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ABSTRACT

The impact of grassland restoration on amounts and forms of soil organic carbon

(SOC) were examined using soil cores from paired cultivated and restored grassland

catenae in the Missouri Coteau region of south-central Saskatchewan. Total SOC

(0-15 em depth) and light fraction organic carbon (LFOC) (0-7.5 em) contents were

determined in paired catenae in upland areas and in the surface (0-15cm) and at depth

(> 15cm) in the wetland fringe areas.

Soil organic carbon amounts were typically higher in the restored grassland catenae

than in the cultivated equivalents, indicating that a switch to permanent cover on these

soils will increase carbon sequestered in the soil. Shoulder positions showed the highest

responses, with a 1.4-2.9 Mg ha-l yr' SOC increase over an approximately eight-year

period observed at the three study sites. There was also an increase in the mass of LFOC

and in the proportion of SOC comprised of LFOC associated with grassland restoration,

reflective of higher recent C inputs in the grassland restoration.

Once established, grasslands may be subjected to various managements such as fall

burning of wetland fringe areas followed by cultivation in the spring. Under controlled

environmental conditions, undisturbed soil cores collected from the wetland fringes

revealed that over five weeks, the production of carbon dioxide, nitrous oxide and

methane was reduced by 32.5 to 1163.7 g m", 0 to 247.6 g m", and 0 to 11.8 g m",

respectively by the imposition of simulated burning and cultivation treatments.

Possible alterations in microbial processes and/or microbial community structure as

well as changes in root respiration may have occurred following the burning and

cultivation, resulting in decreased gas production over the short-term. Imposition of
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saturated conditions to simulate spring flooding of the wetland fringe resulted in a

decrease in carbon dioxide and nitrous oxide fluxes for most sites. Soil nitrate fluxes

decreased with flooding, suggesting that lack of nitrate may eventually become the

limiting factor for the denitrification process.
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CHAPTER 1. INTRODUCTION

It is important to understand the impact that a change in land use and agricultural

practice can have on carbon storage and greenhouse gas production. For example, it is

known that the conversion ofnatural prairie to cultivation results in a decrease in soil

organic carbon concentrations due to losses from enhanced decomposition of soil

organic carbon and erosion, as well as a reduction in carbon inputs. A reduction in soil

organic carbon and decrease in observed productivity is one consequence of intensive

tillage and erosion on many steeply sloping fields in Saskatchewan. Due to decreasing

economic returns from annual cropping and greater demand for grazing and forage

lands, many producers are looking at restoring permanent grassland cover on marginal,

steeply sloping fields.

Permanent grassland cover acts to reduce or eliminate erosion while providing large

inputs of carbon to the soil through the roots. As a consequence, soil organic carbon

may be sequestered. Increases in soil organic carbon also enhance soil quality, resulting

in a more productive system.

The steeply sloping landscapes in the agricultural region of Saskatchewan can be sub

divided into two regions 1) uplands where water run-off occurs and 2) wetlands where

water accumulates. The wetland fringe is the boundary between the uplands and the

wetlands that either through runoff or groundwater discharge, may be saturated for part

of the year. Because of the high moisture conditions and vegetative growth in theses
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areas, soil organic inputs through deep roots and root exudates may add a significant

amount of SOC at depth.

An important consideration in grassland restoration and its environmental impact is

the influence of restored grassland management on greenhouse gas production. This is

particularly true in the wetland fringe where moisture contents fluctuate. Wetland

fringes in cultivated landscapes are often burned in the fall and tilled by producers in

preparation for seeding the following spring. Burning allows tillage and seeding

equipment to more easily pass through the soil by eliminating the dense vegetation in the

wetlands and at the fringe. Following cultivation, snowmelt, spring rains and intense

rainfall events during the summer can cause the wetland fringe areas to become

temporarily flooded, altering the aeration and redox potential; thereby having a

significant impact on fluxes of greenhouse gases like carbon dioxide, nitrous oxide and

methane.

Recent research has indicated that grassland restoration usually results in an increase

in SOC (Mensah et aI., 2003; Paustian et aI., 1998; Reeder et aI., 1998). In the Black

and Gray soil zones of east-central Saskatchewan, grassland restoration was reported to

result in the sequestration of 0.6 to 1.2 Mg C ha-1 yr' in the top 15 cm of soil over a

period of approximately ten years. However, information is lacking on the influence of

grassland restoration on soil carbon sequestration in the Brown and Dark Brown soil

climatic zones of Saskatchewan. A large area ofmarginal, steeply sloping lands

currently undergoing grassland restoration is located in the Missouri Coteau region in

south-central Saskatchewan. It is postulated that despite drier conditions experienced in

this area, restoration of grasses in the Missouri Coteau region will result in significant
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increases in SOC in both uplands and wetland fringes. In part, this reflects the fact that

cultivated soils in this area are often very low in organic matter due to long-term cereal

fallow rotations and intensive erosion (Pennock et aI., 1994). Carbon sequestration at

depth in wetland fringes has not been previously studied in any region in Saskatchewan.

Burning and cultivation of grassland is known to result in changes in soil nutrients

and soil organic matter (DeBano et aI., 1998), but there is only limited information on

the impacts of these practices on the evolution of carbon dioxide, nitrous oxide and

methane. Alterations in soil nutrient status and other soil factors related to burning and

cultivation may influence the flux of these gases. Changes in soil conditions associated

with flooding may also influence greenhouse gas production.

The research described in this thesis addresses some of the gaps in grassland

restoration research identified previously. The first objective of this study was to

determine differences in soil carbon amounts and forms associated with the conversion

of cultivated land to grassland. This included an examination of differences in soil

organic carbon in the surface (0-15 em) of three paired cultivated versus restored

grassland catenas in the Missouri Coteau region of south-central Saskatchewan, as well

as differences in carbon at depth (below 15 em) in the wetland fringe of catenas in both

the Missouri Coteau and three sites in east-central Saskatchewan (Mensah et aI., 2003).

The second objective of the research project was to examine the flux of greenhouse

gases (C02, N20 and C�) from these restored wetland fringes under controlled

environmental conditions as affected by simulated burning, cultivation and flooding of

soil cores taken from these areas.
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CHAPTER 2. SOIL CARBON CHANGES AS INFLUENCED BY GRASS

COVER RESTORATION

2.1 Introduction

Since the beginning of the industrial age, carbon dioxide (C02) emissions have

increased greatly resulting in the current atmospheric concentration of C02 of

approximately 350 ppmv (Bunce, 1994). In response to this increase, the Kyoto protocol

was signed in December 1997 with the hopes of reducing the CO2 emissions of

industrialized countries to levels below those in 1990. Canada's goal is to achieve

emissions of greenhouse gases including C02, which are 6% lower than those in 1990

(Bruce et aI., 1999). To accomplish this goal, it is essential that we develop a more

complete understanding of the various sources and sinks of C02 in Canada.

The amount of carbon found in any terrestrial pool is related to the balance between

inputs and outputs over time. Each year an additional 8 Gt C is added to the

atmosphere through anthropogenic activities. Of this 8 Gt, 6.3 is caused by the burning

of fossil fuels and 1.7 Ot from altering land uses, i.e. burning of forests and agriculture

(Meeting et aI., 1998).

Holding 38000 Ot ofC, the oceans are the largest storage medium for C.

Recoverable fossil fuels contain 4000 Gt C, but due to continual removal and burning

this pool is also the main source of C02. More than 2000 Gt of C is stored in the
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terrestrial ecosystem with 1550 Gt found in soils and 450 Gt in biota. The atmosphere,

continually cycling carbon in and out of the oceanic and terrestrial system, is estimated

to hold approximately 748 Gt (Meeting et aI., 1998; Lal et aI., 1995a).

The main sink for atmospheric C02 in terrestrial systems is vegetation. On a global

scale, photosynthesis fixes 120 Gt C yr" (Meeting et aI., 1998). Over halfof the fixed C

is stored in below ground root systems and in soil organic matter (Oades, 1984). Soils

hold approximately 2.1 times as much C as the atmosphere. Soil inorganic carbon,

found mainly as carbonates is estimated to be 12% larger than the soil organic carbon

(SOC) (Meeting et aI., 1998; Schlesinger, 1997).

The reversion of cropped agricultural land to grassland usually results in an increase

in soil carbon (Paustian et aI., 1997, 1998; Jenkinson 1971). Areas identified as having

the greatest potential for carbon sequestration in Canada are Chernozemic soils with low

soil organic carbon contents, such as those found on the Missouri Coteau (Dumanski et

aI., 1998; Izaurralde et aI., 1998). The Missouri Coteau is a steeply sloping glacial till

deposit found in southern Saskatchewan. Cultivation and fallow practices along the

steeply sloping hills have resulted in significant erosion and SOC losses. Restoration of

these areas may restore SOC as a result of the elimination of tillage and erosion and the

increase in below ground C inputs from the grass. The objective of this study was to

determine differences in soil carbon amounts and forms associated with the conversion

of cultivated land to grassland. This included an examination of differences in surface

(0-15 em) soil organic carbon in three paired cultivated versus restored grassland catenas

in the Missouri Coteau region in south-central Saskatchewan, as well as differences in

carbon at depth (below 15 em) in the wetland fringe of catenae in both the Missouri
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Coteau and three sites in east-central Saskatchewan used in the study by Mensah et al.

(2003).

2.2 Literature Review

2.2.1 Soil Carbon Forms

Plant residues are comprised ofvarious carbon containing constituents, some of

which are easier to break down than others. Jenkinson (1971) found that a year after

residue addition, only one-third of the organic C remains. This value decreased to one

fifth after five years. The stability of the organic matter derived from plant residues in

the soil is dependant upon the physical and chemical characteristics of the material,

along with microbial and environmental conditions experienced during decomposition

(Jenkinson, 1971).

2.2.1.1 Labile (active) pool

The labile or active pool of soil carbon is composed of readily oxidizable

compounds derived from fresh plant materials that are easily decomposed by the

microbial population (Meeting et aI., 1998; Schlesinger, 1997). The accumulation and

release of carbon from the labile pool is seasonally dependant and controlled by factors

such as moisture, temperature, placement ofresidues and the quantity and quality of

residues (Meeting et al., 1998; Eswaran et aI., 1995; Franzluebbers et aI., 1995).

Microorganisms utilizing the substrates for energy and as a carbon source drive the

decomposition processes. Availability ofnitrogen and other plant nutrients in

substrates and the soil also will affect the rates at which these residues are decomposed,
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because these nutrients are required for microbial metabolism as well. Because of its

transient nature and short residence time, the labile pool is often concentrated within the

top 20 em of the soil (Meeting et aI., 1998; Eswaran et aI., 1995).

2.2.1.2 Lightfraction organic carbon

A sub-portion of the labile pool of soil organic carbon is light fraction organic carbon

(LFOC). Defined as the portion of organic matter comprised of recently deposited

residues and older inert plant material, the LFOC is less than 2 mm in size and can be

separated from soil by floating in a specific density solution (Six et aI., 1998; Gregorich

and Ellert, 1993). The chemical composition of the LFOC is determined by vegetation

type, nature, and extent of the decompositional processes occurring in the soil.

Management practices directly influence the amount of LFOC in the soil. Because

LFOC is a measure of recent residue inputs, practices such as fallow that have

significantly lower residue inputs result in less LFOC. The light fraction organic matter

(LFOM) typically accounts for 0.1 to 3% of the total weight of cultivated soils, whereas

in grasslands with continual carbon inputs, LFOM can account for 3 to 10% of the total

soil weight (Gregorich and Ellert, 1993). In the Dark Brown soil zone, the 0-5 cm layer

of a cultivated soil was reported to have had 70% less LFOM than equivalent grassland

soils (Malhi et aI., submitted for publication) and a lower proportion of total SOC

comprised ofLFOC. Malhi et aI. (submitted for publication) reported that a 60 year old

restored grassland contained 27.6% of SOC as LFOC while the cultivated equivalent

only had 9.7% of SOC as LFOC.
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Due to the less recalcitrant nature of the light fraction, the LFOC has a faster

mineralization and turnover time than whole soil carbon (Carter et aI., 1998; Alvarez et

aI., 1998; Gregorich and Janzen, 1996). Factors that favor decomposition such as higher

moisture and temperature will result in lower amounts ofLFOC (Campbell et aI., 1999).

The faster turnover time makes the light fraction organic matter a sensitive measure of

short-term changes in soil organic matter (Gregorich et aI., 1994).

2.2.1.3 Intermediatepools

The intermediate pools of organic matter are defined based on their associations with

the mineral fraction as aggregates. The slowly oxidizable pool consists of SOC that is

associated with soil macroaggregates (greater than 2 mm in size). Physical factors such

as texture as well as management practices such as tillage and crop rotation will

influence the formation and stability ofmacroaggregates and therefore control the size of

the slowly oxidizable pool (Meeting et aI., 1998; Eswaran et aI., 1995).

The very slowly oxidizable pool consists of the organic matter associated with

microaggregates (less than 2 mm in size) and is affected by aggregate water stability.

Agronomic factors are believed to have limited effect on this pool (Meeting et aI., 1998;

Eswaran et aI., 1995).

2.2.1.4 Passive (recalcitrant) pool

The recalcitrant pool of organic matter is composed ofhumic materials often

complexed with clay minerals to form highly stable complexes (Schlesinger, 1997).

Humic materials are the collection of stabilized and recalcitrant forms of organic matter.

Some organic matter is inherently recalcitrant (Johnson, 1995). As well, biological
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inhibitors such as phenols act to prevent decomposition by inhibiting the microbial

community, thereby preventing decomposition. Another source of recalcitrant material

can be encrustment oforganic matter by lignin (Oades, 1984). The final source of

recalcitrant material is the adsorption oforganic matter on mineral surfaces or chelated

with metal cations (Schlesinger 1997; Johnson, 1995). Therefore, clay mineralogy and

plant compounds are important factors in controlling this pool (Meeting et aI., 1998) and

organic matter can remain in this pool for centuries (Meeting et aI., 1998).

2.2.2 Entry of Carbon into Soil Carbon Pools

Soil organic carbon levels represent an equilibrium between inputs resulting from

photosynthesis and plant residue addition and outputs resulting from soil respiration and

erosion (Huggins et al., 1998b). Productivity of grasses is strongly related to

precipitation and moisture (Huggins et aI., 1998a; Sala et aI., 1988). The amount of

above and below ground biomass and associated soil carbon inputs generally increases

with greater amounts of growing season precipitation (Huggins et aI., 1998a). It is the

balance between increased inputs and decomposition rates that control the net amount of

organic matter exiting the soil (Paustian et aI., 1995).

Plant residues are immediately subjected to decomposition processes. According

to Baldock et al. (1992) there are three stages of decomposition. The first is degradation

of carbohydrates and protein structures associated with the labile pool. The next stage is

the loss of aromatic carbons such as lignin and intermediate carbon sources. The final

stage is the decomposition of alkyl carbon structures, the most recalcitrant form of

carbon. The speed at which this occurs is dependant upon soil properties that directly
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influence microbial activity. Other factors such as temperature, moisture, aeration, pH,

parent material, and anthropogenic practices all significantly control the function of

these microbial communities (Greenland, 1995).

2.2.3 Factors Affecting Soil Carbon

2.2.3.1 Climatic conditions

Decomposition as a microbially mediated process is influenced by climatic factors

that directly affect the microorganisms. Microbial activity has been found to increase

exponentially with increasing temperature (Schlesinger, 1997), with maximum bacterial

activity occurring between 20°C and 40 °C (Brady, 1990).

Moisture content of the soil also plays an important role as it influences the water

available for microbial processes as well as aeration of the soil. Optimum moisture

potentials for bacteria range from -10 to -100 kPa. Under saturated conditions,

microbial communities consisting of facultative aerobic and anaerobic microorganisms

dominate (Brady, 1990) and slow decomposition, leaves plant residues largely intact

such as in fens and bogs. When the soils are drained, decomposition will begin

(Eswaran et aI., 1995).

2.2.3.2 Soilproperties

Texture

Texture plays an important role in the ability of the system to bind and hold nutrients

and organic matter. Clay binds organic matter by creating cation bridges with

polyvalent cations such as Ca, Mg, AI, and Fe (Oades, 1984). Soils with high clay
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content also have larger concentrations of fine pores that can physically protect labile

carbon from decomposition (Huggins et aI., 1998a; Hassink et al., 1993). In soils with

low clay contents, the physical protection oforganic matter is dependant upon

continuous inputs of carbon into the system. It is this carbon that provides the binding

agents which stabilize the macroaggregates (Huggins et aI., 1998a; Dalal and Bridge,

1996). This relationship between clays and percent carbon has sometimes been

described as a direct linear relationship (Korschens, 1998).

pH

The pH directly influences the diversity ofmicrobial communities. Acidic soils have

a slower rate of decomposition than more neutral soils (Greenland, 1995). At pH values

less than 5, organic matter can form complexes with available Al 3+ and Fe3+ making it

unavailable for decomposition (Johnson, 1995). The proportion ofbacteria or fungi in

the soil is also influenced by the pH of the soil. Generally, fungi survive at much lower

pH values than bacteria (Brady, 1990).

Aggregation

Aggregates protect soil organic matter from microbial breakdown by isolating and

physically protecting SOM from microorganisms (Martens, 2000; Beare et aI., 1994;

Gregorich et aI., 1989; Gupta and Germida, 1989; Elliott 1986).

The type of plant species may also play an important role in the formation of

aggregates. Martens (2000) found that aggregate stability is related to the metabolism of

carbohydrates and the interactions ofplant produced phenolic acids with

microorganisms in the rhizosphere.
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Although plants contain many of the same compounds such as cellulose, starches,

proteins, lipids, hemicellullose, and polyphenols (Martens, 2000), they vary in the

proportion each contains and contributes. Species with higher amounts of carbohydrates

and amino acid residues will decompose more quickly than those with higher

percentages ofmore recalcitrant compounds.

Topography

The nature of glacial deposition ofparent material plays an important role in the type

of topography found in the Canadian prairies. In tum, topography greatly controls the

distribution ofwater, sediment and nutrients. Footslope positions receive more water

than upper slope positions, thus more organic matter is expected to be returned to the

soil (Gregorich and Anderson, 1985).

Transport of sediment also plays an important role in the retention of carbon.

Organic matter is transported from higher slope positions and deposited at lower slopes

(Malo et aI., 1974). Shoulder positions are regions in the landscape where erosional

activity is greatest and has concentrated coarse material because of the removal of finer

silts and clays to footslope positions (Malo et aI., 1974). Therefore, because ofhigher

clay content in the footslope positions and movement of organic matter and nutrients by

erosion, it is expected that higher amounts of carbon will be found there. Pennock et aI.

(1994) found that initially after cultivation, disruption ofnative root masses and rapid

mineralization caused the footslope positions to experience higher losses of SOC than

did upper slope positions. However, after 12 years, deposition of soil occurs due to

water and tillage erosion from upslope areas.
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The influence of topography is reflected in the depth of the A horizon found in the

landscape. In native and cultivated toposequences, the thinnest A horizons occur in the

shoulder areas (Gregorich and Anderson, 1985). Cultivation on shoulder positions

results in a consistent loss in SOC. Erosion of the surface horizon results in parent

material being mixed with material from the A horizon causing a dilution effect in SOC

(Pennock et aI, 1994). After 89 years of cultivation, 60 Mg ha-1 was lost from shoulder

positions equal to 55% of the total SOC (Pennock et aI., 1994).

2.2.3.3 Anthropogenic impacts

Vegetation, Rotation and Fallow

Vegetation controls the amount and quality of residue inputs to the soil. Grasslands

have extensive root systems that allow for the input of root material and exudates deep

in the soil profile. The extent of this depends on the grass species. Thinopyuim

intermedium (intermediate wheatgrass) has a root system that extends vertically

downward to approximately 140 em. Stipa viridula (green needlegrass) has a maximum

rooting depth of over 160 em and a lateral root spread of only 20 cm. Melilotus alba

(sweet clover) has a tap root system with lateral roots at depth but not near the surface

(Weaver, 1920). The various root structures allow for different spatial distributions of

carbon material added via root exudation and root depth within the soil profile.

