacking high molecular weight DOC that 

would be transported in slow moving water.  

 



59 
 

5 Conclusion  

5.1 Summary of Findings 

This study used measurements, gathered weekly, to model GEP and respiration for BDB. 

The model created has the abandoned site loosing 295.6 g C m-2 June to October. Over the 

same period the restored site lost carbon (113.1 g C m-2) yet this CO2 loss, compared to the 

abandoned site, is mitigated by restoration at this point in time, ten years hence. This 

source of CO2 at the restored site was unexpected as Waddington et al. (2010) determined 

that the site was a carbon sink only two years after restoration. This fits in with the 

narrative that ongoing changes in vegetation cover (viz. Eriophorum) may also play a role 

in shifting BDB from a net sink of carbon in 2002, to a net loss in 2010. As well the dry 

conditions in the growing season of 2010 may have masked further fixation of carbon that 

may be occurring in wet years. 

By examining chemical differences in the water samples from natural, restored, and 

abandoned sites I was able to examine hypotheses on the link between, productivity of 

vegetation and DOC concentration (not established by this study), as well as hexose 

concentrations on CO2 production (not established on short time scales by this study).  

DOC concentration drops as discharge increases; however, ultimately increasing discharge 

still exports more DOC. DOC concentration was seen to mimic rainfall cycles, dropping with 

rainfall and rising during dry periods. The restored site was calculated to export less DOC 

than the abandoned site. Chemical evidence suggests that the restored site may be separate 

independent caches of soil water until the site is wet enough to link theses systems 

together. This being the case lag times increase at the restored site as the site becomes 

more wet, and E2:E3 ratio decreases as additional labile carbon is mobilized from in-situ to 

the export weirs.  

Results in this study suggest there are ways in which the restored site is becoming 

naturalized. For instance, the pentose to hexose ratio, as a measure of uptake of 

metabolites to the soil vs. decomposition, is much more similar at the restored site to the 

natural peatland than the abandoned site. In other ways the restored site of this study does 

not appear to agree with previous work at the BDB site; Waddington et al., (2010) found 
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net carbon storage a few years after restoration treatment. In this study the restored site 

was releasing carbon. Eriophorum vaginatum is known to rapidly colonize after restoration 

(Lavoie et al., 2003), and BDB is no exception. Waddington et al. (2010) noted extensive 

Eriophorum vaginatum colonization at the site. Vegetation at each of the collars suggest it 

may be dying back (Appendix E) and this is what we observed in this study (Plate 2). 

However there was no correlation between percent coverage of Eriophorum vaginatum and 

GEP or NEE (R=-0.144, p=0.581; R=-0.0421, p=0.873, respectively).  

Also evaluating the restoration method, specifically digging pools and leaving ditches, the 

ditches lost less carbon than the average of non-aqueous collars but this loss may remain at 

these levels as long-term trends of restoration improve the carbon storage of the restored 

site. Therefore it is too early to definitively decide whether ditches and pools are of utility 

from a carbon storage perspective. 

5.2 Improvements and Future Research 

5.2.1 Snow water equivalents 

Unfortunately mother nature makes fools of us all, and despite my plans to be at BDB to 

capture snowmelt, the snow was entirely melted by my first days at the field. Regardless, 

based on previous research some ballpark figures can be calculated. Near 30% of the 

annual precipitation passes as snow melt. Even with the lowest of the annual DOC 

concentrations, snow melt discharge still accounted for 88.7% of the unrestored sites, and 

70.3% of the restored sites annual DOC export from Bois-de-Bel in 2001 (Waddington et al., 

2008). Snow melt alone accounted for 43.6 g C m-2, while at the restored site 8.3 g C m-2 

was exported by snow melt in 2001 (Waddington et al., 2008). In 2001 the amount of 

snowfall, was 150 mm (snow water equivalents; SWE) for the unrestored, and 137 mm 

SWE for the restored site in March, 2001 (Waddington et al., 2008). Snow on the ground 

March 24, 2010 was 67 cm (estimated as 67 mm SWE). Taking this into account to scale the 

discharge from the 2001 to 2010 levels for the abandoned site snowmelt DOC export could 

have been as high as 19.43 g C m-2 for the unrestored site, and 4.05 g C m-2 for the restored 

site. Further studies should include previous salt-dilution experiments, together with DOC 

sample collection for a more accurate estimate of DOC export during snowmelt.  
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5.2.2 Sugars and decomposition 