The continued harvest of carbon in grain and straw (ifbaled) reduces the amount of C

added to the soil. Retention of straw material results in maintenance or a linear increase

of soil C (Nyborg et aI., 1995) whereas the burning or removal of residues will result in

a decrease of SOC (Paustian et aI., 1998). Paustian et al. (1998) found that the addition
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of above ground residues were less important than roots in the maintenance of organic

matter. Up to one third of the C fixed by photosynthesis is used to build and maintain

the rooting system (Xu and Juma, 1995). Of this, three to four times the amount of C

contained in the roots may be released as exudates throughout the growing season

(Sauerbeck and Johnen, 1977).

The practice of summer fallow reduces soil carbon by mineralizing carbon already

present and lowering input of residues into the soil. In Saskatchewan, approximately 7.7

million hectares are currently in a summer fallow rotation. Liang et al. (1999) found that

the elimination of fallow resulted in an increase of 36 to 453 kg C ha-l yr",

Comparatively, Campbell et al. (1995) found an increase of 177 kg C ha-l with the

conversion from conventional to no-tillage summer fallow in the Brown soil zone.

Average rates for soil carbon sequestration due to the decreased frequency of summer

fallow ranges from 500 kg C ha-1 in the Brown and Dark Brown soil zone to about

750 kg C ha" in the Black soil zone (Dumanski et aI., 1998).

Tillage

Tillage influences residue cover, fertility, and water content. Soil moisture is affected

by increasing runoff and evaporation and decreasing soil moisture storage capacity

associated with reduced residue cover and organic matter losses from tillage. Reducing

the amount of shade that would be provided by a cover crop or surface residue causes an

increase in soil temperature. Disturbance of the soil by tillage causes the total and

macro-porosity to increase, which in turn, will increase gaseous diffusion and alter soil

atmospheric composition. Soil structure is also influenced as it disrupts
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macroaggregates and alters the amount and stability ofmicroaggregates (Lal et aI.,

1995a).

Tillage practice also influences microbial communities. Beare et al. (1992) found

that saprophytic fungi are the dominant decomposers in no-tillage systems where the

residue is applied at the surface. Conversely, bacteria are the dominant decomposers of

the incorporated residues in conventional tillage systems.

2.2.4 Grassland Cultivation

Initial cultivation of virgin grassland typically results in a large decrease in the

amount of organic carbon stored in the soil. Labile and intermediate C pools from

native prairie grasslands are rapidly mineralized and replenishment is reduced as a result

of lower C inputs in the agricultural ecosystem (Huggins et aI., 1998a; Bowman et aI.,

1990). The conversion of grassland to cultivation results in the net annual biomass

returns decreasing by 80 % or more (Huggins et al., 1998a). In the United States,

Huggins et al. (1998a) reported that net biomass return on native tall grass prairie

averaged about 5 Mg C ha-1 yr" while conversion of these lands to a com-soybean

rotation reduced returns to less than 1 Mg C ha-1 yr'.

A combination of tillage and fallow practices has resulted in increased erosion.

Verity and Anderson (1990) estimated a loss of organic C of 0.32 Mg C ha-1 yr" due to

erosion on a Dark Brown soil. In the Black soil zone, erosion related carbon losses are

estimated at 0.53 to 0.67 Mg C ha-1 yr" (Gregorich and Anderson, 1985). Erosion has

also been found to increase the sand content of a level field by 16% while decreasing the

silt content by 14% (Bowman et aI., 1990).
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The effects of long-term cultivation have been well documented. Tisdale and Oades

(1980) found that long term cropping resulted in a decrease in the length of roots,

hyphae and soil organic matter as well as macroaggregates. Total soil carbon decreases

resulting from virgin prairie cultivation have been measured at 30 to 64 % (Burke et al.,

1995; Bowman et aI., 1990). The majority of this loss occurred in the first 3 to 12 years

(Pennock et. aI., 1994; Bowman et aI., 1990). Bowman et aI. (1990) showed that labile

and mineralizable carbon pools decreased by 67 to 72% during the first three years of

cultivation but remained at a steady state after that time. After approximately 100 years

of cultivation in Missouri, only 50% of the organic matter present was ofnative prairie

origin (Balesdent et aI., 1988). The loss of SOM over time also significantly reduces

microbial biomass and microbial activity (Burke et aI., 1995).

2.2.5 Grassland Restoration

Several studies have examined the effects of grassland restoration on soil carbon

stores. In the United States, the conservation reserve program (CRP) reverted marginal

land in wheat-fallow rotations to grassland. Reeder et aI. (1998) found that after 5 years

of grass reestablishment on sandy loam soils, total carbon, nitrogen and mineralizable C

and N had increased to concentrations greater than those observed in a nearby native

rangeland. This rapid increase was attributed to high input levels from the plant

biomass. On soils with higher organic matter contents, recovery of soil C was slower.

Not all studies on the CRP grasslands have demonstrated a net C sequestration from

grassland restoration. Staben et aI. (1997) found no significant difference in total

organic carbon content. They attributed this to variations in the amount of substrate

16



found in the soils during spring conditions. Restored grassland soils with continuous

vegetative cover were cooler and wetter in the spring. Also the additions ofgrasses and

roots provided a continuous substrate for soil organisms. During spring, the cultivated

wheat roots are constrained by early stages ofgrowth and cannot supply the organisms

with as much C.

In east-central Saskatchewan along the Black soil zone, grassland restoration was

found to sequester 0.6 to 1.2 Mg ha' yr" of C over a period of approximately 10 years

(Mensah et aI., 2003). In this study, sequestration was greater on sites that had

experienced high amounts of tillage and fallow in the rotation. Although site dependant,

shoulder positions exhibited the greatest increases in SOC in response to grassland

restoration.

The vegetation used in restoration efforts also plays an important role in C

sequestration. In Ohio, grasses such as Andropogan gayanus (gamba grass) and

Brachiaria humidicola (humidicola grass) produce large quantities ofbiomass with

significant portions of root biomass placed deep in the subsoil (Lal et aI., 1998). Lal et

al. (1998) found that these grasses were more effective in sequestering carbon than

leguminous crops such as white clover (Trifolium repens) and alfalfa (Medicago sativa).

2.3 Materials and Methods

The experimental design utilized paired comparisons of catenae approximately 30

meters in length, in a completely randomized design (Mensah et al. 2003). Five

randomly sampled cores (0-15 em) were taken from each of the shoulder, midslope and

footslope positions in cultivated and restored grassland pairs. Deep samples (> 15 em
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depth) were taken from the wetland fringe area of the paired match of cultivated and

restored grasslands.

In this study, it was assumed that carbon levels in cultivated and equivalent restored

grassland pairs were the same before restoration. Labile and mineralizable forms of

carbon are utilized initially upon cultivation, thereby leaving only the more stable

recalcitrant forms after several years of cultivation (Huggins et aI., 1998a; Bowman et

al., 1990). Historical aerial photographs showed that the paired catenae were in

cultivation for approximately the same time prior to grassland restoration at the three

sites used in this study. As well, communication with the producers indicated that the

cultivated and restored grassland pairs were in crop production for approximately the

same time and in the same rotation, thus ensuring that the matches were close as

possible.

2.3.1 Study Area Descriptions

Individual study sites were selected based on the study objectives. Sites were

previously seeded down by Ducks Unlimited based off of cooperation with the

producers and the development of wetland elsewhere on the site. Deep profile (0-60 em)

comparisons in east-central Saskatchewan involved selection of three sites described by

Mensah (2000), which were previously evaluated only for surface (0-15 ern) carbon.

Three new sites were located on the Missouri Coteau in south-central Saskatchewan.

Figure 1 depicts the locations for the sites utilized in this study.
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Figure 1. Sample site locations and soil climatic zones. Missouri Coteau samples were

taken from sites near Riverhurst (Vermillion) and Parkbeg (Wheatland, Trembley).
East-central Saskatchewan samples were obtained from Dana (Fontaine, Gayowsky) and

Gronlid (Bergren)

2.3.1.1 Missouri Coteau

Trembley

Soils at the Trembley site (E-15-16-3-W3) are classified as belonging to the Amulet

association, consisting dominantly of Orthic Dark Brown Chernozem with significant

Gleysolic series. The landscapes are moderately to strongly sloping (10-15% gradient

slopes).

The grassland restoration was seeded down in May 1996 to a mixture ofnorthern

wheatgrass (Elymus lanceolatus), western wheatgrass (Pascopyrum smithii), slender

wheatgrass (E. trachycaulus) and green needlegrass (Stipa viridula). This site was

mowed in July 1996. Prior to seed down, this site was under wheat-fallow cultivation.
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The cultivated equivalent remained in a wheat-fallow rotation and was sampled in the

crop (Triticum durum) phase of the rotation.

Vermillion

At the Vermillion site (SW-34-20-7-W3) the soils are classified as belonging to an

Ardill Association, dominantly Orthic Brown with significant Gleysolic series.

Topography is knob and kettle with strongly to moderately sloping topography (l 0-15 %

gradient slope).

The grassland restoration was seeded in May 1992 to a mixture of reed canary

(Phalaris arundinacea), northern wheatgrass, western wheatgrass, slender wheatgrass

and green needlegrass. The site was mowed in the summer of 1992. Prior to seed

down, this site was in wheat-fallow cultivation. The cultivated equivalent at this site

location is a spring wheat (Triticum aestivum) - summer fallow rotation and was

sampled in the crop phase of the rotation.

Wheatland

The soils at this site (SW-7-16-2-W3), located near Parkbeg, are classified as Amulet

association, dominantly Orthic Dark Brown with significantly Calcareous Dark Brown

and Gleysolic series on a modified glacial till. Slopes are moderate (6 - 9 % gradient

slope).

The grassland restoration of this site occurred in June 1995. At this time it was

seeded down to a mixture of northern wheatgrass, western wheatgrass, slender

wheatgrass and green needlegrass. Prior to grass seed down, this site was in a wheat-
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fallow rotation. The adjacent cultivated equivalent was in a wheat-fallow rotation and

was sampled in the crop phase of the rotation.

2.3.1.2 East-centralSaskatchewan

Detailed descriptions of these sites are found in Mensah (2000), and only a brief

coverage is provided below. Locations of these sites are shown in Figure 1.

Bergren

Located near Gronlid, Saskatchewan in the Gray soil-climatic zone, soils at the

Bergren site are a mixture of the Shellbrook and Melfort associations. Textures range

from very fine sandy loam and silty clay to silty clay loam. Slopes are moderate (6 - 9 %

gradient slope). Grassland restoration was conducted in May 1993 by seeding to grass

legume mix with intermediate wheatgrass, meadow bromegrass (Bromus riparius),

slender wheatgrass, and alfalfa (Medicago sativa).

The cultivated equivalent at this site has been annually cropped for more than 60

years, with the exception of the footslopes which were broken out ofnative vegetation

30 years ago. The field was in wheat stubble at the time of sampling.

Fontaine

Soils at the Fontaine site, (NE-7-38-27-W2) located near Dana, Saskatchewan in the

moist Dark Brown soil climatic zone, are a mixture of the Weyburn and Elstow

associations. Texture ranges from silty loam to clay loam at this site. This area has

strongly to moderately sloping topography (6 % slope).
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The grassland restoration was seeded in May 1992 to northern wheatgrass, western

wheatgrass, slender wheatgrass, green needlegrass and alfalfa. The cultivated equivalent

was in a wheat-fallow rotation and was sampled in the wheat phase of the rotation.

Gayowsky

Soils at the Gayowsky site (SW-3-38-27-W3) also located near Dana Saskatchewan,

are a mixture of the Weyburn and Oxbow associations with a loamy texture and a

moderate to strongly sloping topography (10 % slope). The grassland restoration portion

was seeded in 1995 to intermediate wheatgrass, meadow bromegrass (Bromus riparius),

slender wheatgrass, tall wheatgrass (Thinopyrum ponticum), and alfalfa. The cultivated

equivalent at this site was in a wheat-fallow rotation and was sampled in the wheat

phase of the rotation.

2.3.2 Treatment Design

Catena Study Design:

The treatment design consisted of two upland catena paired treatments: a cultivated

control and a restored grassland treatment at the three different locations (sites) in the

Missouri Coteau: Trembley, Vermillion, Wheatland.

Deep Sampling of Wetland Fringe Study Design:

Deep sampling occurred in the wetland fringe areas of the same paired treatments in

the Missouri Coteau. In order to compare organic carbon distribution in the wetland

fringes of the east-central Saskatchewan catenae reported on by Mensah et al. (2003) and

three additional sites (Bergren, Fontaine, Gayowsky) were chosen in east-central

Saskatchewan from catenae previously studied and described by Mensah (2000).
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Delineation of the wetland fringe in cultivated landscapes was based offof the area

around depressions where cultivation occurs under dry years and usually contains

invasive vegetation.

2.3.3 Sampling Protocol

Catena Sampling

Catena sampling occurred in Spring 2001 and followed the procedure outlined in

Mensah (2000). Five polyvinyl chloride (PVC) cores (10 em diameter) were taken to a

15 em depth from each of the shoulder, midslope and footslope positions. According to

Pennock et al. (1994) three conditions must first be met to ensure a match between

various treatment slopes. Both sites must be on the same geomorphic surface and be

exposed to the same climatic conditions. Also, the landform element complexes and

median slope gradient must be the same; this was accomplished by utilizing one

continuous catenae. Finally, they must have similar parent materials. Therefore,

excavation with a dutch auger was used to examine the top 30 em soil profile and

compare the depth ofA horizon, to ensure a match between landform elements at the

paired sampling sites.

Deep Sampling:

Deep samples were taken in the wetland fringe areas ofboth the cultivated and the

restored grassland landscapes. A single set of intact 10 em diameter PVC cores was

used to collect samples in 15 em depth increments to a total depth of 60 em. By keeping

the sampling depths in small increments, errors due to dilution effects were minimized

(Yang and Wander, 1999). Dilution occurs when surface horizons rich in SOC are
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mixed with subsoil that contains a lower SOC concentration. Four additional cores

were taken from within a one-meter radius using a dutch auger. Bulk density for the

augered samples was assumed to be the same as that of the nearby intact core. Given

that these samples were located within a one-meter radius of the core, and that variations

in texture between the random samples and intact core were small, this assumption is

valid.

2.3.4 Laboratory Analysis

2.3.4.1 Samplepreparation and characterization

Soil cores from the catenae sampling were separated into 0-7.5 em and 7.5 to 15 em

segments and air-dried at 25°C for five days. Samples from the deep coring to 60 em in

the wetland fringes were segmented into 0-15 em, 15-30 em, 30-45 em and 45-60 em

depth increments. Bulk density was determined based on the volume of the soil core,

and equivalent air-dry weight of the soil in the core. Due to the stony nature of the

parent material at many of the sites, bulk density measurements were adjusted by

removing the weight and volume of stones that were present in the samples.

A 2:1 soil solution slurry was prepared for the electrical conductivity and pH

measurements (Metson, 1956). Electrical conductivity was determined using a CDM 83

conductivity meter; a PHM 82 standard pH meter was used to determine the pH.
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2.3.4.2 Particle size analysis

Mechanical analysis for all sites was performed using the pipette method (SSSA

1986). Dilute hydrogen chloride was added to ten grams of soil to remove particle

binding carbonates. Hydrogen peroxide was utilized to remove organic matter and the

suspension ofclay particles was achieved by using sodium hexametaphosphate. The

sand fraction was collected in a 50 um filter. Silts and clays were measured using a 20

ml pipette and suspension times calculated based on the temperature of the settling tank.

2.3.4.3 Organic carbon analysis

Soil organic carbon was determined using a Leco CR-12 Carbon Analyzer (Wang

and Anderson, 1998). Briefly, soil was first ground to pass through a 100-mesh sieve.

A 0.25 g sub-sample was inserted into the furnace set at 840°C. At this temperature,

organic carbon from the sample is oxidized to CO2 which is then measured using an

infrared (IR) cell. The C02 absorbs IR energy allowing for a measurable difference that

relates the reduction in IR energy to the concentration of carbon in the sample (LECO,

1987). Sucrose was used to calibrate the cell.

Because inorganic carbonate carbon begins to decompose after 150 seconds in the

furnace at 840°C, the sample size was adjusted (Wang and Anderson, 1998) to ensure

complete combustion before 120 seconds. Therefore, no carbonates were oxidized and

the measured readings are that of the soil organic carbon only.

Soil organic carbon was calculated on an equivalent mass basis (Ellert and Bettany,

1995). This calculation allows for comparisons between different management practices
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by adjusting-for differences in bulk densities and is calculated from the following

equation:

Masssoc = concsoc x Pb x T x 10000 m2 ha" x 0.001 Mg kg
"

Where: Masssoc:::: mass of soil carbon per unit area (Mg ha')

concsoc = concentration of organic carbon (kg Mg-1)

p, = field bulk density (Mg m")

T = thickness of soil layer (m)

(1)

2.3.4.4 Lightfraction organic carbon

Light fraction organic carbon (LFOC) is a measure of recently deposited and older

inert plant material (Six et aI., 1998). The LFOC was measured in the 0 - 7.5 cm depth

increment only because the surface layer is most sensitive to LFOC changes arising from

short-term alterations to agricultural practices (Biederbeck et aI., 1994). The light

fraction organic matter ofparticle size less than 2 mm was separated from the bulk soil

by centrifugation in a 1.7 g m" sodium iodide solution (Gregorich and Ellert, 1993) and

filtration using a Millipore® filter. Samples were then dried and ground to pass a 60-

mesh sieve. Carbon content of the LFOM was determined using the LECO CR-12

Carbon Analyzer and adjusted for differences in bulk densities using following

equations provided by Gregorich and Ellert (1993), and Ellert and Bettany (1995).
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Concentration of LFOC:

ConcLFOC= [(DryWtLFOM x %CLFOM)lWtsoil] x 1000

Where ConcLFOC = concentration of carbon in the light fraction (kg Mg-1)

DryWtLFOM = dry weight of light fraction organic matter (g)

%CLFOM = concentration of carbon in light fraction organic matter (%)

Wtsoil = dry weight of soil (g)

Mass of LFOC: (Adjustment for equivalent mass)

MasSLFOC = ConcLFOC x Ph x T x 10000 m2 ha" x 0.001 Mg kg-1

Where: MassLFOC = mass oflight fraction organic carbon per unit area (Mg ha")

ConcLFOC = carbon concentration oflight fraction organic matter (kg Mg-1)

Ph = field bulk density (Mg m")

T = thickness of soil layer (m)

0.001 Mg kg
-1

= conversion factor

Light fraction organic carbon as proportion of total soil organic carbon:

LFOC/SOC = (MassLFOC lMasssoc) xl00

Where LFOC/SOC = proportion of total organic carbon as light fraction (%)

MassLFOC = mass of light fraction organic carbon (Mg ha-1)

Masssoc = mass of total soil organic carbon (Mg ha-1)
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2.3.5 Statistical Analysis

To examine distribution and variance, Bartlett's test ofhomogeneity of variance was

used. This test indicated a non-normal distribution with unequal variances. Therefore, a

two-sample t-test assuming unequal variances was performed using MINITAB Inc.

Statistical Software (State College, PA). Least significant differences (LSD) were used

to determine significance within treatments (columns). Standard deviations can be

found in Appendices 5, 6 and 7.

The high variability found in landscape scale analysis usually makes detection at high

significance levels difficult. However, in this study a confidence interval of 95%, or a =

0.05 was found to be sufficient. The lower significance value also decreases the

probability ofmaking any type II errors.

This test was used to compare differences in SOC (0-15 em) and LFOC (0-7.5 em)

between cultivated and grassland equivalents at each site. Boxplots were used to

determine significant differences between treatments as well as across slope position.

Boxplots show the interquartile range with the top and bottom of the box at 25 and 75

percentiles respectively. The median is shown by a line within the box. Whiskers are

lines that extend from the top and bottom of the box showing the range of values.
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2.4 Results and Discussion

2.4.1 Catena Carbon Study

Trembley Site:

Basic Soil Properties:

The soils at Trembley are alkaline. Shoulder positions on the restored grassland, had

the highest pH values (8.1), although the pH ranged from only 7.7 in the footslope to 8.1

on the shoulders. Lower pH in footslopes has been attributed to increased leaching of

carbonates in the footslope positions and the incorporation of carbonate rich parent

material during cultivation of the shoulders (Pennock et aI., 1994). The cultivated

equivalent had a slightly higher pH in the midslope position (8.3), compared to the

footslope position (8.0). Overall, the cultivated equivalent had higher pH that that of

the grassland restoration, possibly reflecting more carbonate rich parent material in the

sample due to erosion and lower microbial activity.