Throughout this study sugars have been used as a measure of decomposition. Another BDB 

research team (Macrae & Wells, unpublished) suggested decomposition rate of litter at the 

surface at the restored site had increased. To complement these conclusions piezometers 

(wells drawing water from a limited cross section of soil) could have been used more 

extensively on the site, and sugar chemistry could have been performed on specific depths 

in the soil profile to understand where decomposition was occurring. This was attempted, 

but unfortunately only two sets of samples were performed at each of the four depths (50 

cm, 75 cm, 100 cm, and 125 cm). Performing analytical chemistry on sugars in the field had 

unique limitations, and an improvement on this study would be using a well-equipped lab 

to measure sugars in more samples, and to install multiple piezometers at each site. Even 

with two samples we see a trend in sugars in the soil column (Table 10). The highest 

pentose to hexose ratio at the restored site (samples drawn from beside collar R6C, Figure 

1) were 45.90 at 50 cm below the surface, and this ratio trended downwards until reaching 

a low of 15.80 at 125 cm. Deep peat has a low hexose concentration suggesting low 

microbial activity, and a low pentose to hexose ratio here suggesting low levels of sugar 

infiltration below 100 cm. Further studies should install piezometer nests at many depths, 

and at both the restored site, and the abandoned site, so a comparison in decomposition 

rates can be made.  

5.2.3 Correcting E4:E6 field protocols. 

As mentioned previously E4:E6 measurements have been used extensively and correctly 

measuring E4:E6 (i.e. making measurements of E4:E6 at neutral pH) is critical for larger 

regional comparisons.  

5.2.3 Further research for DOC 

Future research is required on the relationship between DOC and environmental factors 

through laboratory studies. DOC fractionation, and phenolic molecule concentration 

experiments could be useful in determining the significance of chemical changes that occur 

as water moves through a peatland and could add a richer understanding to the processes 

that occur as extracted peatlands are becoming restored and naturalized. DOC sources 

could be studied with 13C enriching of plants (for litter and root exudates), and microbial 
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communities. No assessment has taken place regarding soil fauna and DOC production, and 

this also may be worthy of investigation.  

BDB also represents a subset of hydrological conditions. Future studies could investigate 

further the importance of local hydrological conditions in restoration efforts by measuring 

DOC dynamics at a range of restored peatlands.  
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6 Figures and Tables 

Table 1: Reported range of carbon dioxide flux and DOC export from peatlands. Notable is 

the amount of variance in natural peatlands. A summary of literature suggests that carbon 

dioxide storage ranges from -411 to 312 g CO2 m-2  y-1. Ovenden (1990) provides a 

narrower normal for Canadian peatlands of 8-30g C m-2  y-1 of storage. Similarly DOC 

export ranges broadly 1.1 - 43 g m-2  y-1. 

Peatland type and location  Reference   

Location g CO2 m-2 yr-1  Authors 
Raised bog (Canada)  -7 to -411  Roulet et al., 2007  
Raised bog (Canada) -85 to 67 Lafleur et al., 2001; Frolking 

et al., 2002 
Raised bog (Sweden)  -7 to -37  Waddington & Roulet, 2000  
Raised bog (Siberia)  -79 to 132  Arneth et al., 2002  
Open bog (Baltic Russia) -80 Alm et al., 1999 
Bog complex (Siberia) 48 Schulze et al., 2002 
Patterned blanket bog 
(Ireland)  

-179 to -223  Sottocornola & Kiely, 2005  

Sphagnum-sedge-pine fen 
(Finland)  

-359  Alm et al., 1997  

Subarctic peatland (Russia)   
  Wet hollow -62  Heikkinen et al., 2002  
  Intermediate hollow -158   
  Wet lawn -147   
  Intermediate lawn -110   
  Hummock  11   
Subarctic peatland (Finland)   
  Palsa top -19 to -53  Nykänen et al., 2003  
  Palsa margin  -62 to -154   
  Thermokarst wetland  -71 to -94   
Subarctic peatland (Alaska)   
  Palsa top 312  Wickland et al., 2006  
  Palsa margin  191   
  Thermokarst wetland  134   
Adapted from Strack et al. 2008 and Saarnio et al. 2007)  
 g DOC m-2 y-1   
Subarctic (Quebec) DOC 1.1-4.9 Moore, 1987 
Boreal Bog,(Quebec) DOC 1.3-4.8 Moore, 1988 
Wetland (RUS, NA, NZ) DOC 0.18-14.2 Hope, 1994 
Moors (EU) DOC 0.8-9.0  
Kettle Beg (MN, USA) DOC 0.9-4.3 Urban et al., 1989 
Upland Bog (Western 1.9  
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Ontario) DOC 
Bog (MS, USA) 8.6 McKnight et al., 1985 
Bog (Southeast Ontario) 14.3 Roulet et al., 2007 
BDB Cutover site 6.2-10.3  Waddington et al., 2008 
BDB Restored site 3.5-4.8  
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Figure 1: Site overview map. Ditches are spaced parallel every 30m. While the abandoned 

site has ditches that actively dry the site, the restored site has only artifact ditches that 

serve as habitat for bog species. The site is inclined to the east where the water discharges 

from both sites. Dikes have been built on the restored section to cache precipitation and 

snow melt.  
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Figure 2: The top panel shows the BDB complex ranging from east to west roughly 2km. 

On the eastern side is a undisturbed natural open bog, while on the far west side fields have 

been left abandoned for control study sites, with restored site adjacent to the abandoned 

site. The bottom panel shows the locations selected for collars at the natural site. 
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Table 2: Precipitation, 2010 compared to the 30-year climate average, with calculated 

percent difference between 2010 and 30-year average. July and August are abnormally dry, 

some 46% dryer and 89.5 percent dryer respectively, while September is abnormally wet 

at more than double the climate average precipitation. 
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May 63.1 89.6 -29.6 

Jun 88.2 87.1 1.3 
Jul 49.4 92.0 -46.3 
Aug 10.2 97.5 -89.5 
Sep 193.5 89.5 116.3 
Oct 94.6 80.7 17.2 
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Figure 3: NEE, Respiration, and GEP from data gathered at PAR > 1000 µmol m-2 s-1, 

statistical difference (ANOVA, P<0.05) denoted by difference in lettering. 
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Table 3: Number of collars at each site which have statistical correlations (Pearson's, 

P<0.05) to denoted environmental variables.  

R NEE Rtot GEP PAR soil WT Veg 
  

       NEE   12 14 11 8 7 5 
Rtot     6 2 12 13 11 
GEP       13 5 4 2 

        A NEE Rtot GEP PAR soil WT Veg 
  

       NEE   4 6 4 2 3 1 
Rtot     5 1 6 2 4 
GEP       6 3 1 4 

        N NEE Rtot GEP PAR soil WT Veg 
  

       NEE   5 8 8 0 1 0 
Rtot     6 0 6 8 2 
GEP       8 3 3 2 
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Figure 4: Seasonal modelled data for six collars presented over the hour of day. Collars are 

chosen to represent sites that show the range of variability among collars.  
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Figure 5: Seasonal modelled data for all collars (grouped by site) presented by month.  

 

 

 

Figure 6: Hours of sunlight over the months in Figure 5. Sunlight hours drop as summer 

ends and the autumnal equinox in September is passed.
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Table 4: Monthly calculated variation in CO2 flux components as a numerical complement to Figure 5.  

  
June SD July SD August SD September SD October SD 

Abandoned GEP -51.5 ±7.2 -47.2 ±5.2 -80.3 ±10.7 -49.4 ±7.9 -18.4 ±3.8 
  Resp 110.6 ±2.1 133.1 ±1.8 122.8 ±1.8 98.2 ±1.7 77.8 ±1.4 
  NEE 59.1   85.9   42.5   48.7   59.4   

Natural GEP -114.8 ±15.5 -136.5 ±16.0 -136.0 ±16.5 -86.0 ±13.8 -60.2 ±12.6 
  Resp 96.0 ±6.7 144.2 ±14.7 127.9 ±6.2 79.0 ±4.7 58.7 ±14.2 
  NEE -18.8   7.7   -8.1   -7.0   -1.5   

Restored site 
GEP -45.4 ±6.1 -53.9 ±6.3 -53.6 ±6.5 -34.2 ±5.5 -23.5 ±4.9 
Resp 60.0 ±1.9 94.7 ±2.6 88.6 ±2.6 51.4 ±2.0 29.2 ±4.5 

  NEE 14.7   40.8   35.0   17.2   5.7   
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Figure 7: Changes to water table depth below ground level (two sites) over the field 

season. Points show individual well measurements. The solid line shows the moving 

average as the season progresses as compared to a -40cm datum at each site.  
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Table 5: Chemistry and quality summary, Red text denotes a Kruskal-Wallis statistic (H), while black text denotes an ANOVA 

(F). Bolded text is to highlight statistical differences between pair wise comparisons.  