Electrical conductivity at the Trembley grassland site indicated non-saline soils in the

shoulders and midslope positions. The footslope positions were non-saline to slightly

saline (1.49 dS em") in the 0-7.5 em depth, but were slightly saline (3.41 dS em") in the

7.5-15 em depth increment (Appendix 1). The cultivated equivalent has a higher EC in

the 0-7.5 em depth (4.27 dS em") and a lower EC (2.64 dS em") in the 7.5 to 15 em

depth. At this site, the groundwater table was found to be close to the surface (less than

1 m) as revealed by deep coring in the wetland fringe. On the cultivated site,

evaporation from the surface may be greater, explaining the higher concentration of salt

in the upper layer of soil (Hillel, 1982).
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Texture:

The texture at the Trembley site ranges from a clay loam to a sandy clay loam

(Appendix 2). The shoulder positions ofboth the restored grassland and cultivated

catenae had a higher sand content than the midslope and footslope positions. Finer

particles are eroded more rapidly from the shoulder positions and are subsequently

deposited in lower slopes (Malo et al., 1974). Overall, textures in the cultivated and the

grassland equivalent were similar.

Soil Organic Carbon:

The grassland restoration had no apparent influence on SOC in the footslope

positions (Figure 2), with similar SOC values for both the cultivated (34.6 Mg ha-l) and

the grassland (36.1 Mg ha-l) treatments (Appendix 6). It is possible that high

productivity and residue returns from previous crops are increasing the SOC on the

cultivated footslopes.

Midslope positions showed a significant difference in SOC between the cultivated

land (12.3 Mg ha-l) and the equivalent grassland restoration (23.2 Mg ha-l). This

increase in SOC can be attributed to the increase in below ground inputs from the deep

root systems of the grasses and the reduction or elimination of erosion (Paustian et aI.,

1998; Reeder et al., 1998). Grasses begin the spring with well developed root systems

that are able to grow and exude carbon compounds while an agricultural crop must first

establish its root system in the early part of the growing season (Staben et aI., 1997).

There is also a difference in the amount of organic residues added to soils in annually

cropped versus grassland systems. In cultivated systems, a significant portion of the

30



biomass is removed every year as seed and straw and in systems where the straw is left

on the field, tillage results in increased microbial decay of the straw, thereby reducing

the amount of residue carbon input into the system.

Table 2.1 Mass of soil organic carbon at paired Trembley sites

Slope Restored Cultivated
Grassland

Difference

(Grassland - Cultivated)

Footslope
Midslope
Shoulder

36.1
23.2
30.1

34.6
12.3
15.5

1.5
11.0 ***t

14.6
***

r ......

Indicates significance at (l = 0.05
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Figure 2. Boxplot of soil organic carbon at the Trembley site by landscape position for
cultivated and restored grassland treatments

The shoulder positions at the Trembley site showed the largest response to grassland

restoration with SOC that was 14.6 Mg C ha-l higher in the grassland restoration than the

cultivated equivalent (Table 2.1). In the shoulders, the establishment ofpermanent
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grass cover would be expected to have the greatest effect on reducing erosional losses as

the grass cover acts to limit the ability ofwater and wind to transport soil.

Across the landscape, the footslope positions had the highest amounts of SOC in both

the cultivated and grassland catenae. However, the midslope positions have lower mean

SOC values than the shoulder positions. Gregorich and Anderson (1985) reported that

midslope positions probably have sustained C losses, but due to the deposition ofupper

slope sediments, the midslopes are often higher in SOC than the shoulders. It is possible

at this site that due to the rather steep and steady slope, the sediments moving down the

slope were not deposited at the midslope, but instead continued to move down the catena

and were deposited in footslope positions.

Light Fraction Organic Carbon:

Due to the low contents of SOC resulting from lower inputs and high erosion, shoulder

positions have been identified as regions of the landscape with large potential for a SOC

increase when restored (Izzauralde et aI., 1998). The effect of decreased erosion and

increased above and below ground C inputs in grassland restoration are evident in the

shoulders, as these positions had the highest mass of LFOC, significantly higher than the

cultivated equivalent (Table 2.2). The conversion to grassland resulted in a significant

increase in the proportion of SOC comprised ofLFOC on the shoulder positions (Table

2.3), also reflecting a high rate of recent carbon inputs into the system at these slope

positions in the landscape. There was no significant difference in the amount of LFOC

or the proportion of total organic carbon as LFOC in footslope positions related to

management (Appendix 5).
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Table 2.2 Mass of Iizht fraction organic carbon, 0-7.5 em depth at paired Trembley sites

Slope Restored Cultivated Difference
Grassland (Grassland - Cultivated)

Mg ha"

Footslope 1.S ab" 0.9 a 0.6

Midslope 0.8 b 0.3 b 0.5 ***tt

Shoulder 2.1 a 0.4 b 1.7
***

LSD a= 0.05 1.1 0.4

"Means with same letter within treatments are not significantly different at p=O.OS
tt*** Indicates significance at a = O.OS

Table 2.3 Proportion of total organic carbon as LFOC, 0-7.5 cm deoth at paired Trembley sites

Slope Restored Cultivated Difference

(Grassland - Cultivated)Grassland

%

Footslope 12.4 aT S.8 a

Midslope 7.8 a 4.S a

Shoulder 14.9 a S.4 a

LSD a= 0.05 9.5 3.0

6.7
3.3 ***tt

9.5
***

"Means with same letter within treatments are not significantly different at p=O.OS
tt*** Indicates significance at a = O.OS

Vermillion Site:

Basic Soil Properties:

At the Vermillion site, the cultivated equivalent had a higher pH in the surface soil at

all slope positions (Appendix 1). This is likely caused by erosion and the incorporation

ofmore carbonate rich subsoil into the surface horizon by tillage (Pennock et aI., 1994).

Electrical conductivity readings revealed non-saline soil conditions across both

landscapes.

Texture:

The texture was identified as a clay loam at all landscape positions in the cultivated

catena. Textural analysis on the restored grassland catena revealed a clay loam texture

33



in the footslope positions, but with slightly more sand in the midslope and shoulder

positions (Appendix 2). This may be attributed to erosion prior to restoration, moving

the finer particles downslope leaving the coarser particles to remain prior to restoration

(Malo et al., 1974). If this occurred, then SOC concentrations may be lower than

expected in the restoration due to the lower clay content.

Soil Organic Carbon:

Soil organic carbon was significantly higher at all slope positions in the grassland

restoration (Figure 3). Footslope positions experienced the largest apparent gain of C

with 21.1 Mg C ha" more C in the grassland catenae (Table 2.4) and were significantly

greater than the midslope positions. The mean SOC content of the footslopes for the

restored grassland was high (53.2 Mg ha"), and higher than the Trembley site

(36.1 Mg C ha-I). Visual inspection of this site showed a very dense, well developed

grassland cover which, especially in the footslopes, would add significant residues to the

soil. The Vermillion site has also experienced four additional years of grassland cover

in which SOC could have been added.

Table 2.4 Mass of soil organic carbon at paired Vermillion sites

Slope Restored Cultivated
Grassland

Difference

(Grassland - Cultivated)

Footslope
Midslope
Shoulder

53.2
3l.2
37.2

32.0
14.5
18.8

2l.1 ���T

16.7
***

18.4
***

r�� Indicates significance at a = 0.05
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Figure 3. Boxplot of soil organic carbon at the Vermillion site by landscape position for
cultivated and restored grassland treatments

Light Fraction Organic Carbon:

As with the SOC, the conversion to grassland resulted in significant increases in

LFOC across all slope positions with the shoulders showing the greatest increase (Table

2.5, Appendix 5). The LFOC also comprises a high proportion of the total organic

carbon on these shoulder positions, suggesting that the rate of accumulation is higher at

this slope position (Table 2.6).

Light fraction organic carbon was highest, although not significantly different, on the

shoulder positions and may be related to vegetation differences across the landscape at

this site. The footslope position consisted of three species of grasses while the shoulder

positions contained a more diverse range with 18 species. This diversity could affect the

amounts and composition of residues returning to the soil as some material may be more
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resistant to decomposition than others. The upland regime of the landscape, being

eroded and depleted of carbon, especially on these steeply sloping soils, has a large

potential for increase (Izzauralde et al. 1998). Therefore, these zones may increase

faster than footslope positions based on the fact that more carbon has been removed

from the shoulders and therefore, have a large capacity to hold C. This phenomenon

was also observed at the Trembley site which has steeply sloping topography.

Table 2.5 Mass of light fraction organic carbon 0-7.5 cm deoth at oaired Vermillion sites

Slope Restored Cultivated Difference
Grassland (Grassland - Cultivated)

Mg ha'

Footslope 3.8 aT 0.9 a 3.0 H'"n

Midslope 3.7 a 0.5 b 3.2
***

Shoulder 6.2 a 0.8 a 5.4
***

LSD (l = 0.05 3.7 0.1

"Means with same letter within treatments are not significantly different at p=0.05
tt*** Indicates significance at (l = 0.05

Table 2.6 Proportion of total organic carbon as LFOC, 0-7.5 em depth at paired Vermillion
SItes

Slope Restored Cultivated Difference

(Grassland - Cultivated)

12.0���TT
15.1

***

29.8
***

Grassland

%

Footslope 19.4 aT 7.3 a

Midslope 22.5 a 7.4 a

Shoulder 37.8 a 8.1 a

LSD (l = 0.05 22.0 1.7

"Means with same letter within treatments are not significantly different at p=0.05
tt*** Indicates significance at u = 0.05
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Wheatland Site:

Basic soilproperties:

The pH of the Wheatland soils is basic. Consistent with the Trembley and

Vermillion sites, the cultivated equivalent has a higher pH than the restored grassland.

Highest pH values were found on the shoulder positions and the lowest values found in

the footslope positions (Appendix 1).

The shoulders and midslope positions were non-saline at this site, but the footslope

positions on the cultivated equivalent are slightly saline with an EC of2.90 dS em" in

the top 7.5 em and 4.53 dS em" from 7.5 to 15 em depth. The restored grassland was

non- saline in the top 7.5 em and had an Ee of only 1.50 dS em" in the 7.5-15 em depth.

The cultivated equivalent soil would be expected to have more evaporation and a higher

water table during the fallow period (Ellert and Janzen., 1997), which may bring more

salts to the surface by capillary action (Hillel, 1982).

Texture:

A sandy clay loam texture was identified in the midslope and shoulder positions for

both the grassland and cultivated catenae (Appendix 2). However, more clay was found

in the footslope of the cultivated equivalent that may be related to hilltop erosion of the

clay sized fraction and deposition of these particles in the footslope (Malo et aI., 1974).

Soil Organic Carbon:

Soil organic carbon at the Wheatland site exhibited significant differences at all slope

positions between the cultivated and grassland restoration treatments (Figure 4). In the

footslopes, 4.3 Mg ha" more organic carbon was found in the cultivated than in the
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restored grassland (Table 2.7). The higher clay content in the cultivated footslope

suggests that erosional processes have been responsible for more organic matter

transport downslope in this catena. The cultivated equivalent also contained 5.2 Mg ha-l

more C than the restored grassland at the midslope positions (Table 2.7). Although not

significant, this may be related to unknown differences in erosional history of the fields

prior to restoration. However, like at the Vermillion and Trembley sites, carbon was

being sequestered on the shoulder positions in the restored grassland as indicated by

significantly higher organic carbon amounts in the restored grassland shoulders.

Table 2.7 Mass of soil organic carbon at paired Wheatland sites.

Slope Restored Cultivated
Grassland

Difference

(Grassland - Cultivated)

Footslope
Midslope
Shoulder

26.6
23.1
7.2

22.4
18.0
15.8

-4.3
-5.2
8.6 ***t

T .....•

Indicates significance at a = 0.05
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Figure 4. Boxplot of soil organic carbon at the Wheatland site by landscape position for
cultivated and restored grassland treatments
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Light Fraction Organic Carbon:

There was a significant increase in the mass ofLFOC on the footslope and shoulder

positions (Table 2.8), which was attributed to the conversion of cultivated land to

grassland. Although the soil organic carbon levels in the footslopes are higher in the

cultivated portion, significantly more fresh material is apparently being returned to the

soil on the grassland (Appendix 5). It is possible that this is an early indicator of soil

carbon change, and that total soil organic carbon values for the grassland will eventually

rise. The shoulder positions, with low organic carbon values, have significant storage

capacity. This, together with decreased erosion and increased recent carbon additions

from roots and above ground material, as reflected in higher mass of LFOC, are

consistent with the observed significant increases in SOC. The footslope position of the

restored grassland contained significantly more LFOC than the midslope and shoulder

positions. These areas are highly productive and would result in significantly more

inputs into the soil as LFOC.

On the cultivated portion, the shoulders had the lowest amount ofLFOC present.

Due to topography and subsequent runoff, these areas are the driest along the slope

positions and lack ofmoisture may be limiting primary productivity in this area.

Table 2.S. Mass of light fraction organic carbon, 0-7.5 cm depth at paired Wheatland sites

Slope Restored Cultivated Difference
Grassland (Grassland - Cultivated)

Mg ha"

Footslope 2.0 al 1.0 a 1.0���n

Midslope 1.3 b 1.0 a 0.3
Shoulder 0.9b 0.3 b 0.6***

LSD a= 0.05 0.5 0.4

"Means with same letter within treatments are not significantly different at p=0.05
tt*** Indicates significance at a = 0.05
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The proportion of total organic carbon found as LFOC was significantly higher in the

grassland restoration at footslope positions (Table 2.9). The footslope positions had the

greatest proportion, likely because of low soil organic carbon values present in the

restored grassland, and large amounts of LFOC being recently added through the

grassland restoration.

Table 2.9 Proportion of total organic carbon as LFOC, 0-7.5 em depth at paired Wheatland
sites

Slope Restored Cultivated Difference
Grassland (Grassland - Cultivated)

%
lS.9 at 8.S a 7.4···n
13.9 ab 9.3 a 4.7***
10.3 b 7.9 a 2.4
3.7 2.S

Footslope
Midslope
Shoulder

LSD a= 0.05

tMeans with same letter within treatments are not significantly different at p=O.OS
tt*** Indicates significance at a = O.OS

2.4.2 Storage of Carbon at Depth in the Wetland Fringe

2.4.2.1 Missouri Coteau

The wetland fringe area is the zone around a wetland that is saturated during part of

the year, especially in wet seasons (see literature review). This zone is classified as

being a depressional part of the landscape that acts as a catchment area, and/or a ground

water discharge zone. Because of the high moisture content, soils in the wetland fringe

are often mottled, showing evidence of flooding and reducing conditions, and may

behave differently than upland soils dealt with in the previous section. Furthermore, the

lush vegetative growth in these areas and deep rooting of the vegetation warrants an

assessment of carbon stores in both surface and subsurface layers.
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Trembley Site:

Basic Soil Properties:

Soil pH (Appendix 3) for the cultivated and grassland sites were very similar,

averaging around 8.3 and 8.2 respectively for the 0-60 em depth. The electrical

conductivity values in both the cultivated and restored grassland sites were low

throughout the 0-60 em depth. On the grassland equivalent, the 30-45 em depth had the

highest EC (1.64 dS em") and then decreased with greater depth. This is likely the

influence of the ground water table. Samples taken below the 35 em depth on the

grassland treatment were saturated and gleyed and the same observations were made for

soils below 50 em depth in the cultivated equivalent.

Texture:

The restored grassland soil in the wetland fringe had higher amounts of clay

throughout the 0-60 em depth (Appendix 4). Particle size analysis resulted in

classification of the soil texture as clay loam throughout all depth increments. Because

of the higher clay content, the rise of water by capillary action may be greater and more

water may be available at depth in the grassland equivalent.

Soil Organic Carbon:

The organic carbon levels were significantly higher (9.8 Mg ha-l higher) in the

surface (0-15 em) of the restored grassland wetland fringe. However, there were no

significant differences between the treatments at greater depths (Table 2.10). Cihacek

and Ulmer (1998) found that higher amounts of C were stored at depth in cultivated soils
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because of the downward movement of labile organic C caused by the increased

infiltration in cultivated soils.

The amounts of carbon with depth in the restored grassland and cultivated

equivalents were negatively correlated with depth. Highest amounts on the grassland

and cultivated soils were found in the surface (0-15 em) zone (Table 2.10). This area

has higher amounts of surface residue and lateral roots allowing for higher organic

carbon inputs. Only 9.0 Mg C ha-1 was found stored in the 45-60 em depth on the

grassland (Appendix 7).

Table 2.10 Soil carbon distribution with depth along the wetland fringe at Trembley

Depth Restored Cultivated Difference

(em) Grassland (Grassland - Cultivated)

M_g ha-1
0-15 47.0 aT 37.1 a 9.8 ���n

15-30 33.7b 35.0 ab -1.3
30-45 23.1 b 15.1 be 8.0
45-60 9.0 c 11.6 c -2.6

LSD ex= 0.05 12.5 22.1

"Means with same letter within treatments are not significantly different at p=0.05
tt*** Indicates significance at a = 0.05

Vermillion:

Basic Soil Properties:

The pH values at the wetland fringe on the Vermillion site are slightly basic. The

restored grassland has a steady increase in pH from 7.6 to 8.8 with increasing depth.

The cultivated portion also has a similar trend, moving from a pH of 8.0 in the 0-15 em

layer to 8.3 in the 45-60 em layer (Appendix 3). This may be explained by the

downward transport of carbonates in the soil profile due to infiltration and leaching.
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Averages for the 0-60 em depth were 8.1 for the grassland and cultivated fields. The

electrical conductivity values showed no evidence of salinity on either treatment.

Texture:

The cultivated portion of this site had a higher proportion of clay particles, resulting

in classification as a clay loam texture throughout the 0 -60 em profile depth. The

restored grassland wetland fiinge had considerably more sand, ranging from a loam to a

clay loam texture throughout the 0-60 em depth (Appendix 4).

Soil Organic Carbon:

The grassland restoration of the wetland fiinge had greater amounts of carbon than

the cultivated (Table 2.11), with the 15-30 em depth having the greatest difference

(Appendix 7). Increases in SOC are likely caused by contributions from large root

masses and above ground material found in the grassland site wetland fiinge.

As at the Trembley site, a decrease in stored carbon was observed below 30 em.

This is attributed to lower C additions due to fewer roots and root exudates at depth.

Table 2.11 Soil carbon distribution with depth along the wetland fringe at Vermillion

Depth Restored Cultivated Difference

(ern) Grassland (Grassland - Cultivated)

Mgha-I
0-15 56.6 aT 37.6 a 19.0 ���TT

15-30 63.7 a 22.9b 40.8
***

30-45 34.7b 15.5 c 19.1
45-60 19.3 c 8.6 d 10.7

LSDa= 0.05 12.9 4.5

"Means with same letter within treatments are not significantly different at p=0.05
tt*** Indicates significance at a = 0.05
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Wheatland Site:

Basic Soil Properties:

The soil pH remained relatively constant with depth, averaging 7.9 for the grassland

site. The cultivated equivalent has an average of7.8 for the 0-45 em depths. Below

45 em, the pH rises to 8.3 (Appendix 3). This increase may be associated with

carbonate containing groundwater being brought to the surface by capillary action.

Electrical conductivity shows a steady increase in the grassed site with depth. An

increase in EC from 1.70 to 3.60 dS em" indicates that water movement is dominantly

downward in the grassland restoration wetland fringe. The root systems of the native

vegetation are likely intercepting the water before it rises to the surface.

The cultivated equivalent of this wetland fringe site has a moderately saline condition

(4.64 dS em") in the surface 0-15 cm layer. Below that, the EC averages 3.60 dS em".

Higher evaporation rates on the cultivated portion may be concentrating salts at the

surface.

Texture:

Texture throughout the 0-60 em profile for both the cultivated and the restored

grassland treatment was classified as a sandy clay loam (Appendix 4).

Soil Organic Carbon:

Possibly due to the intrusion ofwetland grasses into the cultivated portion of the

wetland fringe (visual observation), there were no significant differences in the SOC

levels found in the 0-15 em and 15-30 em horizons of the two treatments (Table 2.12).
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However, there was a significant increase in the 30-60 em depth associated with

grassland restoration (Table 2.12).

Soil organic carbon distribution with depth along the restored grassland was similar

throughout the 0-60 em depth range, with the exception of the 30-45 em layer containing

slightly but significantly more carbon than the 15-30 em layer. This may be caused by

the inputs oforganic material by roots and root exudates from deeper rooted species.