  
    Abandoned to      Restored to     Natural to 

  
Abandoned Restored   Restored   Natural   Natural   Abandoned 

  
Mean SD F or H p Mean SD F or H p Mean SD F or H p 

 
pH 6.05 1.101 0.218 0.641 5.95 1.055 25.11 <0.001 4.46 0.942 23.6 <0.001 

SUVA254 
mg C 
cm−1 0.0397 0.0319 11.913 <0.001 0.0876 0.0177 17.23 <0.001 0.0419 0.0148 0.538 0.463 

E2:E3 α:α 3.00 0.765 0.499 0.482 3.10 0.606 38.39 <0.001 4.09 0.282 28.7 <0.001 

E4:E6 α:α 5.60 2.139 0.473 0.493 5.38 0.97 2.868 0.094 6.04 2.422 0.4 0.528 

Hexose mg/L 4.84 6.305 2.885 0.045 2.98 1.237 0.987 0.324 2.61 0.23 1.35 0.252 

Pentose mg/L 101.1 77.078 2.967 0.089 175.56 220.941 0.0349 0.852 162.78 99.982 2.92 0.046 

P:Hex : 33.31 30.663 2.879 0.045 60.06 65.563 0.0001 0.99 60.31 33.612 3.41 0.021 

DOC  mg/L 59.57 25.491 4.219 0.043 66.84 9.695 72.293 <0.001 44.09 7.543 5.28 0.026 
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Figure 8: DOC to absorbance regression [              (          )          

                  ], r2=0.9262, for water drawn from the site export points for both 

abandoned and restored site discharge. 

 

Figure 9: DOC to absorbance regression [             (          )          

                    , r2= 0.926, for water drawn from wells.   
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Table 6: Sorting collars for linear regressions of GEP to DOC concentration, with ANOVA 

performed on regression vs. measured values showing no significance between GEP and 

DOC with any group of collars examined. 

  r2 F p 

All collars 0.002 0.199 0.656 

Abandoned 0.160 3.992 0.059 

Forb 0.602 1.513 0.435 

Shrub 0.327 2.919 0.138 

Bare peat 0.122 0.697 0.442 

Treed peat 0.073 0.236 0.661 

Natural 0.006 0.079 0.784 

     Hollow 0.035 0.329 0.580 

     Hummock 0.562 2.564 0.250 

Restored 0.002 0.098 0.755 

Hollows 0.000 0.009 0.926 

Hummocks 0.020 0.582 0.452 

 

 

 

Table 7: Calculated discharge from the abandoned site and restored site according to 

Verhoff's equation (Equation 9).  

  
Abandoned Restored 

Rain Export            
(g C m-2) 

2001 6.2 3.5 

2010 9.4 0.9 

Total Export          
(g C m-2) 

2001 49.8 7.6 

2010 28.8 5.0 
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Table 8: Chemical properties of export DOC. Export properties were significantly different 

between the restored site and abandoned sites for pH, E2:E3, Hexose, Pentose, Pentose to 

Hexose,  and DOC concentrations. 

 
Abandoned Export Restored Export ANOVA   

 
Mean SD Mean SD F p 

pH 5.94 0.59 6.18 0.42 5.427 0.022 

E2:E3 2.31 0.68 2.80 0.91 9.745 0.002 

SUVA 0.0258 0.0204 0.0290 0.0203 0.636 0.427 

E4:E6 6.87 1.40 6.36 1.50 3.187 0.077 

Hexose (mg/L) 2.7 0.3 3.1 1.0   0.011 

Pentose (mg/L) 86.7 48.9 159.1 20.0 99.311 <0.001 

Pen:Hex 31.5 15.5 49.1 11.5 43.476 <0.001 

DOC (mg C/L) 100.62 15.21 86.32 20.92 15.801 <0.001 
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Figure 10: Restored site discharge with panels for DOC concentration, E2:E3, SUVA, and 

pH. Numbers in the two top panels show the position of 5 recorded storm events recorded.  
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Figure 11: Abandoned site discharge with panels for DOC concentration, E2:E3, SUVA, and 

pH. Numbers in the two top panels show the position of 5 recorded storm events recorded.  
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Figure 12: A large storm event's effect on DOC export at the restored site, shown here as 