The consistently high SOC at depth in the restored grassland profile suggests that there

are significant amounts of organic matter being added at depth by the root systems of the

plants seeded at this site.

On the cultivated site, the SOC distribution with depth exhibited the typical decrease

with depth (Table 2.12). Carbon inputs (residues and roots) are generally higher in the

0-15 em zone, whereas the sole input for carbon at depth are roots and possibly leaching

of organic matter.

Table 2.12 Soil carbon distribution with depth along the wetland fringe at Wheatland

Depth Restored Cultivated Difference
Grassland (Grassland - Cultivated)(cm)

Mgha-1
0-15 27.5 abT 26.5 a 1.1
15-30 24.0b 25.9 a -1.9
30-45 32.0 a 13.9b 18.1 ***tt

45-60 28.9 ab 11.6 b 17.3
***

LSD a= 0.05 5.7 7.5

"Means with same letter within treatments are not significantly different at p=0.05
tt*** Indicates significance at a = 0.05
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2.4.2.2 East-central Saskatchewan

Soil carbon distribution with depth in the wetland fringes was examined from the

three sites in east-central Saskatchewan previously studied and described by Mensah et

al. (2003).

Bergren:

Basic Soil Properties:

The pH (Appendix 3) averages 8.0 and 7.6 for the grassland and cultivated wetland

fringe soils respectively. There is a significant difference in EC (Appendix 3) between

the cultivated and grassland treatments. With depth, the grassland soil is non-saline

throughout, but the cultivated equivalent is moderately saline throughout the profile with

a minimum EC of4.12 dS em" in the surface 0-15 em and a maximum of7.09 dS em"

in the 15-30 em depth. Therefore, there is strong evidence for groundwater discharge on

the cultivated site. The combined grass and tree vegetation at the grassland restoration

site may be effectively utilizing the water at depth and preventing the salts from rising to

the surface.

Texture:

Particle size distribution varies between treatments. The cultivated equivalent has

more clay throughout the profile than the grassland restoration. Within the cultivated

site, there is more clay in the surface (0-15 em) layer (Appendix 4). Below 15 em the

texture is a clay loam to sandy clay loam. The grassland restoration treatment is a sandy

loam texture for the 0-45 em depth range and a loam below 45 em. These differences in
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sedimentology and electrical conductivity shed doubt on the assumption used initially

that the two wetland fringe sites are similar. Subtle topographical differences occur at

this site, where a gravel road separates the restored grassland from the cultivated

equivalent.

Soil Organic Carbon:

Overall, significantly more carbon was found in the cultivated portion than in the

grassland equivalent (Table 2.13). A possible explanation for this is the presence of a

large number ofbirch trees in the wetland fringe area of the grassland restoration.

Pennock et al. (1994) found that carbon distribution in wetlands is dependant upon the

type of vegetation present. Grasses provide most of their organic matter through dense

rooting systems. Under tree vegetation however, the majority of carbon is added to the

surface of the soil as a leaflitter layer (Oades, 1988). There may also have been some

considerable differences in the concentrations of SOC prior to grassland restoration that

may have resulted in the lower SOC concentrations at depth in response to restoration.

Other small changes such as ground water depth and subsequent salinity changes may

also influence carbon storage at depth in the fringe.

As found with the other systems in the Missouri Coteau, there is considerably less

carbon at depth in both the cultivated and grassland profiles compared to the surface.

The total amount of SOC for the entire 0-60 em depth is 266.7 and 331.2 Mg ha" for the

grassland and cultivated wetland fringe profiles respectively (Appendix 7). The average

cumulative SOC is higher in the cultivated equivalent than the grassland possibly
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because the tree vegetation on the grassland fringe adds the majority of the carbon to the

surface as leaf litter, whereas field crops add significant portions below ground.

Table 2.13 Soil carbon distribution with depth along the wetland fringe at Bergren

Depth Restored Cultivated Difference

(em) Grassland (Grassland - Cultivated)

Mgha-I
0-15 71.9 at 99.7 a -27.9 ���TT

15-30 79.1 a 102.0 a -22.9
30-45 51.2 b 66.8 b -15.6
45-60 24.5 c 62.7b -38.2

***

LSDa= 0.05 10.7 32.4

"Means with same letter within treatments are not significantly different at p=0.05
tt*** Indicates significance at a = 0.05

Fontaine:

Basic Soil Properties:

The pH of the grassland restoration is slightly more basic at depth, with pH values

ranging from 7.8 for the 0-15 em layer to 8.2 in the 45-60 em depth increment. The

cultivated equivalent is less variable with depth, with an average pH value of7.5.

As evident by the EC readings (Appendix 3), soils on the restored grassland are

slightly saline. On the other hand, the cultivated equivalent has non-saline soils, with

evidence of salts at only the 45-60 em depth. It is possible that there are differences in

the relative height of the groundwater table. This effect may be magnified under the

generally wetter conditions in east-central Saskatchewan versus south-central

Saskatchewan on the Missouri Coteau. The grassland depression is significantly lower

in elevation than the cultivated portion. This would put the wetland fringe of the

grassland restoration treatment in closer proximity to the water table. There may also
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have been considerable differences in SOC prior to grassland restoration by which the

cultivated portion may have had significantly more carbon prior to restoration than the

restored grassland, thereby minimizing the effect ofrestoration.

Texture:

The textures of the two treatments are not the same (Appendix 4). The grassland

fringe has significantly higher amounts of sand and less clay than the cultivated

equivalent, throughout the soil profile. One possibility is that the cultivated field

received a major erosion event in its history that removed a significant portion of the

finer sediments from the entire field. Another explanation is that the glaciation created

subtle differences in the texture of these wetland fringe areas.

Soil Organic Carbon:

There were no significant differences in soil organic carbon between treatments for

all depths in the wetland fringe at the Fontaine site (Table 2.14). This maybe caused

by lower amounts of clay particles in the grassland equivalent that can act to bind

organic materials in the grassland equivalent. This would also influence the amount of

water and nutrients stored.

With both treatments, there is a significant decrease in soil carbon with depth (Table

2.14). This can be attributed to the higher inputs in the 0-15 em layer from litter

residues and lateral root systems. Organic inputs decrease with depth, allowing for less

build up oforganic matter.
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Table 2.14 Soil carbon distribution with depth along the wetland fringe at Fontaine

Depth Restored Cultivated Difference
Grassland (Grassland - Cultivated)(em)

Mgha-l
0-15 46.7 aT 52.6 a -5.9
15-30 50.0 a 46.2 ab 3.8
30-45 35.3 b 27.0 be 8.3
45-60 18.9 c 17.4 c 1.5

LSD a= 0.05 11.0 22.1

"Means with same letter within treatments are not significantly different at p=0.05

Gayowsky Site:

Basic Soil Properties:

The pH of the soil for both treatments is very similar with an average of7.9 and 7.8

for the paired grassland and cultivated wetland fringes, respectively. According to the

EC, the grassland site contained slightly saline soils in the surface horizon and

moderately saline soils below 15 cm. The salinity of the cultivated portion is lower,

being slightly saline throughout the soil profile with the exception of an elevation in EC

at the 30-45 em depth (Appendix 3).

Texture:

The texture in the two treatments is similar. The surface 0-15 em is a sandy loam to

clay loam texture. There is significantly more clay below 15 em, where a clay loam

texture is evident (Appendix 4).
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Soil Organic Carbon:

The restoration to grassland in the wetland fringe resulted in an increase of

11.7 Mg ha-l SOC for the 0-15 em depth (Table 2.15). The large contributions in above

ground and lateral root biomass are likely responsible for the SOC increase. It is

possible that the salinity below 45 em on the grassland site is having a negative impact

on roots and, therefore, on SOC accumulation.

There was no difference in SOC from 15 to 45 cm (Table 2.15). However, below

45 em, there was more carbon stored in the cultivated soil than in the restored grassland.

Table 2.15 Soil carbon distribution with depth along the wetland fringe at Gayowsky

Depth Restored Cultivated Difference

(cm) Grassland (Grassland - Cultivated)
Mgha-1

0-15 45.8 bT 34.1 c 11. 7 ���TT

15-30 64.0 a 65.3 a -1.3
30-45 46.6b 48.6 b -2.0
45-60 25.2 c 39.8 be -14.6***

LSD a= 0.05 8.0 12.2

"Means with same letter within treatments are not significantly different at p=0.05
tt*** Indicates significance at a = 0.05

2.5 General Discussion

The apparent SOC changes attributed to grassland restoration in the three catenae

study sites in the Missouri Coteau region were site specific. The highest apparent

increase from grassland restoration occurred at the Vermillion site with the lowest gains

at Wheatland (Appendix 6). At Vermillion, SOC was significantly higher in the

grassland restoration catenae at all slope positions, with the footslopes showing the

largest apparent increase. On the Trembley and Wheatland sites, the shoulder positions
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experienced the largest apparent gains in SOC from grassland restoration. Overall, the

shoulder positions showed the greatest response to grassland restoration with an

8.6 - 18.4 Mg ha-1 SOC increase over a six to nine year period (1.4 - 2.9 Mg C ha" yr").

Increased amounts of above and below ground C inputs due to permanent grass

vegetation as well as decreased erosion are likely the main factors contributing to

sequestration of soil carbon.

Trends in SOC distribution in the landscape were as expected. In the Missouri

Coteau study sites, footslopes consistently had the highest SOC in both cultivated and

restored grassland catenae. This can be attributed to increased moisture in the footslope

positions, either through runoffor the influence ofground water, which results in

enhanced plant growth and above and below ground C inputs.

On the sites from the Missouri Coteau, grassland restoration resulted in an overall

apparent soil carbon increase of 1.5 to 21.1 Mg C ha" in the 0-15 em depth increment

after six to nine years (0.3 to 2.9 Mg C haiyr"), depending on site and landscape

position. Per annum C sequestration rates will tend to decrease the longer the time

period involved in the comparison since C gains are greatest initially and then tend to

level off after a few years. Still this range is higher than the 0.6 to 1.2 Mg C ha-1yr-l

(0-15 cm) increase observed by Mensah et al. (2003) after ten to twelve years. Although

east-central Saskatchewan receives more moisture, soil organic carbon appears to be

increasing at a greater rate in the Missouri Coteau study sites. However, it is important

to note that cultivated equivalents on the Coteau were under wheat-tillage fallow

rotation. Therefore, due to the long cultivation history, minimal carbon inputs and high

erosion, the sites on the Missouri Coteau likely had a highly depleted soil carbon pool to
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start with. With more carbon storage capacity in the soil to begin with, one might expect

a more pronounced gain in SOC in the first few years.

The mass of LFOC was indicative of the gains in SOC observed at the sites. At the

Vermillion site, LFOC and total SOC were highest. The Vermillion site is evidently

very productive, having a thick, lush grass cover. These grasses are likely making

significant contributions in above ground material, resulting in the high concentrations

of LFOC. There was an increase in the mass of LFOC and in the proportion of SOC

comprised of LFOC associated with grassland restoration at all three sites on the

Missouri Coteau. The higher proportion of SOC comprised ofLFOC is reflective of

higher recent C inputs in the grassland restoration and observed gains in SOC.

Soil organic carbon differences in the wetland fringe of the paired cultivated and

restored grassland landscapes were variable depending on the site. The Wheatland and

Vermillion site in the Missouri Coteau had higher surface and subsurface SOC in the

grassland restoration, with Vermillion showing the largest increase in SOC from

grassland restoration (40.8 Mg ha") in the 15-30 cm zone. The Trembley site and the

three sites in east-central Saskatchewan showed no difference with depth, or the

cultivated portion contained more SOC than the restored grassland. However, the

Bergren and Fontaine sites may have had differences in SOC prior to restoration thereby

masking the effects ofgrassland restoration. In general SOC changes at depth (below

15 em) from grassland restoration appears to be more variable than changes in surface

carbon. This variability could be related to differences among vegetation in the fringe

area and their associated rooting habits.
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CHAPTER 3. GREENHOUSE GAS EVOLUTION ASSOCIATED WITH

BURNING AND CULTIVATION TREATMENTS ON INTACT SOIL CORES

FROM THE WETLAND FRINGE

3.1 Introduction

Since the industrial revolution, anthropogenic practices have resulted in increasing

atmospheric concentrations of greenhouse gases. These naturally occurring gases trap

and reflect radiation back toward the earth, providing a warming effect. The increase in

concentration ofgases, such as carbon dioxide (C02), methane (CH4), and nitrous oxide

(N20) is therefore of environmental concern.

Currently the atmospheric C02 concentration is about 357 ppmv and is increasing at

a rate of l.8 ppmv yr" (Watson et aI., 1992). The main anthropogenic sources of CO2

include the combustion of fossil fuels and the burning ofvegetation (Duxbury and

Moiser, 1993).

Current CH4 concentrations are approximately 1720 ppbv, more than double the pre

industrialized era concentrations of approximately 800 ppbv (Watson et aI., 1992).

Once in the atmosphere, CH4 can remain for 10 years and has a global warming potential

21 times that of C02 (Bunce, 1994). About 70 % of the CH4 produced comes from

anthropogenic practices. Wetlands are a major source ofCH4 contributing 110 Tg yr"

of a total 500-540 Tg yr" (Moore and Roulet, 1995). Other non-agricultural sources

include coal and natural gas industries (Duxbury and Moiser, 1993).
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Not only is N20 a greenhouse gas, it also can be broken down photochemically to

react with excited oxygen molecules to deplete ozone (Bunce, 1994). Current

atmospheric concentrations are approximately 310 ppbv and are increasing at a rate of

0.6 to 0.9 ppbv yr" (Watson et aI., 1992, Duxbury and Moiser, 1993). Nitrous oxide

has a global warming potential 270 times that of CO2 (Bunce, 1994). Soils are major

sources ofN20 through denitrification and nitrification processes (Hutchinson, 1995;

Duxbury and Mosier 1993).

Burning and cultivation ofgrasslands result in changes in soil nutrients and soil

organic matter (DeBano et aI., 1998), but there is limited information on the impacts of

these practices on C02, N20, and CH4 evolution. Alterations in soil nutrient status and

other soil factors related to burning and cultivation may influence the flux of these gases.

Changes associated with flooding also may influence greenhouse gas production. The

objective of this study was to examine the short-term (five weeks) flux of greenhouse

gases (C02, N20 and CH4) from restored wetland fringes under controlled

environmental conditions as affected by simulated burning, cultivation and flooding of

soil cores taken from wetland fringes.

3.2 Literature Review

3.2.1 Wetland Fringe

The wetland fringe is a zone of semi-saturated soils surrounding a depressional area.

Because of the location of these areas, spring snow melts or high precipitation early in

the spring may result in these areas being temporarily flooded. Vegetation in these
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zones is usually much different than the surrounding uplands as the increase in moisture

can allow for more adapted species such as northern reed grass (Calamagrostis

inexpansa) and sedges as well as aspen trees along the fringe in parkland regions to be

present (Huel, 2000). Producers often decide to convert wetland fringe areas into crop

production, to increase their land base. To accomplish this, grasses are often burned to

remove the thick layer of thatch to ease cultivation.

3.2.2 Carbon Dioxide

Carbon dioxide flux from the soil is caused by the metabolic activity of roots,

mycorrhizae and soil organisms (Vose et al., 1995). Microorganisms in the soil utilize

the SOM and other substrates as carbon and energy sources, and through natural

respiration processes expire C02. Roots ofplants also release CO2 into the soil through

respiration. For example, the flux from the roots in a tall grass prairie is estimated to

represent 25 to 30% of the total C02 evolved from soils (Buyanovsky and Wagner,

1995).

Factors Influencing the Flux of Carbon Dioxide:

Because vegetative and microbial respiration creates C02, the biological, chemical

and physical factors influencing biological activity will greatly affect the flux of CO2

from the soil.

Vegetation and Soil Carbon:

Respiration of C02 from root metabolic activity is species dependant. In systems

dominated by warm-season plants, root respiration can contribute up to 35% of the
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annual C02 emissions from the soil. Under cool-season vegetative systems, root

respiration plays a lesser role while microbial respiration contributes more (Buyanovsky

and Wagner, 1995).

The amount of litter produced both above ground and below ground is also an

important consideration. Native prairies can accumulate 4-6 t haiyr' of above ground

litter by the end of the growing season (Kucera et aI., 1967). In the following spring,

more than 60% of this material will be rapidly mineralized (Buyanoysky and Wagner,

1995). In tall grass prairies, mineralization of the above ground litter is estimated to

contribute 15 to 20 % of the total respiration (Buyanoysky and Wagner, 1995).

Soil organic matter and the availability of soil carbon is an important control on

microbial decomposition and, therefore, C02 flux (Vose et aI., 1995). Fluxes of C02

will be greater in soils with more available carbon substrate. The ability of the soils to

retain and control the decomposition of this substrate is dependant upon various soil

parameters.

Soil Properties:

Soil temperature directly influences the metabolic activity of roots and

microorganisms (Vose et aI., 1995). Microorganisms thrive in warm, moist soils. For

example, bacteria have an optimum range ofbetween 20 and 40°C (Brady, 1990). In

temperate regions of the northern hemisphere, maximum C02 fluxes occur between July

and August when the soil temperature is highest. Diurnal variations in soil temperature

also cause significant differences in daily flux values ranging from 7 g CO2 m-2 d-l at

night to 15 g C02 m
-2 d-l during the day (Vose et aI., 1995).
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The magnitude of C02 flux is directly related to soil water content (Oechel and

Vourlitis, 1995; Vose et aI., 1995). Soils with water contents approaching field capacity,

coupled with high temperatures tend to produce the highest C02 fluxes. Under saturated

conditions, C02 can be utilized by methanogenic bacteria to produce CH4. Therefore,

factors that influence soil moisture content such as water table depth, texture and organic

matter content also influence C02 production.

3.2.3 Methane

Soils can act as both a source and a sink of C�. Methanogenic bacteria are strict

anaerobic bacteria that produce CH4 as an end product of their energy pathways. The

dominant substances required for methanogens: H2, C02, acetate and formates are also

utilized by sulphate-reducing bacteria. Because of this, methanogensis will only occur

after the sulphate (SO/-) has been utilized and reduced in the system (Crozier et aI.,

1995; Kiene, 1991).

Methane is produced by the anaerobic reduction of C02, acetate, methanol, formate,

carbon monoxide, methylated amines and dimethyl sulphide by methanogenic bacteria

(Tyler, 1991; Svenson, 1984). In most fresh water systems, only about one third of the

CH4 is produced from the reduction of C02; the remaining two-thirds is produced from

the reduction of acetate (Jones, 1991).

Carbon dioxide is reduced by H2 to provide C� and H20, (Equation 5) (Ferguson

and Mah, 1983). Methane and C02 are formed from acetate by reduction of the methyl

group and oxidation of the carboxyl groups (Equation 6) (Ferguson and Mah, 1983).
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This process has relatively poor energetics (-31.0 kJ mol"), resulting in a slower growth

rate. Methanogenic organisms utilizing C02 and hydrogen have higher energies

(-135.6 kJ mol"), and subsequently a more rapid growth rate (Jones, 1991).

CO2 + 4H2-------->CH4 + 2H20 (Tyler 1991)

CH3COOH-------->CH4 + C02 (Tyler 1991)

(5)

(6)

Other compounds, such as methanol, dimethyl sulfide and methylamines can also be

reduced to produce CH4 (Equations 7 to 9). The reduction of these compounds for CH4

production is an important part ofbrackish systems (Jones, 1991).

4 CH30H -------> 3CH4 + CO2 +2H20

4 CH3NH2 + 3 H20 ------------>3CH4 + C02 +4NH/

2 (CH3)2S +2H20 ------> 3CH4 +C02 +H2S

(7)

(8)

(9)

Factors Influencing the Flux of Methane:

Methanogensis, being an anaerobic process, is dominated by forces influencing the

amount of oxygen present in the system. Depths to groundwater and soil moisture are

important factors controlling oxygen supply. When soil is flooded, air trapped in the

soil pores is forced out as it is replaced with water. As the water table drops,

anaerobically produced CH4 contained in the water is released to the atmosphere.

Moore and Roulet (1995) found that emissions were greater from falling water tables

than rising ones.
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Because of the strong competition between methanogens and SO/- reducing bacteria,

the availability of electron acceptors is important. Thermodynamic principles predict a

sequential reduction of 02 > N03- > Mn02 >FeOOH > SO/- >C02 (Crozier et aI., 1995;

Kiene, 1991). Therefore, for C02 to be reduced to CH4, all precursors, such as oxygen,

nitrate and SO/-, must first be utilized.

Temperature:

Temperature is positively correlated to the flux of CH4 with the highest fluxes

occurring in mid-summer (Rask et al., 2002). This season includes the optimum

temperature range, 25-30 °C (Moore and Roulet, 1995) as well as maximum inputs of

substrates. At lower temperatures, H2 turnover is slowed, resulting in lower amounts of

CH4 being produced from C02 (Kiene, 1991). Temperature changes also influence the

moisture balance, oxidation rates and substrate supplies (Crill et aI., 1991).

pH:

The pH of the system will influence the amount of CH4 produced. At lower pH

values, methanogenic bacteria are inhibited by their inability to remove acids from the

systems and the utilization ofH, by other organisms (Moore and Roulet, 1995; Boone,

1991). The majority ofCH4 produced at low pH is formed from the fermentation of

acetate (Kiene, 1991).

Salinity:

Salinity on the Canadian prairies is usually caused by various S042- salts resulting in

high SO/- concentration in saline soils. Therefore, methanogensis usually does not

occur on saline soils (Kiene, 1991). Under situations where salinity is caused by non

sulphate salts, methanogenic bacteria can tolerate up to 0.2 MNaCI (Boone, 1991).
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Transport of C� to the Surface:

Methane can be transferred to the surface in two ways. Natural diffusion forces CH4

from saturated waters to move to the atmosphere creating bubble ebullition. This

process is most important in shallow water systems because of lower hydrostatic

pressures on the water. As the bubbles ascend they can be redissolved and a subsequent

fraction is oxidized. The second form of transport is through vascular plants. That is

the plants act as a conduit for C� as well as releasing substrate to be utilized by

methanogens (Kiene, 1991). Plants also directly influence the flux of CH4 by providing

oxygen for CH4 oxidation.

Methane Oxidation:

In contrast to the methanogens, methanotrophic bacteria can utilize CH4 as an energy

and carbon source (Kiene, 1991). This aerobic CH4 oxidation is most active in the

zones bordering anaerobic regions, e.g., in the root zone. These areas are fed by the

downward transport of oxygen to the roots by plants and the diffusion of CH4 from the

anaerobic environment (Kiene, 1991). Methanotrophic bacteria utilize N from the

environment, or through fixation of atmospheric N. Methane consumption can also

occur under non- saturated conditions if CH4 is present. Atmospheric concentrations

provide a low steady supply of substrate for methanotrophs (Cai and Yan, 1999).

However, methanotrophs are ill adapted to utilize atmospheric CH4 (Topp and Hanson,

1991).

Methanotrophic bacteria are dominantly controlled by moisture and temperature. Cia

and Yan (1999) found that initial oxidation rates were 49 times greater when
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temperature was increased from 5 °C to 30°C. Moisture also plays an important role.

Under dry conditions, C� cannot be oxidized (Cia and Yan, 1999).

3.2.4 Nitrous Oxide

The production ofN20 in soils is associated with both nitrification and

denitrification. Nitrification is a two-step process of converting ammonium (NH4+) to

nitrate (N03"). The first step is involves oxidation ofNH4
+

to N02
-

by Nitrosomonas

and Nitrosopira species. Nitrobacter species then convert N02- into N03-. Nitrous

oxide is produced as a result ofbacteria utilizing the N02-, produced during the first step

ofnitrification as an electron acceptor, especially when 02 is limiting (Hutchinson,

1995). The total amount ofN02- produced is controlled by factors which influence the

Nitrosomonas and Nitrosopira species as well as the ratios ofnitrification products; i.e.,

N02- :N03-.

The second process involved in N20 formation is denitrification. Denitrification is

the process by which facultative anaerobic bacteria reduce N02- or N03- into gaseous

NO, N20 or N2 (Hutchinson, 1995). Facultative anaerobes can flourish in both aerobic

and anaerobic environments. When oxygen is limiting, they utilize nitrogen oxides as

terminal electron acceptors. Under aerobic conditions, denitrification enzymes

produced can persist in the soil for months. When the soils are rewetted and saturated,

the enzymes become active again. Therefore, environmental conditions control the

formation ofN20 (Hutchinson, 1995).

The ratio ofN2:N20 is also an important factor in the flux ofN20 (Hutchinson,

1995). Low N20 diffusion rates favor N20 reduction and subsequent increase in N2
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(Jacinthe etal., 2000). The ratio ofN2:N20 varies greatly and is affected by the amount

of organic C and N03
-

present, pH, temperature and redox potential (Laidlaw et aI.,

1995).

Factors Influencing the Flux of Nitrous Oxide:

SoilNStatus:

Both nitrification and denitrification are substrate and nutrient driven. Lower N03-

supply rates generally mean lower amounts ofN20 produced by denitrification (Kliewer

and Gilliam, 1995). Lower concentrations of ammonium in the soil will usually mean

lower amounts ofN20 produced from the nitrification process. Hutchinson (1995)

found that the relationship between N20 produced and the substrate used was highly

variable and site specific.

Soil�oisture:

Increases in soil moisture result in an increase in the ratio of water-filled to air-filled

pore space. This results in a thicker film of water lining the pores in which N20 can be

produced. Nitrification is an aerobic process that is limited by solution-phase substrate

diffusion through the thin films of water lining the pores. Optimum water content for

the nitrification process is 60 % water filled pore space (Hutchinson, 1995).

Denitrification, being an anaerobic process, requires water filled pore space greater than

60%.

The rewetting of dry soils also influences the flux ofN20 from the soil. Emissions of

N20 along with a flush of C02 occur after the rewetting of a dry soil. These emissions
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can be up to three times greater than those following, or occurring before rewetting

(Hutchinson, 1995).

Soil Temperature:

Soil temperature has a significant effect on the flux ofN20 from the soil (Williams et

aI., 1987; Hutchinson, 1995; Anderson and Levine, 1987). Emissions ofN20 from

nitrification increase exponentially with an increase in temperature between 15 and

35°C. Because of soil desiccation, decreased nutrient mobility and the inhibition of

nitrifying bacteria, temperatures greater than 35°C result in a decrease in N20 produced

from nitrification. Provided moisture conditions are favorable, the microorganisms

involved in denitrification can tolerate much higher temperatures, resulting in N20

emissions up to 75°C (Hutchinson, 1995). Low temperatures, (i.e., below 15°C)

significantly inhibit the microbial processes involved, though the N20 production

associated with nitrification and denitrification is not completely terminated.

Spring Thaw:

Corre et aI. (1996) found the largest N20 flux occurred in spring time after the thaw.

The high moisture conditions, despite low temperatures, were favorable for

denitrification. The N and C availability were likely higher at this time as well, due to

the limited plant activity and the lysis of the microbial cells from freeze-thaw action

(Laidlaw et aI., 1995). It was also reported that N20 that had accumulated at depth

during winter diffused to the soil surface and was released during the spring time (Corre

et al., 1996; Laidlaw et aI., 1995).
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Soil Type and Texture:

Soil texture plays an important role in the retention ofwater. Sandy soils typically

have a greater number of air-filled pores than clay soils and anaerobic conditions for

denitrification are less likely to occur. Sandy soils also have been found to have lower

microbial activities than finer textured soils (Corre et aI., 1996). This may be caused by

increased retention ofnutrients, water, and the ability of clay particles to bind and hold

organic matter and microorganisms. Soil texture also plays an important role in

regulating the transport ofgases through the soil by controlling water content and air

filled porosity.

3.2.5 Effect of Burning and Cultivation of Grassland on Greenhouse Gas
Production in Grasslands

In Saskatchewan, it is common to bum and cultivate sloughs to allow for ease of

seeding and to increase the area under cultivation. These processes may alter the flux of

gases from the system.

3.2.5.1 Effects ofburning

The combustion of grassland has a direct effect on the carbon stored therein. Firstly,

it results in a direct release of C as CO2 and carbon monoxides. Secondly it leads to an

increased release of C from bumt vegetation. It also leads to the release ofnitrous and

nitric oxides and CH4 (Lal et al., 1995b).

The weather directly before and after bums is an important factor contributing to the

effects of a bum. Wind can remove ash thereby decreasing the amounts ofnutrients

remaining in the system (White and Loftin, 2000). Hot dry temperatures also will affect
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fuel for the fire. Dry fuels tend to burn hotter. Moist fuels will burn but at lower

temperatures, if at all (Ketterings et al., 2000; DeBano et al., 1998).

Grasses and other herbaceous plants contain fine leaves and numerous stems. This

light material provides low fuel loading. As a result of this, high intensity grass fires

produce only low soil heating and fire impacts (DeBano et al., 1998). DeBano et al.

(1998) developed a visual assessment for determining the intensity of a fire on

grasslands. A low intensity fire is evidenced by uncharred mineral soil with a mostly

black charred grass cover. Soil temperatures at 1 em depth in this fire are less than

50 °C but may be lethal to some microorganisms. Moderate fire severity is seen by the

upper 1 em ofmineral soil being charred. Grey or white ash can also be present. Soil

temperatures at a 1 em depth in a moderate severity fire can reach between 100 and

200 °C. High severity fires have intense heating with the mineral soil visibly reddish or

orange in colour. The extremely high temperatures, greater than 250 °C, can alter the

soil texture in the surface layers by fusing minerals together.

Fire intensity is also dependant upon the duration and size of the area being burned

(Ketterings et al., 2000). This, in turn, influences the transfer ofheat into the soil. The

longer a fire is on a particular location, the more heat energy can be transmitted down.

Other factors influencing the transfer of heat to the soil include surface temperature, soil

moisture content and soil pore distribution (Ketterings et al., 2000).

Burning has been shown to alter the temperature, moisture, pH, salinity, water

dynamics/erosion, nutrients and vegetation of the system being burned (Volesky and

Connot, 2000; Ueckert et al., 1978; DeBano et al., 1976; Owensby and Wyrill, 1973).

66



However, changes in soil chemistry and physical properties are temporary, returning to

initial levels within several years (Ueckert et aI., 1978).

Soil physical properties:

Temperature:

Heat produced during combustion is transferred to other parts of the ecosystem

including the soil via conduction, convection, mass transport and radiation (DeBano et

aI., 1998). Energy transfer to the soil is dependant upon the amount of organic matter

present, specific heat, bulk density and soil moisture. During the burn, soil moisture

must first be heated and vaporized before soil temperatures can rise (DeBano et aI.,

1976). Following the bum, soil temperatures are also affected. Volesky and Connot

(2000) found that soil temperature following a fall burn was 1.6 °C higher to a 30 em

depth in early spring, but by summer, these differences were no longer significant. The

retention ofblackened ash on the surface will also increase soil temperatures.

Incomplete combustion ofplant material will result in less energy being transmitted

through the soil (Nimir and Payne, 1978).

Moisture:

Combustion influences soil moisture, infiltration rate, and subsequent runoff. Soil

moisture is decreased during the burn by evaporation (DeBano et aI., 1976). Afterwards,

soil moisture levels may remain lower because ofdecreased infiltration rates (Anderson,

1965).

Infiltration rate decreases after a burn because of alterations in non-capillary porosity

(Schacht et al., 1996; Owensby and Wyrill, 1973). Following burning, the larger soil
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aggregates responsible for non-capillary porosity are broken down resulting in an

increase in the proportion of smaller aggregates (Ueckert et aI., 1987). These can inhibit

the infiltration ofwater into the soil.

Infiltration rate is also affected by the formation of a water repellent layer in the soil

during combustion at temperatures greater than 176°C (DeBano et aI., 1998). This layer

is formed when polar hydrophobic organic substances are moved from burning litter

material to the surface. The intensity of this layer is highly dependant upon the water

content, fire duration and soil texture. Coarser soils can develop a thicker and more

intense water repellent layer. DeBano et aI. (1976) found that high intensity fires only

five minutes in duration over dry sand produced the most severely water repellent

conditions.

Burning of vegetation removes plant cover and leaves the surface of the soil exposed

to raindrop impacts (DeBano et aI., 1976). This further disrupts soil aggregates.

Together with decreased infiltration, runoff from burned sites may be significant

(DeBano et aI., 1998). Emmerich and Cox (1992) found that vegetation cover by itself

is not the dominant factor controlling runoff and saw no increase in runoff and sediment

transport attributed to burning. Because areas along the wetland fringe are small and

depressional, erosion potential is unlikely to be large.

pH:

Changes in soil pH attributed to burning are variable and short-lived (Schacht et aI.,

1996). The release ofbases from burned ash and the release ofCa, K, Mg, and Na salts

can result in a build-up ofbases resulting in higher pH values. Also, lower production

of organic acids and reduced leaching due to lower infiltration rates, allows for these
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bases to become concentrated in the surface (Schacht et al., 1996; Nimir and Payne,

1978; Owensby and Wyrill, 1973).

Salinity:

Ueckert et al. (1978) found an increase in salinity in the surface layer of soil

following burning of a grassland. They attributed this to the concentration of salts in the

ash. However, salinity changes do not always occur. Schact et al. (1996) found no

change in the top 30 em. It is likely that due to the ease of transport of the ash by wind

and water that some sites have this concentrated salt layer removed.

Nutrients:

DeBano et al. (1998) identified six separate sources ofnutrient losses by combustion.

Volatilization results in a loss ofnitrogen in the form ofN2 and other nitrogen oxides

produced from combustion. There is also a significant loss ofparticulate matter

containing cations and phosphorus that can be lost to the atmosphere via smoke. Other

materials and residues deposited or left in the ash layer may be transported by wind

erosion away from the system. Nutrients left behind can then be lost by surface runoff

and erosion, or leached through the soil profile. Finally, nutrients might be bound by

incompletely burned residue material. Overall, nutrient effects from burning are highly

variable and fire dependant.

Nitrogen losses are highly temperature dependant. Fires below 200°C do not result

in N loss. Fires whose temperatures range from 300 to 400°C lose 50 to 75 % of the N

in the system. Total N loss occurs at temperatures above 500°C (DeBano et aI., 1998).

Although N is not lost from the system, ash from lower intensity fires can contain large

amounts of ammonium. Presuming the ash is not removed via wind erosion, it can act
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to stimulate microbial activity and increase amounts ofmineralizable N in the soil

(White and Loftin, 2000). The effects ofburning on soil N are difficult to determine as

vegetation and soil microbial populations may rapidly immobilize N. Schacht et aI.

(1996) found no significant difference in total soil N for the top 30 em because of

burning. Conversely, Owensby and Wyrill (1973) found a significant difference in total

soil N for the top 7.54 em.

Following a fire, phosphorus can be concentrated in the ash and on the soil surface as

residue (Garcia-Montiel et al., 2000; DeBano et aI., 1998). If calcareous materials are

present, or the system is highly depleted in P, phosphorus can be quickly immobilized as

insoluble compounds or tied up in new growth stands as new vegetation competes for P.

Other nutrients also can be affected by burning; however, this usually occurs only in

response to high temperature intense fires. Changes in soil potassium levels are site

dependant (Ueckert et aI., 1978). Burning ofvegetative material can result in a

concentration ofpotassium near the surface (Owensby and Wyrill, 1973). Burning can

also result in a 20 to 40 % decrease in the amount of S in the above ground biomass

(DeBano et al., 1998). Calcium concentrations may decrease after a high intensity fire;

magnesium ion on the other hand, is reported to be concentrated by burning (Owensby

and Wyrill, 1973).

Organic Carbon:

Organic carbon is initially lost during combustion through volatilization of its

constituents up to a temperature of200°C. Although these losses represent a net output

of carbon from the system, SOC concentrations increase rapidly in the year after the

burn. Ash and unburned material are incorporated into the soil that acts to stimulate
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plant growth and microbial activity (Ueckert et al., 1978; Owensby and Wyrill, 1973).

The stimulated increase in SOC should also increase the flux of C02.

Microbial Effects:

The increase of temperature results in the direct death of soil microorganisms. It also

alters the environment in which they live. For example, heterotrophic bacteria initially

decrease as a result of the loss oforganic residues (DeBano et aI., 1998). Affected

nutrient cycles also influence microbial communities; e.g., high amounts of ammonium

present in the burnt soil can promote nitrification. Likewise, as more N03- is formed,

denitrification processes may occur eventually resulting in higher N20 emissions

following a bum.

3.2.5.2 Effect ofcultivation on gasflux

Following a bum, farmers usually disturb the soil by pre-seeding tillage operations

such as disking as well as the seeding operation itself. Incorporation of the ash and

partially burned residues results in a short-term increase in soil organic matter. A

concomitant increase in microbial activity following tillage is likely caused by the

increase in available substrate for soil organisms. Also, tillage improves aeration and

acts to break up macroaggregates of SOM rendering it more available for decomposition

(Ueckert et aI., 1978; Owensby and Wyrill, 1973; Rovira and Greacen, 1957). The

increase in microflora following tillage is short lived, lasting only 24 hours at 30°C;

however, this effect lasts longer with cooler temperatures (Rovira and Greacen, 1957).

Tillage type also has a significant effect on the short term and intermediate fluxes of

CO2. A mouldboard plow has a high disturbance resulting in more organic matter being
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exposed. In the long run, tillage results in significantly higher C02 fluxes than are

observed in no till systems. The large, short term initial flush of C02 in the soil can be

attributed to surface roughness and depth of disturbance which releases C02 from soil

pores (Reicocky and Lindsrtom, 1995).

3.3 Materials and Methods

3.3.1 Experimental Design

The experiment was set up as repeated measures two way completely randomized

block design under controlled environment conditions with two treatments: 1) control

and 2) bum/cultivation. The study was conducted using soil cores collected from

restored wetland fringes at four sites. Six replicates of treatments and controls arranged

in each of three time intervals were used for each of the four sites. Due to limitations in

the ability of the chambers to hold all the cores at once, two replicates, consisting of one

treatment and one control from each site, were run at one time interval for five

consecutive weeks. Environmental conditions remained constant at 13°C over all

blocks.

3.3.2 Site Descriptions

Full site descriptions can be found in section 2.3.3. Sites chosen for this study were

based on the best matches from the carbon study in Chapter 2 and include Vermillion

and Trembley sites from the Missouri Coteau, and Fontaine and Gayowsky from east

central Saskatchewan.
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3.3.3 Sampling Protocol

Field Sampling:

Twelve intact cores were taken using a 30 em diameter PVC pipe to a depth of20 em,

along a lateral transect in the restored wetland fringe area at the four sites in early

October 2001. To prevent soil loss and allow for water infiltration during the field

capacity study, a rubber mesh was applied to the bottom of the cores. Cores were

immediately taken back to the laboratory for treatment. The implementation and

reasoning for treatments imposed are shown in Figure 5.

Fall Burn (Simulated a typical fanning practice)

�
Freezing (Simulated winter)

�
Spring Cultivation (field capacity study) (Ifdry, the farmer will cultivate the field)

�
Flooding (Saturation study) (Sometimes occurs in cultivated areas in May

and June due to heavy rains)

Figure 5. Flow chart of study and reasoning behind treatment

Imposition ofBurn Treatment:

Of the twelve cores, six were randomly assigned to the treatment and six to the

control. Treated cores were burned using a butane lighter and 5 mL of lighter fluid.

Utilizing the classification by DeBano et aI. (1998) this fire was classified as a low

severity fire. Although the surface was mostly black, a small portion of the vegetative

mat was still visible, and the soil was not charred. Soil temperatures for these fires were
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less than 50°C at a depth of 1 cm (DeBano et al., 1998). Fire duration lasted

approximately 15 to 30 minutes. To ascertain the amount ofmaterial lost by

combustion and blowing ash, cores were weighed before and after the burn. After

burning, all cores were stored at -20°C until required, thus simulating freeze-up

conditions after fall burning.

Imposition ofCultivation Treatment:

After thawing for one week at 13°C, cores were set up in a RCBD design in the

growth chamber. To simulate cultivation on the treated cores, a hand cultivator of six

em in length was inserted into the soil, and rotated 90° to the right. This process was

repeated four times. Cores were then brought to field capacity and gas sampling

initiated.

Gas Flux Sampling:

Sampling for gas flux for the field capacity study occurred at time zero, after the

cores were initially cultivated, and subsequently on days 1,2,4,6, 8, 10 and 12

following cultivation. An airtight seal was created by capping the cores with a 30 em

PVC sewer cap attached to the core by a rubber coupling (Figures 6 and 7). Because this

method prevents light from entering the cores, measurements obtained simulate night

time fluxes. A rubber septum inserted into the cap was used to extract the samples.