cumulative  export of DOC (as a percent of the total during this storm system) , corrected 

for changing DOC concentration.  
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Figure 13: DOC concentration from export waters compared to rainfall. Rainfall 

represented across the season masks relative volume, and impact, of a storm event. By 

showing as cumulative rainfall large events can be easily distinguished from medium or 

small events with short but intense rainfall.   
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Figure 14: The percentage of DOC that is exported during times of high discharge (as a 

cumulative percentage of 14-days of discharge) relative to the DOC exported during lower 

flow periods during a 14-day storm system at the restored site. This chart shows that high 

flow periods denoted as the amount of flow occurring only 5% of the time exports 15% of 

the DOC, and that 50% of the total export occurs in the top 26% discharge amounts.  

 

Table 9: Storm flow lag from the abandoned and restored sites.  

Date/ 
Precipitation Site 

Lag time 
to peak 
discharge 
(hrs) 

Difference 
(minutes) 

267 A 17.08   

45.97mm R 14.09 -179.4 

271 A 27.99   

43.94mm R 27.90 -5.4 

273 A 19.36   

53.09mm R 19.63 16.2 

280 A 20.77   

36.32mm R 21.29 30.9 

289 A 16.27   

26.92mm R 17.37 66.0 
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Figure 15: Changing E2:E3 seasonally at an abandoned and restored, excavated peatland 

shown with cumulative recorded precipitation.  

 

 

Table 10: Sugars and sugar ratios from specified depths of soil at the restored site.  

 
Hexose 
mg/L 

Pentose 
mg/L 

Pentose 
to Hexose   

50cm 5.34 122.67 45.90 
75cm 6.46 106.55 36.49 
100cm 5.54 105.22 39.43 
125cm 4.99 39.49 15.80 
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Plate 2: BDB field 1: Eriphorium vaginatum (centre arrow) dying back after its vigourous 

colonization of the site early after restoration. Polytrichum sp., a pre-Sphagnum spp. 

colonizer, grows from the dying Eriophorum. 
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Appendix A: 

 

  
Water Table 

(cm) 
Temperature 

(°C) 
Vegetation 

Biomass 
Site Max Min Max Min Max Min 
C10A -24.1 -58.0 23.40 5.20 44.93 12.22 
C10B -33.1 -59.5 25.80 3.90 9.47 1.10 
C10C -30.2 -71.0 23.10 3.30 34.44 14.59 
C11A -45.2 -65.5 26.70 2.00 33.42 10.95 
C11B -25.6 -59.5 28.90 3.50 6.27 0.52 
C11C -41.6 -57.0 26.30 2.20 3.87 0.13 
D2.5 19.8 -30.0 25.10 7.40 12.09 4.69 
D5.5 9.9 -40.1 24.50 4.40 39.14 12.67 
D6.5 19.0 -63.8 23.70 4.50 19.45 0.89 
M14 -11.0 -44.7 24.00 14.10 12.26 4.66 
M23 12.0 -22.0 31.70 15.10 12.26 4.66 
M48 21.0 -16.0 26.30 9.40 12.26 4.66 
N10A -11.4 -28.0 22.30 10.60 48.16 44.05 
N10B -11.4 -35.4 25.80 11.40 48.16 44.05 
N4A 3.5 -18.4 20.40 4.50 38.14 12.40 
N4B -7.0 -19.5 22.90 9.20 7.02 3.61 
N8A -2.6 -20.3 24.20 5.70 31.11 12.49 
N8B -16.9 -20.9 19.00 1.80 16.86 9.54 
NSA -3.2 -41.0 18.10 6.40 7.25 1.98 
NSB -10.8 -59.0 22.20 5.60 7.25 1.98 
R1 -7.4 -44.0 25.10 1.30 15.39 4.98 
R2A 18.7 -33.3 23.90 2.50 35.47 11.24 
R2B -4.6 -46.6 25.60 3.40 34.02 4.93 
R3 -3.0 -62.4 23.30 6.20 9.48 3.66 
R4A -1.8 -68.9 22.80 1.00 46.91 7.00 
R4B -1.4 -37.5 21.80 2.30 31.59 9.89 
R5 -6.0 -47.0 23.90 4.60 23.37 12.21 
R6A 0.9 -50.0 22.30 4.80 16.75 10.60 
R6B 0.9 -55.4 27.10 6.20 42.96 12.13 
R6C -6.3 -53.0 26.10 4.00 26.07 5.88 
R7B -2.8 -49.0 24.00 2.00 24.02 15.66 
R7C -6.4 -54.0 20.30 6.10 21.94 2.21 
R8A -9.6 -71.1 20.70 4.60 33.68 12.19 
R8B 5.9 -52.4 24.30 5.50 18.68 2.15 
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Appendix C  

Comparing the three sites based on the environmental variables of: Biomass, Soil 
temperature at 5cm depth, and Water table depth below ground level. 