Prior to sampling, the air in the chamber was mixed by flushing a 60 mL syringe

three times. This was done to prevent stratification of the gases. Four 20 cc gas

samples were taken and transferred to evacuated vials (10 cc) over a 2-hour period in 40

minute intervals.
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�B

Figure 6. Set up of the controlled environment chamber showing intact grassland cores (A) and chamber
apparatus (B)

D

Figure 7. Gas sampling materials utilized in the controlled environment chamber. The soil core is on the

bottom (A), with a rubber coupling (B) attaching the cap (C). A 60 ml syringe (0) is inserted into the

septum (E).
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Controlled Environmental Settings:

Because microbial activity controls C02, N20 and CRJ production, the two most

important factors to control were temperature and moisture. Temperature was set at

13°C to simulate spring conditions. This setting was used for a 12-hour day and

12-hour night settings. Because ambient atmospheric temperatures and concentrations

of radiant energy will influence the soil temperature, a setting of two-thirds sunlight was

used. This was required to maintain the minimum temperature without experiencing

large fluctuations. Moisture contents of the cores were closely monitored.

Initiation ofthe Field Capacity Study:

During the first two weeks, gas emissions were measured in cores maintained at

field capacity. Field capacity was determined and maintained throughout the

experiment for each core. Each day, the water content of the cores was brought up to

field capacity by adding water until the desired weight was reached.

Initiation ofthe Saturation Study:

After sampling for 14 days in the field capacity study, the rubber mesh was removed

and weighed. A 30 em PVC sewer cap was applied to the bottom of the core and sealed

using inert silicone to create a water tight seal. The first gas sampling (day 0), occurred

2 days after the cores were sealed and saturated with water. Gas samples were then

collected on day 1, and every second day thereafter until day 20. To ensure the same

water content over the 20 day period, water was added to a 0.5 em standing water depth
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and then the apparatus was weighed. Each day thereafter, water was added to bring it up

to the specific weight.

3.3.4 Gas Analysis

Nitrous oxide

Nitrous oxide was determined using a Varian CP-3800 gas chromatograph with an

electron capture detector at 370°C. A 300 JlL sample was injected into a P5 carrier

stream (5% methane and 95 % argon) at 100°C and a pressure of 150 kPa. Samples

were then carried through a Poroplot Q fused silica 10m capillary column at 60°C.

Oven temperature was set at 35°C.

Carbon dioxide and methane

Both CO2 and CH4 were determined using a Varian CP-2003 micro-GC with twin

micro-thermal conductivity detectors. An on-board vacuum pump pulled the sample

into a He gas stream with an injector temperature of 110°C. Carbon dioxide was

separated using a Hayesep column at 50°C. Methane was separated using a molecular

sieve at

100°C. A carrier stream of He was used with a pressure of 100 kPa. Oven temperature

was set at 50°C.

3.3.5 Gas Calculations

The flux of greenhouse gases was calculated using the diffusion based model

provided by Hutchinson and Mosier (1981). The applicability of this model is

dependant upon the meeting of three conditions: the change in concentration is to be
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measured for two successive periods ofequal lengths, the absolute difference in

concentration (CI-CO) and (CrCI) must be higher than the minimum detectable

concentration difference and that (CI-Co)/(CrC1) is greater than one. The minimal

detectable difference was calculated based offof the average standard deviation of

fifteen air samples. If these conditions are met, the gas flux can be calculated from the

formula (Hutchinson and Mosier, 1981; IAEA, 1992):

Gas flux = (10)

Where: V = chamber volume (L)

C, = concentration at time (min) (i.e., Co is the concentration at time 0,

and C1 is the concentration at time 1, tl)

A = cross sectional area (m2)

Gas volume was adjusted according to temperature, vapor pressure, and atmospheric

pressure.

If the conditions for the diffusion based model could not be met, then flux rates were

calculated as a slope of the linear regression describing the gas flux verses time curve.

Cumulative gas production was calculated by assuming the flux rate would be

constant over the two days following the sampling and cumulatively adding the fluxes

over time.

3.3.6 Nutrient Concentration Measurements

Nitrate-N, phosphate-P, and sulphate-S supply rates in the soil were determined using

plant root simulator (PRS™) resin membrane probes (Qian and Schoenau, 2002) as an
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ion sink. Probes were washed four times with a O.5M NaHC03 solution prior to use.

Probes were inserted into the soil and sequentially changed every 48 hours by replacing

with a new probe into the same location in each core. Nutrients sorbed onto the surface

of the anion probe were removed by elution for 2 hours in a O.SM HCI solution (Qian et

aI., 1996; Tejowulan et aI., 1994) and the ions in the eluent were then colourimetrically

analyzed using a Technician ™
autoanalyzer.

3.3.7 Statistical Analysis

The experiment was set up as a repeated measures analysis. However, due to non

normal distribution of the data, nonparametric statistics were required. A Friedman two

way analysis of variance by ranks was used to determine significance (SPSS, 2002).

This test is used on the hypothesis that the samples have been drawn from the same

population. Each row is ranked separately, and the Friedman test determines the

probability that the different column ranks came from the same populations, i.e., have

the same median. If the hypothesis was correct and all the samples came from the same

population, than the distribution of the ranks within the column should be random with a

total sum of: N(k+l)/2. A significant value indicates that at least one of the days or

treatments was different (Siegel and Castellan, 1988).

To determine which treatments were significantly different a multiple comparison

between groups test must be performed. Significance between individual pairs of

samples was determined by the absolute difference, IRu - Rvl. A critical difference was

used accept or reject the null hypothesis (Ho: 9u=9v). This value was calculated by the

formulas:
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Zalk(k-l) (k(k+ 1 )/6N)
1/2

(11)

Where Zalk(k-l) is the critical z value for number of comparisons (#c) multiple

comparisons at a significance of 0.1 (Appendix 8).

The number ofcomparisons, #c = k(k-l)/2 (12)

k is the number of treatments (columns)

N is the number of replicates (rows).

Results of this test can be found in Appendix 8.

Significance for the Friedman's analysis, multiple comparisons and graphs are

determined at an a = 0.10 unless otherwise stated. Median data was used for all graphs

and calculations due to the non-normal distribution (Siegel and Castellan, 1988).

A linear regression was performed using Minitab using N03
-

supply rate to predict

N20 production based on time and/or treatment.

3.4 Results and Discussion

3.4.1 Field Capacity Study

Trembley Site:

The imposition of simulated fall burning and spring cultivation resulted in a

significant (a = 0.10) decrease in cumulative CO2 production (Figure 8A). Carbon

dioxide fluxes were similar between treatments until day 2, after which, more C02 was

emitted from the control (unbumt, undisturbed) cores (Appendix 9). Ueckert et al.

(1978) found that soil organic carbon values increased after burning, and they believed

this was related to the input of fresh carbon material stimulating microorganisms. Based
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on their hypothesis, the flux of C02 would be expected to be higher in burned and

cultivated cores. However, their observation that soil organic carbon values increased

after burning is consistent with reduced outputs of carbon as C02.

Burning ofgrasslands results in changes in the microclimate and other environmental

conditions such as pH, nutrient status and organic matter (Volesky and Connot, 2000;

DeBano et aI., 1998). These environmental changes will act to alter the active

microbial populations and communities. Palm et aI. (1996) stated that microfauna

changes, resulting from slash-and-burn of a forest, would not influence decomposition

patterns unless there are significant changes in the microbial communities. It is possible

that the burn and cultivation treatment created microbial inhibitors, or unfavourable

environmental conditions that would inhibit the heterotrophic microbial communities.

The burning and cultivation may also have had an adverse effect on root respiration by

the grasses, reducing the C02 fluxes. The response ofmicrobial communities and

population dynamics to the burning and cultivation of grassland is not well documented

and further research is required to verify this theory.

A significant (a=O.lS) difference was seen in the flux ofN20 from the Trembley

cores (Appendix 8). As shown in Figure 8B, there is significantly more N20 being

emitted from the control cores (Appendix 9). Because soil N03- supply is increasing in

both the control and treated soil (Figure 8C), it is unlikely that lack ofN03- was a

limiting factor for N20 production in the treated cores. Rather, it is likely that the

imposition of the burn and cultivation resulted in significant changes in microbial

populations and reduced the microbial and root activity, consequently reducing the C02

and N20 fluxes.

81



There was a steady increase in supply of soil available N03
-

in both the control and

burn-cultivation treatments (Appendix 8). However the treatment N03
-

supplies

increased more rapidly (Appendix 11). This may have been a result of increased

ammonium input from burning (DeBano et al., 1998) which would be converted to N03-

via nitrification. Nitrate values tend to increase after thawing because of the breakdown

oflysed microbial cells and plant residues; also, due to inactivity during the early spring,

plants are not assimilating N03
-

as rapidly (Nimir and Payne, 1978).

Higher N03
-

supplies in the treated cores would indicate more N03
-

is available for

N20 production. However, since there is considerably more N20 being produced on the

control cores, some other factor must be influencing N20 emissions. There was no

significant correlation between N03
-

supplies and N20 flux. The facultative anaerobic

community responsible for denitrification may have been adversely influenced by the

bum and subsequent cultivation. Inhibitors and/or adverse environmental conditions

such as reduced root activity may act to suppress the formation ofN20, but further

research is required.

Soil P04 supply was also influenced by the imposition ofburning and cultivation, in

that the control soils had significantly higher P04 supply rates than the treatment cores

(Appendix 11). Lower supply rates of P in treated soils also suggest an impact of

treatment on microbial activity and possibly P04 release by enzymes such as

phosphatase.
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Vermillion Site:

There was a significant (a=O.l 0) difference observed in the cumulative C02 produced

from the Vermillion cores (Figure 9A). Soil flux from day 0 to day 2 was similar for

both the control and the treatment. As with the Trembley site, the burn and cultivation

inhibited C02 evolution as revealed in lower C02 flux in the treatment, either by

limiting the amount of readily decomposable material or by directly influencing the

microbial community and root activity (Appendix 9).

There was no significant difference between the control and the treated cores on the

measurable flux ofN20 (Appendix 8). This lack ofdifference was not related to the

soil N03
-

supplies, as there was no correlation between soil N03
-

supply and N20

emissions. Therefore as at the Trembley site, some other conditions must have been

controlling emission rates, such as changes in the microbial communities present.

As at the Trembley site, soil N03
-

supplies were significantly greater for the

treatment cores (Figure 9B). Reductions in N03
-

supplies in subsequent measurement

intervals may be related to depletion ofmineralizable substrate as well as the use of

N03- in N20 production, despite the non significant correlation between N03- supply

and N20 emissions.

A significant difference was also observed in P04 with the treated cores having

higher supply rates and larger variability than the control cores (Appendix 11). Soil P04

supply steadily decreased in the control core (Figure 9C) suggesting a usage of P by

plants and microflora. The burn and subsequent cultivation resulted in much larger

variation and an initial increase in available phosphorus supply.

85



2500 �- -- .

30�------------------------�A.cr
E
S2000-
I:
o

�
-61500 �---------------/-------I
e
Q.

8'1000 -

J-----�
�
i
"5500 - -/--------
E
:l
o

B. -g
'0:
GI
Q.

iii
-0:

� ..-20
� 'E
'0: u

:l 015 +------'� ..

"0 ,..

i �
of 10
o
1/1

Z

:s 5 +------ � --A' �
z

0-

00
0\

-Control
_._ Treatment

_Control
_._Treatment

T--r-----r-' -

+r- --.- ,.------.-- O+---�--�--����------�o 2 4 6 8 10 12

Time (days)
2 8 10 12 144 6

Time (days)

40�--------------------------�
C.

"0
o
'0:
GI
Q.

_Control
_._Treatment

35

iii 30
'0:
:l

..a �25
01 'E
.5 o

:; � 20 �_ � ---I
"0

01

-g ..;> 15 -1----'''--
..a
....

o
1/1

�
a
tl.

O_--.....----�--_._--__r_--___r_--___.--____I
2 4 6 8 10 12 14

Time (days)

Figure9.Cumulative gas production and soil nutrient supply in Vermillion cores at field capacity. A. Cumulative CO2 production;B.Nitrate-N sorbed to PRS™ probe during 2 day burial periods; C. Phosphate-P sorbed to PRS™ probe during 2 day burial periods.



Fontaine Site:

Cumulative C02 flux in cores from Fontaine indicated a difference over time, but not

between treatments (Appendix 9). As revealed in Figure lOA, there was a significant

and steady increase in CO2 production over time in treatment and controls. The

imposition of treatment had no apparent effect on the flux of CO2 over the 12 day

sampling time. The effect of the fire and cultivation at the Fontaine site does not appear

to have been as large as at the two Missouri Coteau sites.

The imposition of the burn-cultivation treatment did not have a significant effect on

the flux ofN20 (Appendix 9). There were also no significant differences between

treatments in soil N03
-

supply (Figure lOB), consistent with lack ofdifference in N20

and C02 production. The relationship between soil N03
-

supply and N20 emissions

showed a significant weak but linear correlation for the treated cores, ?= 0.25; however

it did not predict N20 emissions on the control cores. As shown in Figure 8C, N03-

supply rates are similar between the control and treated cores except for day 12

(Appendix 11).

There were no differences between treatments in P04, N03
-

and sol- supply rates

between treatments (Appendix 11). However, there was a peak ofP04 on day 12 also.

There maybe some unknown factor operative between day 10 and day 12 that created a

net release in the control cores.

Overall, at the Fontaine site, the imposition of the burning and cultivation treatment

had little impact on the soil gas and nutrient supply rates at field capacity. This may be

due to a low intensity burn on these particular cores.
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Gayowsky Site:

There was a significant treatment effect caused by the imposition ofburning and

cultivation on production of C02 in cores at Gayowsky (Appendix 9). As shown in

Figure IIA, the control cores produced significantly more CO2 than the treated cores,
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similar to the observations at Trembley and Vermillion in the Missouri Coteau. By day

six, fluxes from the treated cores were negligible. The control cores however, continued

to emit C02. The bum and cultivation may have inhibited microbial and root activity in

the treated cores. The leveling offof C02 evolution by day 6 suggests that readily

mineralizable C substrate has been depleted or that another nutrient is limiting. Soil P04

supply decreased in both the control and treatment cores to near zero by day 8

(Appendix 11). It is possible that in the treatment cores, microorganisms rapidly utilized

P04 or that the P04 was fixed. The lower concentrations ofP04 may have created a

phosphorus deficiency for the microorganisms.

The imposition ofbuming and cultivation treatment also had an influence on the flux

ofN20 from the Gayowsky wetland fringe soil (Appendix 9). Total N20 fluxes from

the treatment soils were over 18 times greater than those of the control (Figure lIB).

This is in contrast to Trembley whose control cores produced significantly higher

amounts ofN20, and Vermillion and Gayowsky where no significant differences were

observed. There was little N20 produced from the control cores. Nitrate supply rates

(Figure 11 C) were similar between treatments for the first 4 days (Appendix 11). After

this time, soil N03
-

supply rates in the control cores decreased more rapidly then leveled

off at lower rates than the treatment cores. Higher ammonium concentrations found in

soils after the bum could allow for an increase in nitrification and subsequent N03-,

resulting in the potential for higher N20 production.
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3.4.2 Saturation Study

Trembley Site:

Using Friedman's analysis for repeated measurements of fluxes made at the 2 day

time intervals, the only significant difference in C� production under saturated

conditions occurred at this site (Appendix 10). Methane production in the control

treatment began on day 4 and increased exponentially (Figure 12B). Overall, CH4

production in the control was significantly higher than the burn-cultivated treatment.

Therefore, the imposition of cultivation and burning appears to have resulted in a

significant delay of CH4 production. Burning and cultivation may have altered the

microbial community and/or root activity affecting the populations responsible for CH4

production as well as perhaps reducing the substrate available for methanogens.

There were also significant differences between sampling dates, with CH4 beginning

to be produced at day 12 (Figure 12B). Sulphate supply rates showed a significant

decline beginning at day 12, consistent with methanogenesis being inhibited until sol

is removed from the system (Crozier et aI., 1995; Kiene, 1991).
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There were no significant differences between control and treatment observed in N20

and C02 produced (Appendix 10). Nitrous oxide production was highly variable.

Regression analysis of cumulative N20 production and soil N03- supply showed a

significant positive correlation. During denitrification processes, N03
-

is utilized as a

terminal electron acceptor for the microorganisms with N20 being produced as a by

product. Therefore, as soil N03- increases, N20 production would increase also. A

similar correlation has also been reported by Hutchinson (1995), who found the

nitrate/nitrous oxide flux correlation to be site specific. The Friedman analysis also

showed no significant difference between N20 in the treatment cores over time

(Appendix 10). However, there was a significant difference between treatment and

control for soil N03
-

supply rates, but, after day 2, there was little N03
-

left in the system

(Figure 12C) probably due to loss by denitrification (Appendix 12).

There was a significant difference between treatment and control observed in the

cumulative C02 production (Figure 12A). Comparatively, the shape of the two curves

for the treatment and the control were very similar until day 12. After this time, C02

production increased in the control cores. The overall C02 production was seven times

higher in the control cores (185.9g m") than that of the treatment (26 g m") (Appendix

10). Burning and cultivation may have affected microbial and root activity related to

CO2 production under saturated conditions, as well as field capacity as described in

section 3.4.1.
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Vermillion Site:

Methane was not produced at this site under saturated conditions probably due to

high redox potentials. There was a significant treatment effect on cumulative CO2

production (Figure 13A), with higher C02 production from the control cores (Appendix

10). As observed at the Trembley site, this is possibly due to the burn-cultivation

treatment having a negative effect on microbial and root activity.

There also was a significant difference in cumulative N20 production under saturated

conditions (Figure 13B). Nitrous oxide flux increased until day 6 for both the control

and treatment cores (Appendix 10). Fluxes became negligible from day 6 to day 14 on

the control soil. After this time, fluxes began again. The onset of a period of decreased

N20 production is significantly correlated to a large decrease in soil N03
-

supply at this

time (Figure 13C). Nitrate supplies began again at day 14 with largest increases in the

control cores, and this was associated with onset ofN20 production in the control cores

on day 14 (Figure 13C).

The amount of P04 sorbed onto the anion membrane significantly decreased from

day 4 onward (Figure 13D, Appendix 12) in both the control and treatment cores. This

maybe associated with microbial use ofP04.
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Fontaine Site:

Methane was not produced at this site under saturated conditions possibly because

soil S042- was not completely utilized (Appendix 10) as well, redox potentials may not

have been low enough for methanogenisis. Fluxes for N20 were highly variable at this

site. There was an increase in soil N03
-

supply at days 14 and 20 for both the control

and treatment cores (Figure 14) that may be due to mineralization and the formation of

N03-, but this was not systematically related to N20 flux.

There were no differences in C02 flux between treatments and over time at this site

under saturated conditions (Appendix 8). No differences were observed under field

capacity at this site either, and, as explained earlier, the fire intensity at the Fontaine site

may not have been as large as the other sites. Therefore, the burn may have been cooler

resulting in less influence on biological activity in the soil.
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Figure 14. Nitrate-N sorbed to PRS™ probe during 2 day burial periods in Fontaine
cores during the saturation study.
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Gayowsky Site:

As with the other sites, C� was not produced at this site, possibly because of the

presence of SO/- as evident by high SO/- supply rates (Figure l5A). Although there

was a significant treatment and time effect on soil N03- supply (Appendix 12), it was not

related to the flux ofN20 from the soil. The treated cores had consistently higher soil

N03- supply rates than the control cores (Figure l5B). The same phenomenon was

observed at this site under field capacity conditions (Figure lIB). The increase in

ammonia following the burn may have resulted in subsequent production ofN03-.

Despite this difference in N03
-

supply between cores, there was no significant difference

in N20 produced.
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3.5 General Discussion

With the exception of the Fontaine site, imposition of the burning and cultivation

treatment resulted in reduced C02 fluxes from the wetland fringe soils at field capacity

(Table 3.1). A short-term inhibition ofmicrobial and root activity and/or alteration of

the microbial community structure may be responsible for the decrease in C02 flux.

The amount of C02 produced was site specific. The Vermillion control treatment

(unburned, not cultivated) had the highest C02 production. This is consistent with the

Vermillion soils having the highest organic carbon content as well as a lush vegetative

cover, thus providing more decomposable organic carbon and greater root respiration.