Biomass Min Mean SD Max 
Abandoned 0.1 15.3 11.8 44.8 
Restored 2.2 16.9 8.7 46.9 
Natural 2.0 17.5 14.9 48.2 

     Temperature Min Mean SD Max 
Abandoned 2.7 14.6 7.2 28.1 
Restored 1.6 13.8 6.5 36.4 
Natural 0.4 14.1 5.6 23.8 

     Water Table Min Mean SD Max 
Abandoned -71.0 -46.9 9.6 -24.1 
Restored -75.2 -26.7 18.1 18.7 
Natural -59.0 -16.7 12.0 3.5 
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Appendix D 

R NEE Rtot GEP air soil PAR JD Veg 
WT -0.294 -0.463 0.0734 -0.531 -0.475 -0.18 0.447 -0.15 

  
2.71E-

14 
6.27E-

35 0.0651 
6.08E-

48 
4.79E-

37 
4.44E-

06 
8.47E-

33 0.000138 
  642 633 633 642 636 642 642 642 
  

        NEE   0.494 0.67 0.21 0.245 -0.489 -0.0745 0.194 

  
 

7.78E-
44 

1.75E-
91 

1.59E-
08 

4.75E-
11 

7.09E-
44 0.0473 1.99E-07 

    692 692 709 699 709 709 709 
  

        Rtot     -0.314 0.544 0.503 0.0871 -0.3 0.311 

  
  

2.6E-17 
1.15E-

54 
3.79E-

45 0.0218 
7.57E-

16 5.48E-17 
      692 692 683 693 693 693 
  

        GEP       -0.233 -0.159 -0.61 0.172 -0.0588 

  
   

5.22E-
10 

3.13E-
05 

1.27E-
71 

5.68E-
06 0.122 

        692 682 692 692 692 
  

        air         0.745 0.383 -0.475 0.263 

  
    

1.4E-
124 

3.25E-
26 

4.14E-
41 1.09E-12 

          699 709 709 709 
  

        soil           0.189 -0.365 0.303 

  
     

4.84E-
07 

1.87E-
23 2.52E-16 

            700 700 700 
  

        PAR             -0.217 0.00505 

  
      

5.31E-
09 0.893 

              711 711 
  

        JD               0.081 
  

       
0.0308 

                711 
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         N NEE Rtot GEP air soil PAR JD Veg 
WT -0.11 -0.347 0.295 -0.398 -0.606 0.0836 -0.227 -0.182 

  0.157 
4.01E-

06 0.000106 
9.12E-

08 2.12E-17 0.281 0.00312 0.0179 
  168 168 168 168 160 168 168 168 
  

        NEE   0.502 0.305 0.249 0.253 -0.483 -0.138 0.266 

  
 

3.29E-
16 2.19E-06 0.00013 0.000127 5.85E-15 0.036 0.000041 

    232 232 232 224 232 232 232 
  

        Rtot     -0.671 0.59 0.453 0.0801 -0.214 0.55 

  
  

1.17E-31 
3.91E-

23 9.58E-13 0.224 0.00103 9.02E-20 
      232 232 224 232 232 232 
  

        GEP       -0.436 -0.285 -0.502 0.118 -0.378 

  
   

3.38E-
12 1.45E-05 3.04E-16 0.0737 2.72E-09 

        232 224 232 232 232 
  

        air         0.613 0.268 -0.369 0.286 

  
    

1.69E-24 0.000036 
6.94E-

09 9.94E-06 
          224 232 232 232 
  

        soil           -0.095 0.0034 0.478 
  

     
0.156 0.96 3.46E-14 

            224 224 224 
  

        PAR             -0.189 -0.0317 
  

      
0.00244 0.613 

              256 256 
  

        JD               0.133 
  

       
0.0329 

                256 
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         C NEE Rtot GEP air soil PAR JD Veg 
WT 0.112 0.0257 0.073 -0.0577 -0.0674 -0.0977 0.00612 -0.00776 
  0.0571 0.67 0.225 0.327 0.277 0.0969 0.917 0.895 
  290 278 278 290 262 290 290 290 
  