Soils from the Fontaine and Gayowsky sites had consistently lower C02 production than

Trembley and Vermillion. This may be related to differences in substrate recalcitrance

between study areas due to vegetation and humification differences. There may also

have been significant differences in the microbial communities between sites.

The imposition of saturated conditions in the cores to simulate flooding resulted in a

significant decrease in CO2 production in soils from all sites (Table 3.2) as compared to

field capacity conditions (Table 3.1). For the Vermillion soil cores under field capacity

conditions C02 fluxes rose a maximum of 110.4 g m-2d-1 but they decreased to

maximum of 31.9 g m-2d-1 following saturation. The C02 fluxes measured under

saturated conditions for the Vermillion soil (Table 3.2) are higher than those obtained by

AIm et al. (1999) from bog cores which, during May to June, ranged from 0 to

19.2 g m
-2 d-1 • Because the bog is permanently saturated, C� production would be

favored over C02 production. Saturation of the cores in this study would cause a

reduction in the activity of aerobic decomposing microorganisms and root respiration,
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explaining the reduced C02 evolution with flooding. However, the redox potential

evidently did not decrease to a low enough level in Vermillion soil to cause the onset of

methanogenesis as C� was not detected. The C02 flux at other sites also decreased

rapidly when converted from field capacity to saturation conditions. Under saturation,

the burn and cultivation treatment significantly reduced CO2 fluxes at Trembley and

Vermillion sites and had no effect at Fontaine and Gayowsky (Table 3.2). Lack of a

treatment effect on C02 production at Fontaine under both field capacity and flooded

conditions is consistent with the low intensity of the simulated burn at this site.

Site Control Bum and Cultivation Significant
Production Production Treatment Effect

CO2 (g m")
Trembley 1382 755 **t

Vermillion 2142 1039 **

Fontaine 421 381 ns

Gayowsky 245 49 **

N20 (J-lg m")
Trembley 168062 1866 *

Vermillion 12763 53497 ns

Fontaine 79003 32129 ns

Gayowsky 1521 28575 **

CH4
All No measurable roduction

t** = Significant at the a= 0.10 level
* = Significant at the a = 0.15 level
ns denotes not significant at a = 0.15 level
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Bum and Cultivated Significant
Production Production Treatment Effect

CO2 (g m")
Trembley 186 26 **t

Vermillion 1222 58 **

Fontaine 62 -15 ns

Gayowsky 46 14 ns

N20 (llg m")
Trembley 20025 -5051 ns

Vermillion 444608 196985 **

Fontaine 498 -363 ns

Gayowsky 3461 554 ns

C� (g m")
Trembley 12 0 **

Vermillion 0 0 ns

Fontaine 0 0 ns

Ga ows 0 0 ns

h* = Significant at the a= 0_10 level

ns denotes not significant at a = 0.15 level

Nitrous oxide production was also site dependant and highly variable (Tables 3.1 and

3.2). Highest total N20 production under field capacity was found on the Trembley site

control cores with an average daily flux rate ranging from 0 to 75.8 mg m-2 d-1 in the

field capacity study. The flux rate on the Trembley control cores and other site fluxes

was similar to values reported in literature (Jacinthe et aI., 2000; Kliewer and Gilliam,

1995).

The response ofN20 flux to the imposition ofburning and cultivation under field

capacity varied among sites. At Gayowsky, imposition of the treatment resulted in an

increase in the flux ofN20 (Table 3.l) and N03- in the soil cores at field capacity. This

may have been caused by increases in ammonium ion release following burning, which

may result in higher nitrification rates and subsequent N20 and N03
-

production.

However, at Trembley, burning and cultivation inhibited N20 production. Differences
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in N20 production in response to the treatment may be related to differences in N inputs

and transformations affected by the treatment, as well as unknown effects on the

microbial community and root activity. The imposition of saturated conditions on the

cores had a variable impact on N20 production. At the Vermillion site, production

increased while at the other sites it tended to decrease. The imposition ofburning and

cultivation resulted in no significant differences between treatments in cumulative N20

production under saturated conditions, except at Vermillion sites where there was a

significant decrease. The complexity of factors affecting the relative production ofN20

verses N2 by denitrification makes it very difficult to interpret treatment effects on

overall denitrification (N20 and N2). However at three of the four sites, N20 production

decreased with the onset of the saturation study.

Conversion to saturated conditions resulted in a decrease in soil N03
-

supply rates

and decreases in soil N03
-

supply rates are anticipated to coincide with the onset of

denitrification and N20 production, which was clearly evident at the Vermillion site.

Under conditions of field capacity, an increase in N20 production might be expected to

coincide with an increase in soil N03
-

supply ifN20 was derived from nitrification.

This appeared to be the case at the Gayowsky site where higher N03
-

supply rates in the

treatment were associated with higher N20 fluxes. Similar to the findings of

Hutchinson (1995) the ability to use soil N03
-

supply rate to predict N20 flux was site

dependant. During the field capacity study, the relationship between N03- supply and

N20 flux was only significant on cores from the Fontaine site. It is possible that N20

flux under field capacity moisture conditions primarily results from nitrification rather

than denitrification. An increase in N03
-

supply resulting from conversion of
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ammonium to N03
-

would correspond with an increase in N20 ifnitrification was

primarily responsible for the N20 produced.

As expected, there was no CH4 produced during the field capacity studies (Table 3.1).

This reflects the fact that in order for methanogensis to occur, strong anaerobic

conditions must exist. The only cores to produce C� during the saturation phase of the

study were those taken from the Trembley site (Table 3.2). Methane flux increased to a

maximum of 412.1 mg m
-2 d-l for the control cores at Trembley. This value is higher

than those found by Freeman et al. (1992) of250 mg m-2 d-l for a Welsh peatland. It is

possible that in grassland soils the higher nutrient availability and large carbon

production from root material and exudates could result in enhanced methane production

when flooded.
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CHAPTER 4. GENERAL CONCLUSIONS AND RECOMMENDATIONS

4.1. Conclusions

Variations in soil carbon amounts, forms and distribution were examined along

paired upland catenae to evaluate the effect ofconversion of cultivated land to grassland

on carbon sequestration in upland soils. In both the cultivated and restored grassland

catenae at three sites in the Missouri Coteau in south-central Saskatchewan, footslope

positions consistently had a higher mass of soil organic carbon. However, the shoulder

positions tended to show the greatest apparent gains in mass (0-15 em) of total soil

organic carbon from the grassland restoration. A concomitant increase in the mass of

light fraction organic carbon associated with grassland restoration was reflective of

observed gains in total soil organic carbon. Also, the higher proportion of soil organic

carbon comprised of light fraction organic carbon indicates that recent carbon inputs

were greater in the grassland restoration, thus contributing to the increase in the total soil

organic carbon observed over time. Rates of carbon sequestration in the Missouri

Coteau based on soil carbon differences from grassland restoration are estimated to be

0.3-2.9 Mg C ha+yr", depending upon site and slope position.

In the wetland fringe region of the landscape, soil organic carbon differences between

paired cultivated and restored grassland were less consistent than in the upland catenae.

For example, the three sites in the Missouri Coteau had higher surface or subsurface soil

103



organic carbon in the grassland restoration while the three sites in east-central

Saskatchewan showed no difference in soil organic carbon at depth between treatments,

or the cultivated portion contained more soil organic carbon than the restored grassland.

However, the validity of the comparisons in east-central Saskatchewan may be brought

into question due to differences in texture and elevation in the matches. In general, soil

organic carbon changes at depth (below 15 em) in the restored grasslands appear to be

more inconsistent than changes in soil organic carbon in the surface soil.

A controlled environment study was conducted to determine how management

practices affect short-term fluxes ofgreenhouse gases from wetland fringe soils restored

to permanent cover. The short-term flux of carbon dioxide from the wetland fringes

generally decreased in response to simulated burning and cultivation. This result may be

related to short-term inhibition ofmicrobial and root activity and carbon dioxide

production by the burning and cultivation. Sites ofhigh organic matter such as

Vermillion had the highest fluxes of carbon dioxide and as expected, flooding of soils

resulted in a decrease in the production of carbon dioxide.

As expected, no methane was detected in the cores maintained at field capacity for

any of the four sites. In response to simulated flooding, methane production occurred

only at the Trembley site. Imposition of the simulated burn and cultivation reduced the

methane production at this site, similar to the inhibitory effect of the treatment on

production of carbon dioxide observed at all the sites.

Nitrous oxide production was highly variable throughout the study and only

infrequently related to soil nitrate supply. High nitrous oxide fluxes associated with

high nitrate supply rates under field capacity suggests a contribution ofnitrification to
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nitrous oxide production. The response ofnitrous oxide flux to the simulated burn and

cultivation was highly variable and site dependant. For example, at field capacity, soil

from the Gayowsky site produced more nitrous oxide in the treated (burned, cultivated)

cores. However, the reverse was true at the Trembley sites. It is possible that

differences among sites in organic matter concentration as well as nitrogen turnover

through mineralization, nitrification, and denitrification are influencing the amount of

nitrous oxide evolved.

Under saturated conditions, nitrate supply rates were closely related to the production

of nitrous oxide from most sites. This is indicative of the denitrification process in

which nitrate flux to the anion probes decreases as denitrifiers utilize the nitrate in the

formation ofnitrous oxide. The conversion to saturated conditions resulted in the

expected decrease in soil nitrate supply rates. This is attributed to reduced rates of

nitrification as well as conversion ofnitrate to nitrous oxide during microbial

denitrification. Short-term variations in greenhouse gas fluxes in many instances

appeared to be related to soil nutrient supply. In general, grassed wetland fringes are

converted to cropland by burning and cultivation. The results of this study suggest that

it would be best to burn under conditions of nutrient limitations, such as low nitrate and

sulfate supply, since subsequent reflooding of these areas would produce lower carbon

dioxide and nitrous oxide fluxes according to the results of this study.
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4.2. Further Research

Because of the potential influences fire may have on microbial communities, it is

essential to understand what changes occur in response to burning and cultivation. The

use of community level physiological profiling (Biolog®) would show differences in

community structure over time and in the utilization of various substrates. Further

community analysis by fatty acid methyl ester analysis (FAME) may be valuable to show

differences in various soil microbial components as affected by burning, disturbance and

fire. Together with gas flux data, it would be possible to determine if the differences in

the flux of gases caused by the imposition ofburning and cultivation were caused by

microbial populations and community changes or simple reduction in root activity and

respiration.

Furthermore, a method of assessing changes in dynamic soil carbon fractions such as

microbial biomass and light fraction organic carbon in the cores during the gas sampling

would be an asset. It would be useful to understand how soil carbon distribution with

time is related to the changes in microbial communities and the relationship between gas

fluxes and substrate utilization.
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CHAPTER 6. APPENDICES

Appendix 1

Soil pH and electrical conductivity along a catena on the Missouri Coteau

Site Slope Depth Restored Grassland Cultivated
em pH EC dS em" pH EC dS em"

Tremblay Shoulder 0-7.5 8.1 0.223 8.2 0.184

Tremblay 7.5-15 8.2 0.184 8.3 0.184

Tremblay Midslope 0-7.5 7.9 0.908 8.3 0.166

Tremblay 7.5-15 7.9 0.996 8.4 0.189

Tremblay Footslope 0-7.5 7.7 1.49 8.0 4.27

Tremblay 7.5-15 7.9 3.41 8.1 2.64

Vermillion Shoulder 0-7.5 7.5 0.234 8.1 0.193
Vermillion 7.5-15 8.0 0.215 8.2 0.224
Vermillion Midslope 0-7.5 7.7 0.286 8.2 0.176
Vermillion 7.5-15 8.1 0.234 8.1 0.181
Vermillion Footslope 0-7.5 7.4 0.400 8.0 0.167
Vermillion 7.5-15 7.6 0.372 8.0 0.174

Wheatland Shoulder 0-7.5 8.1 0.204 8.3 0.162
Wheatland 7.5-15 8.3 0.192 8.4 0.162
Wheatland Midslope 0-7.5 8.1 0.233 8.1 0.153
Wheatland 7.5-15 8.2 0.177 7.9 0.123
Wheatland Footslope 0-7.5 7.9 0.712 8.0 2.90
Wheatland 7.5-15 8.0 1.50 7.9 4.53
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Appendix 2

Particle size analysis along a catena on the Missouri Coteau

SitelTreatment Slope Depth Sand Silt Clay
em % % %

Trembley - Cultivated Footslope 0-7.5 50.17 26.31 23.52
7.5-15 41.50 29.91 28.59

Midslope 0-7.5 37.99 34.90 27.11
7.5-15 42.80 30.21 26.99

Shoulder 0-7.5 48.75 25.77 25.48
7.5-15 45.07 29.08 25.85

Trembley - Restored Grassland Footslope 0-7.5 29.40 38.29 32.31
7.5-15 28.43 40.13 31.44

Midslope 0-7.5 43.64 28.52 27.84
7.5-15 44.02 24.48 31.49

Shoulder 0-7.5 47.29 25.33 27.38
7.5-15 46.88 25.68 27.44

Vermillion - Cultivated Footslope 0-7.5 37.78 33.34 28.88
7.5-15 39.99 31.11 28.90

Midslope 0-7.5 39.39 25.39 35.22
7.5-15 34.07 33.81 32.11

Shoulder 0-7.5 37.66 31.80 30.54
7.5-15 36.33 31.77 31.89

Vermilllion - Restored Grassland Footslope 0-7.5 42.29 29.99 27.72
7.5-15 36.27 32.21 31.52

Midslope 0-7.5 49.17 25.26 25.57
7.5-15 42.07 25.77 32.16

Shoulder 0-7.5 41.91 28.12 29.97
7.5-15 50.53 23.09 26.39

Wheatland - Cultivated Footslope 0-7.5 46.85 27.97 25.19
7.5-15 50.31 26.39 23.30

Midslope 0-7.5 52.12 23.61 24.27
7.5-15 51.59 24.94 23.47

Shoulder 0-7.5 52.15 21.21 26.64
7.5-15 39.89 29.62 30.49

Wheatland - Restored Grassland Footslope 0-7.5 64.04 15.90 20.06
7.5-15 58.55 19.02 22.43

Midslope 0-7.5 56.17 19.57 24.25
7.5-15 56.91 18.12 24.97

Shoulder 0-7.5 49.32 25.08 25.59
7.5-15 51.86 22.22 25.93
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Appendix 3

Soil pH and electrical conductivity data for wetland fringe samples

Table A3.1 Soil pH and electrical conductivity data from wetland fringe
sam les on the Missouri Coteau

Site Depth Restored Grassland Cultivated
H EC dS/cm H EC dS/cm

Tremblay 0-15 8.2 0.673 8.1 0.229

Tremblay 15-30 8.1 0.674 8.3 0.226

Tremblay 30-45 8.3 1.64 8.2 0.234

Tremblay 45-60 8.3 0.728 8.8 0.212

Vermillion 0-15 7.6 0.407 8.0 0.211
Vermillion 15-30 7.8 0.308 7.9 0.151
Vermillion 30-45 8.0 0.120 8.0 0.751
Vermillion 45-60 8.8 0.644 8.3 0.758

Wheatland 0-15 7.8 1.70 7.9 4.64
Wheatland 15-30 7.9 2.35 7.8 3.67
Wheatland 30-45 7.9 3.08 7.8 3.37
Wheatland 45-60 7.8 3.60 8.3 3.78

Table A3.2 Soil pH and electrical conductivity data for the wetland fringe
sam les in East-central Saskatchewan

Site Depth Restored Grassland Cultivated
H EC dS/cm H EC dS/cm

Bergren 0-15 7.6 0.325 7.8 4.12

Bergren 15-30 7.8 0.514 7.6 7.09

Bergren 30-45 8.2 0.253 7.5 4.72

Bergren 45-60 8.5 0.266 7.5 4.82

Fontaine 0-15 7.8 2.02 7.7 0.265
Fontaine 15-30 7.6 2.16 7.7 0.737
Fontaine 30-45 8.2 3.19 7.2 0.149
Fontaine 45-60 8.2 1.72 7.5 1.1

Gayowsky 0-15 7.8 2.77 7.8 3.19

Gayowsky 15-30 7.8 4.79 7.8 3.49

Gayowsky 30-45 7.9 4.69 7.5 4.96
Ga ows 45-60 8.0 4.92 7.9 3.97
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Appendix 4

Particle size analysis for wetland fringe samples

Table A4.1 Particle size anal sis for wetland frin e sam les on the Missouri Coteau

Site/Treatment Depth Sand Silt Clay
em % % %

Trembley - Cultivated 0-15 47.63 27.97 24.39

15-30 42.09 29.37 28.54
30-45 49.42 26.30 24.28
45-60 45.42 29.93 24.65

Trembley - Restored 0-15 34.61 35.86 29.53
Grassland 15-30 37.14 31.76 31.11

30-45 38.53 31.11 30.36

45-60 38.59 31.11 30.29

Vermillion - Cultivated 0-15 35.02 35.78 35.78
15-30 33.87 35.42 30.71
30-45 34.70 32.35 32.95
45-60 33.28 32.45 34.27

Vermillion - Restored 0-15 44.31 27.06 28.66
Grassland 15-30 34.81 37.31 27.88

30-45 45.70 28.04 26.26
45-60 46.67 25.77 27.56

Wheatland - Cultivated 0-15 52.76 25.47 21.77

15-30 49.66 26.05 24.29

30-45 45.17 26.59 28.23

45-60 51.69 23.69 24.62

Wheatland - Restored 0-15 57.46 21.67 20.87

Grassland 15-30 56.78 21.44 21.78
30-45 53.80 22.76 23.44

45-60 52.30 23.23 24.47
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Table A4.2 Particle size anal sis for wetland frin e sam les in East-central Saskatchewan
Site/Treatment Depth Sand Silt Clay

em % % %

Bergren - Cultivated 0-15 34.08 23.79 42.13

15-30 41.78 23.96 34.26
30-45 50.78 20.76 28.46

45-60 42.32 23.45 34.23

Bergren - Restored 0-15 55.95 24.93 19.12
Grassland 15-30 53.55 26.15 20.30

30-45 54.97 24.44 20.59
45-60 48.12 32.13 19.75

Fontaine - Cultivated 0-15 14.77 43.37 41.86
15-30 12.54 34.92 52.54

30-45 8.29 45.95 45.76
45-60 6.14 40.49 53.37

Fontaine - Restored 0-15 44.91 35.51 19.59

Grassland 15-30 63.87 15.48 20.64
30-45 69.89 14.82 15.30
45-60 46.71 25.66 27.63

Gayowsky - Cultivated 0-15 66.96 18.14 14.90

15-30 35.75 33.87 30.38

30-45 30.63 37.41 31.96
45-60 27.20 40.50 32.30

Gayowsky - Restored 0-15 52.01 25.12 22.87

Grassland 15-30 33.60 35.32 31.08
30-45 32.69 35.37 31.94
45-60 31.47 33.48 35.05
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Appendix' 5

Light fraction carbon analysis for catenae of sites on the Missouri Coteau

Table AS.1 Mass of light fraction organic carbon from 0-7.5 em depth samples on

aired sam les from the Missouri Coteau

Site Slope Restored Cultivated Difference
Grassland (Grassland - Cultivated)

Cha-1
Trembley

Footslope 1.5 (1.1)t 0.9 (0.5) 0.6

Midslope 0.8 (0.1) 0.3 (0.1) 0.5 ***tt

Shoulder 2.1 (1.3) 0.4 (0.2) 1. 7
***

Vermillion

Footslope 3.8 (0.9) 0.9 (0.1) 3.0
***

Midslope 3.8 (2.3) 0.5 (0.1) 3.2
***

Shoulder 6.2 (5.1) 0.8 (0.2) 5.4
***

Wheatland

Footslope 1.0
***

Midslope 0.3
Shoulder 6.3

***

Values in brackets indicate standard deviations
tt*** = Significant at the a= 0.05 level

Table AS.2 Light fraction organic carbon as a proportion of total organic carbon,
from 0-7.5 em d th sam les on aired sam les from the Missouri Coteau

Site Slope Restored Cultivated Difference
Grassland (Grassland - Cultivated)