        NEE   0.486 0.498 0.0699 0.155 -0.316 0.0439 -0.0956 

  
 

2.4E-18 
2.43E-

19 0.225 0.0101 
1.84E-

08 0.445 0.0963 
    286 286 304 276 304 304 304 
  

        Rtot     -0.516 0.208 0.309 0.0544 -0.0849 0.15 

  
  

7.5E-21 0.000394 
3.95E-

07 0.359 0.152 0.0111 
      286 286 258 286 286 286 
  

        GEP       -0.142 -0.171 -0.358 0.0915 -0.254 

  
   

0.0159 0.00575 
4.44E-

10 0.123 0.000014 
        286 258 286 286 286 
  

        air         0.835 0.389 -0.572 0.0664 

  
    

5.8E-73 
1.89E-

12 
8.81E-

28 0.249 
          276 304 304 304 
  

        soil           0.163 -0.608 0.111 

  
     

0.00668 
2.44E-

29 0.0659 
            276 276 276 
  

        PAR             -0.228 -0.0613 

  
      

5.87E-
05 0.286 

              304 304 
  

        JD               0.019 
  

       
0.742 

                304 
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Appendix E 
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W
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B
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B
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 p
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C
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 c

a
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C
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 l
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C
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 o
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sp
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a

 

C
a

re
x

 t
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sp
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C
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d
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p
h
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e
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a

li
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D
ro
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 r
o
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n

d
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o
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a
 

E
m

p
e

tr
u

m
 n

ig
ru

m
 

E
q

u
is

e
tu

m
 a
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e

n
se

 

E
ri

o
p

h
o

ru
m

 v
a

g
in

a
tu

m
 

E
ri

o
p

h
o
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m

 
a

n
g

u
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o
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m
 

H
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u
m

 p
ra
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n

se
 

Ju
n

cu
s 

e
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u
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s 

K
a

lm
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 a
n

g
u

st
if

o
li

a
 

K
a

lm
ia
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o

li
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li
a

 

L
a

ri
x

 l
a

ri
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n
a

 

L
e

d
u

m
 g
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e

n
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n
d

ic
u

m
 

M
a

ia
n

th
e

m
u

m
 t

ri
fo

li
a

 

M
y

li
a

 a
n

o
m

a
la

 

O
n

o
cl

e
a

 s
e

n
si

b
il

is
 

P
ic

e
a

 m
a

ri
a

n
a

 

P
o

h
li

a
 n

u
te

n
s 

C10A 98   
 

  1                   12     2                     

C10B 45   
 

                      2               1           

C10C 17   
 

                                    1         15   

C11A 65   
 

                                                  

C11B 6   
 

                      4                           

C11C 6   
 

                                      3           

D2.5 35   
 

        5       3                                 

D5.5 75   
 

        1                                         

D6.5 60   
 

        5                                         

M14 90 10 
 

        1   1                                     

M23 25 75 
 

                                                  

M48 80 20 
 

          3                                       

N10A 100   
 

                1 1                   1 7 3   85   

N10B 100   
 

                  1             3       2     80   

N4A 100   
 

                1 1     1           2 1 1 2   3 1 

N4B 100   
 

                1 1     2             2 4 17       

N8A 100   
 

                2 1     3           5 3 2 1       

N8B 100   
 

                1 1 1   9       25   8 1 1 1   1   

NSA 100   
 

                1               3       12     5   

NSB 100   
 

              1                 2       10         

R1 95   
 

5               10 1                 1 3           

R2B 85   
 

5             1 1 1     10       1   1 2   1   8 1 

R2A 80   
 

20       3         1     30                       1 

R3 100   
 

                1 1     1             1           

R4A 99   
 

25               1 1     15       1     5   1       
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R4B 100   
 

2               6       1         3   12       5   

R5 100   
 

2               2       2 1     1     6   1     1 

R6A 99   
 

                1 1 7   4       1     7   1       

R6B 95   
 

        2     15 1 1     1     2   2   5           

R6C 97   
 

                  1     5         2           1   

R8A 95   
 

    6           1 1     3           1 6         1 

R7B 80   
 

      2         1 1     4       1                 

R7C 99   
 

                1 1     5             1           

R8B 82   
 

              3 3 2     3                   1     

 