%)
Trembley

Footslope 12.4 (11.9) t 5.8 (2.4) 6.7

Midslope 7.8 (0.7) 4.5 (1.7) 3.3 ***tt

Shoulder 14.9 (8.3) 5.4 (3.5) 9.5
***

Vermillion

Footslope 19.4 (4.5) 7.3 (0.7) 12.0
***

Midslope 22.5 (12.7) 7.4 (1.7) 15.1
***

Shoulder 37.8 (31.1) 8.1 (1.9) 29.8
***

Wheatland

Footslope 15.9 (2.9) 7.4
***

Midslope 13.9 (3.5) 4.7
Shoulder 10.3 3.3 2.4

t Values in brackets indicate standard deviations
tt***

= Significant at the a= 0.05 level
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Appendix 6

Soil organic carbon distribution along catenae on sites from the Missouri Coteau

Site Slope Restored Cultivated Difference
Grassland (Grassland - Cultivated)

C ha"
Trembley

Footslope 36.1 (15.0) t 34.6 (1.4) 1.5

Midslope 23.2 (2.7) 12.3 (4.6) 11.0 ***tt

Shoulder 30.1 (5.6) 15.5 (3.9) 14.6
***

Vermillion

Footslope 53.1 (4.8) 32.0 (4.8) 21.1
***

Midslope 31.2 (2.3) 14.5 (1.9) 16.7
***

Shoulder 37.2 (3.7) 18.8 (2.3) 18.4
***

Wheatland

Footslope 22.4 -4.3

Midslope 18.0 -5.2

Shoulder 15.8 8.6
***

t Values in brackets indicate standard deviations
tt*** = Significant at the ex= 0.05 level
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Appendix 7

Soil organic carbon distribution with depth

Site Depth Restored Cultivated Difference
Grassland (Grassland - Cultivated)

em Cha-I
Trembley

0-15 47.0 (2.7) t 37.1 (7.3) 9.8 ***tt

15-30 33.7 (8.1) 35.0 (6.5) -1.3
30-45 23.1 (21.0) 15.1 (6.1) 8.0
45-60 9.0 (1.1) 11.6 (4.3) -2.6

Vermillion
0-15 56.6 (7.2) 37.6 (2.1) 19.0

***

15-30 63.7 (12.5) 22.9 (5.6) 40.8
***

30-45 34.7 (15.5) 15.5 (4.6) 19.1
45-60 19.3 (10.0) 8.6 (3.2) 10.7

Wheatland
0-15 27.5 (6.3) 26.5 (2.5) 1.1
15-30 24.0 (4.3) 25.9 (3.9) -1.9
30-45 32.0 (3.2) 13.9 (6.7) 18.1

***

45-60 28.9 (6.2) 11.6 (10.8) 17.3
***

Bergren 0-15 71.9 (5.8) 99.7 (16.9) -27.9
***

15-30 79.1 (16.0) 102.0 (49.7) -22.9
30-45 51.2 (7.8) 66.8 (25.6) -15.6
45-60 24.5 (5.1) 62.7 (6.0) -38.2

***

Fontaine 0-15 46.7 (8.5) 52.6 (8.8) -5.9
15-30 50.0 (12.6) 46.2 (13.5) 3.8
30-45 35.3 (10.2) 27.0 (30.1) 8.3
45-60 18.9 (7.9) 17.4 (20.9) 1.5

Gayowsky 0-15 45.8 (7.1) 34.1 11.7
***

15-30 64.0 (6.1) 65.3 -1.3
30-45 46.6 (9.5) 48.6 -2.0
45-60 25.2 5.5 39.8 -14.6

***

t Values in brackets indicate standard deviations
tt*** = Significant at the (1.= 0.05 level
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Appendix 8

Statistical tables for Friedman's analysis

d i cance

Carbon Dioxide

Tremblay 7 14.000 **t

Vermillion 7 14.000 **

Fontaine 7 14.000 **

Gayowsky 7 13.833 **

Nitrous Oxide Tremblay 7 13.958 **

Vermillion 7 6.500 ns

Fontaine 7 13.833 **

7 13.829 **

t** = Significant at the (J,= 0.10 level
ns = not significant at 0.15 level

Note: Methane is not included because it was not detected at any site

Table AS.2 Results from the Friedman two-way analysis of variance by
ranks on cumulative data from the saturation stud

Gas Site Chi-s uare Si i cance

Carbon Dioxide

Tremblay 11 17.098 **t

Vermillion 11 21.210 **

Fontaine 11 3.699 ns

Gayowsky 11 18.735 ns

Nitrous Oxide Tremblay 11 21.750 ns

Vermillion 11 21.231 **

Fontaine 11 0.462 ns

Gayowsky 11 13.007 ns

Methane Tremblay 11 20.182 **

Vermillion 11 0.000 ns

11 11.000 ns

11 0.000 ns

t** = Significant at the (J,= 0.1 0 level
ns = not significant at 0.15 level
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Tremblay 6 10.714 **t

Vermillion 6 11.786 **

Fontaine 6 9.857 ns

Gayowsky 6 11.357 **

Phosphate
Tremblay 6 10.500 *

Vermillion 6 10.286 *

Fontaine 6 7.929 ns

Gayowsky 6 7.714 ns

Sulphate
Tremblay 6 9.214 ns

Vermillion 6 7.286 ns

6 4.500 ns

6 5.357 ns

t** = Significant at the a= 0.10 level
* = Significant at the a= 0.15 level
ns = not significant at 0.15 level

Table A8.4 Results from the Friedman two-way analysis of variance by ranks
on cumulative anion robe data from the saturation stud

Gas Site Chi-s uare Si i cance

Nitrate

Tremblay 10 16.059 **t

Vermillion 10 18.155 **

Fontaine 10 18.636 **

Gayowsky 10 16.000 **

Phosphate
Tremblay 10 14.182 ns

Vermillion 10 16.364 **

Fontaine 10 17.636 **

Gayowsky 10 14.364 ns

Sulphate
Tremblay 10 19.273 **

Vermillion 10 15.364 *

Fontaine 10 17.727 **

10 15.000 *

t** = Significant at the a= 0.10 level
* = Significant at the a= 0.15 level

ns = not significant at 0.15 level
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T bI AS 5 C
.

ti al £; # If Ia e . n IC z va ues or C mu IP e compansons

Two Tailed ex

#c 0.30 0.25 0.20 0.15 0.10 0.5

1 1.036 1.150 1.282 1.440 1.645 1.960
2 1.440 1.534 1.645 1.780 1.960 2.241
3 1.645 1.732 1.834 1.960 2.128 2.394
4 1.780 1.863 1.960 2.080 2.241 2.498
5 1.881 1.960 2.054 2.170 2.326 2.576
6 1.960 2.037 2.128 2.241 2.394 2.638
7 2.026 2.100 2.189 2.300 2.450 2.690
8 2.080 2.154 2.241 2.350 2.498 2.734
9 2.128 2.200 2.287 2.394 2.539 2.773
10 2.710 2.241 2.326 2.432 2.576 2.807
11 2.208 2.278 2.362 2.467 2.608 2.838
12 2.241 2.301 2.394 2.498 2.638 2.866
15 2.326 2.394 2.475 2.576 2.713 2.935
21 2.450 2.515 2.593 2.690 2.823 3.038
28 2.552 2.615 2.690 2.785 2.913 3.125

Adapted from Siegel and Castellan, 1988

#c values not on the table can be calculated by using the formula:

a/k(k-l) and interpolating from a table ofprobabilities associated with upper tail of the
normal distribution (Siegel and Castellan, 1988).
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Al!l!endix 9

Median gas production for all sites under field capacity moisture contents

Table A9.1 Carbon dioxide roduction under field ca aci
Site Treatment

Da 0

Trembley Control 48.38
Treatment 117.35

Vermillion Control 135.00 156.87 185.60 148.84 171.61 156.41 153.79 109.03
Treatment 158.25 143.27 171.40 56.42 33.49 28.93 42.63 35.68

Fontaine Control 37.05 25.64 59.13 13.47 33.65 28.55 30.83 13.75
Treatment 80.67 34.33 56.16 36.00 36.13 0.15 4.48 0.06

Gayowsky Control 9.13 33.70 30.97 18.44 25.35 5.87 5.49 14.94
Treatment -0.24 2.30 9.46 1.57 10.75 0.11 1.84 -0.22

Table A9.2 Nitrous roduction under field ca aci moisture contents
Site Treatment

Da 0

Trembley Control 2815.12
Treatment 107.39

Vermillion Control 0.00 338.61 0.00 239.61 0.00 192.96 5664.81 114.63
Treatment 0.00 16.22 51.10 4152.80 312.63 543.51 541.11 21139.45

Fontaine Control 0.00 280.23 12120.59 711.75 22437.00 0.00 4092.12 0.00
Treatment 991.47 3859.12 914.48 8598.08 360.55 0.00 3633.02 133.23

Gayowsky Control 529.83 288.42 128.88 0.00 0.00 0.00 222.33 0.00
Treatment 2065.69 3368.11 3243.34 553.98 1330.38 355.28 6087.88 0.00

Note: Methane is not included because it was not detected at any site

Gas Site Grassland Cultivated Significant Significant
Production Production Treatment Effect Time Effect

(g m-2)
Trembley 1382.0 755.5 **t

Vermillion 2142.4 1038.6 **

Fontaine 421.4 381.0 12(0,2) tt

Gayowsky 245.0 49.1 **

(�m-2)
Trembley 168061.6 1866.1 *

Vermillion 12762.6 53497.4
Fontaine 79003.1 32129.3

Gayowsky 1520.7 28575.5 **

C�
All No measurable roduction

t** = Significant at the o= 0.10 level
* = Significant at the a, = 0.15 level

ttItems in brackets indicate days significantly (p=0.10) different than the day outside of bracket
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Table A7.2.4 Nutrient flux after 20days as determined by multiple comparison analysis on soil
cores at saturation
Nutrient Site Significant Treatment Significant Time

Effect Effect

Trembley
Vermillion
Fontaine

Gayowsky

Trembley
Vermillion
Fontaine

Gayowsky

Trembley
Vermillion
Fontaine
Ga ows

*

10(2); 12(2); 14(10,12); 16(2,14); 18(2,14); 20(2,14) +t

14(4,6,16)
14(4)

8(4); 10(2,4); 16(3); 18(2,4,6); 20(2,4,6)
20(2)

12(4); 14(2,4); 18(2,4); 20(2,4)
*

t* = Significant at the a,= 0.10 level

ttItems in brackets indicate days significantly (p=0.10) different than the day outside ofbracket
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Annendix 10

Median gas production for all sites under saturated moisture contents

TableAIO.l Carbon dioxide oroduction under saturated moisture contents
Site Treatment

Da 0

Trembley Control 61.13
Treatment 0.16

Vermillion Control 139.07 104.19 94.50 45.06 56.97 45.88 31.31 35.81 49.60 35.17 62.23 32.65
Treatment 0.22 4.36 2.97 5.59 7.67 0.00 0.35 1.98 0.00 0.19 .7.82 0.06

Fontaine Control 0.27 4.02 0.20 14.83 0.05 0.73 0.43 2.72 2.55 0.62 4.38 2.46
Treatment -0.16 -0.07 0.05 -0.07 -0.03 0.15 0.33 -0.24 -7.52 -0.23 0.08 -0.09

Gayowsky Control 0.25 0.55 5.94 0.53 5.02 2.58 5.35 0.52 0.82 0.57 0.78 0.53
Treatment -6.24 -0.08 0.04 0.00 6.96 0.09 0.10 0.00 0.00 0.19 2.09 0.48

I-'TableAIO.2 Nitrous oxide 12roduction under saturated moisture contentsVJ
I-'Site Treatment I Nitrous oxide production mg m,2 d"

DaXO DaX I Dax2 Dax4 DaX6 DaX8 DaX 10
Trembley Control 187.80 0.00 9282.15 0.00 0.00 0.00 84.93

Treatment 111.12 1572.87 728.69 88.54 0.00 1383.87 481.15

Vermillion Control 15831.90 76123.39 24009.24 36355.88 20431.45 4390.02 2621.94 1789.33 4766.23 10446.00 9803.33 61712.96Treatment 580.96 73791.80 26933.29 28255.85 181.94 5437.97 300.72 87.36 0.00 235.86 0.00 -126.70

Fontaine Control I 0.00 0.00 298.80 89.83 0.00 0.00 0.00 0.00 0.00 0.00 -139.75 0.00Treatment 101.86 175.37 0.00 0.00 0.00 0.00 0.00 -192.02 0.00 0.00 43.27 -171.40

Gayowsky Control I 437.57 100.70 0.00 0.00 0.00 257.76 255.13 356.60 76.40 515.68 0.00 0.00Treatment 444.86 2825.58 92.98 0.00 75.74 359.46 129.83 0.00 273.55 250.77 -47.44 0.00



TableAIO.3 Methane oroduction under saturated moisture contents
Site Treatment

Trembley Control
Treatment

Vermillion Control 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00Treatment 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Fontaine Control 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00Treatment 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Gayowsky Control 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00Treatment 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Gas Site

TableAIO.4 Saturated cumulative
Grassland Significant
Production Production Treatment Effect

sis
Cultivated Significant Time Effect

(g m-2)
185.9

1221.6
62.2
46.1

(J.I.g m-2)
Trembley I 20025.4 -5050.9
Vermillion 444608.1 196985.3

497.8 -363.1
3461.4 554.2

(g m")
Trembley 12.2
Vermillion 0
Fontaine 0
Gavowskv 0

.......

l.;.l
N
CO2

Trembley
Vermillion
Fontaine

Gayowsky
N20

Fontaine

Gayowsky
CH4

**t26.4
57.9

-15.3
13.6

**

** 18(1) tt

0.4
o
o
o

** 14 (0,1,2); 16(0,1,2,4,8); 18(0,1,2,4,6,8); 20(0,1,2,4,6,8,10)

t**=Significant at the a= 0.10 level
ttltemsin brackets indicate days significantly (p=O.1 0) different than the day outside of bracket



Appendix 11

Median nutrient flux data for sites under field capacity moisture contents

Site Treatment
Da 2

Trembley Control 32.79
Treatment 21.91

Vermillion Control 15.81 10.51 6.61 5.90 5.16 3.88 5.23
Treatment 25.29 26.28 14.73 14.02 10.79 4.11 11.23

Fontaine Control 8.30 4.82 2.32 2.46 2.20 4.06 1.81
Treatment 13.21 7.34 5.02 5.52 3.09 1.80 2.05

Gayowsky Control 13.00 7.12 3.12 2.09 1.54 1.60 0.94
Treatment 14.20 7.78 2.90 2.81 1.90 1.90 2.43

Site Treatment
Da 2

Trembley Control 3.52
Treatment 1.64

Vermillion Control 18.36 13.50 11.31 6.61 4.50 4.73 7.01
Treatment 19.70 34.43 13.70 10.82 13.21 6.17 9.33

Fontaine Control 0.48 0.36 1.21 0.53 0.47 0.64 0.41
Treatment 0.79 1.09 1.58 0.65 0.58 0.58 0.30

Gayowsky Control 0.79 1.02 1.15 0.47 0.65 0.58 0.61
Treatment 0.12 0.97 1.33 0.65 0.47 0.59 0.53

Site Treatment
Da 2

Trembley Control 18.00
Treatment 42.39 4.08

Vermillion Control 1.79 3.34 1.92 2.23 2.56 2.28 2.68
Treatment 10.55 8.83 2.50 2.71 3.51 2.84 3.43

Fontaine Control 57.41 82.76 34.12 29.53 43.03 17.55 51.23
Treatment 27.90 43.71 31.41 58.50 45.98 28.55 22.66

Gayowsky Control 83.85 26.53 39.61 62.35 56.94 34.65 38.73
Treatment 73.43 74.68 74.65 67.57 44.26 52.31 43.81
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Table Alt.4 Nutrient flux after 14 days as determined by multiple
com arison anal sis on soil cores at field ca acit

Trembley 12(4) tt

Vermillion **t 12(4)
Fontaine

Gayowsky ** 4(10,12,14); 6(14)

Trembley **

Vermillion ** 4(10,12,14)
Fontaine
Gayowsky

Trembley
Vermillion
Fontaine

Nutrient Site Significant Treatment Significant Time
Effect Effect

t** = Significant at the a= 0.10 level

t+ltems in brackets indicate days significantly (p=O.lO) different than the day outside of bracket
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Appendix 12

Median nutrient flux data for sites under saturated moisture contents

Site

Table A12.1 Nitrate flux data under saturated moisture contents
Treatment Nitrate flux ug I Ocm-2

Day Day Day Day Day
6 8 10 12 14

Day
2

Day
4

Day
16

0.09 -0.03 0.09 0.03 -0.03 0.03 0.10 -0.03 -0.02 0.02
0.51 0.27 0.03 0.09 0.03 0.15 0.39 0.08 0.02 0.07

Day
18

Day
20

Trembey Control
Treatment

Vermillion Control
Treatment

Fontaine Control
Treatment

Gayowsky Control
Treatment

0.39 0.31 0.15 0.31 0.06 0.03 0.27 0.00 0.15 0.05
1.41 0.15 0.03 0.09 0.06 0.03 0.16 -0.03 -0.07 -0.07

0.19 0.06 0.12 0.09 0.06 0.13 0.46 0.07 -0.03 0.10

0.27 -0.03 0.06 0.15 0.06 0.09 0.44 0.03 0.03 0.15

0.03 0.05 -0.03
0.19 -0.03 -0.03 0.03 0.03 0.03 0.22 0.00 0.03 0.08

0.080.57 0.24 0.03 0.09 0.290.15

Table A12.2 Phos hate flux data under saturated moisture contents
Site Treatment Phosphate flux Ilg IOcm-2

Day 2 Day 4 Day 6 Day 8 Day Day Day
10 12 14

Day
16

Day
18

Day
20

Trembey

Vermillion

Fontaine

Gayowsky

Control
Treatment

Control
Treatment

Control
Treatment

Control
Treatment

1.95 1.63 1.88 5.04 7.48 7.49 7.47 4.91 6.91 7.90
2.19 3.63 2.39 4.48 1.80 4.89 6.42 15.15 8.85 9.64

42.60 41.60 22.17 20.16 22.91 28.05 20.91 28.73 18.85 21.58

40.21 41.63 31.82 22.93 19.18 23.52 15.64 17.70 12.36 12.47

0.36

0.23

0.63

0.42

0.40

0.52
0.76
0.93

0.58
0.40

0.65
0.42

1.22

0.61

1.33

0.79

1.21

1.15

0.66

0.60

1.74

0.90

0.65

0.59
0.71

0.48

0.35

0.64
0.76
0.94

0.63

0.86
0.42
1.08

1.46
0.92

0.90
1.33

1.51
1.08

Site
Table A12.3 SuI hate flux data under saturated moisture contents

Treatment Sulphate flux ug IOcm-2
Day 2 Day 4 Day 6 Day 8 Day Day Day

10 12 14
Day
16

Day
18

Day
20

Trembey 5.06

1.98

Vermillion

Fontaine

Gayowsky

Control 20.54 18.30 16.02 10.98 7.31
Treatment 14.27 13.92 11.29 9.18 9.55

2.78

3.40

6.02

2.97
6.82
6.63

Treatment 5.08

Control 2.96 5.54 4.56 4.03 5.55

4.64

2.85

3.30
3.83

2.52
2.39

Control 38.69 40.46 40.91 55.66 70.89 34.31 28.26 28.69 19.83 25.09
Treatment 37.78 28.77 24.53 55.56 60.81 47.39 25.48 28.68 23.92 25.21

1.62
3.97

4.26
4.24

2.65
4.774.73 5.68 5.13 4.54

Control 33.34 71.68 48.62 83.84 72.39 54.82 30.38 23.79 21.20 19.66
Treatment 36.04 41.60 30.58 67.88 23.97 50.11 31.42 37.22 29.27 32.99
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cores at saturation
Table A12.4 Nutrient flux after 20days as determined by multiple comparison analysis on soil

Nutrient Site Significant Treatment Significant Time
Effect Effect

Trembley
Vermillion
Fontaine

Gayowsky

Trembley
Vermillion
Fontaine

Gayowsky

Trembley
Vermillion
Fontaine
Ga ows

**

10(2); 12(2); 14(10,12); 16(2,14); 18(2,14); 20(2,14) tt

14(4,6,16)
14(4)

8(4); 10(2,4); 16(3); 18(2,4,6); 20(2,4,6)
20(2)

12(4); 14(2,4); 18(2,4); 20(2,4)
**

t** = Significant at the a= 0.10 level

ttltems in brackets indicate days significantly (p=0.1 0) different than the day outside ofbracket
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