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ABSTRACT

Glenn, Aaron J. Ph.D., University of Manitoba, September, 2010Greenhouse Gas
Fluxes and Budget for an Annual Cropping System in the RedRiver Valley,
Manitoba, Canada. Major Professors: Dr. Mario Tenuta and Dr.Brian Amiro.

Rising atmospheric greenhouse gas (GHG) concentrations froustrial
activities during the past two centuries are influenciignate and will contribute to
significant global climate change in the coming decadd®e fuantification and
estimation of GHG sources and sinks has become atpriorithose engaged in various
aspects of Earth science, engineering, economics anal spalicy. Agriculture
contributes significantly to national and global GHBantories, but there is considerable
control over management decisions. Changes in productiohodsetcould lead to a
significant reduction and possible mitigation of emissifnom the sector. For example,
conservation tillage practices have been suggested asethodnof sequestering
atmospheric carbon dioxide (G however, many questions remain unanswered
regarding the short-term efficacy of this production mdtland knowledge gaps exist
regarding possible interactions with essential nutrognotes, and the production of non-
CO, GHGs, such as nitrous oxide D).

Between autumn 2005 and 2009, a micrometeorological flux systesmsed to
determine net COand NO exchange from an annual cropping system situated on clay
soil in the Red River Valley of southern Manitoba. Fouotpl(4-ha each) were
independently evaluated and planted to corn in 2006 and &swait 2007; in 2008, two
spring wheat plots were monitored. As well, during the gilwing season in 2006-2007

following corn harvest, a second micrometeorologicalx flsystem capable of

simultaneously measuring stable C isotopolodd@@, and**CQ,) fluxes was operated



at the site. Tillage intensity and crop managementtipesc were examined for their
influence on GHG emissions. Significant inter-annuaiability in CG, and NO fluxes
as a function of crop and related management activitées abpserved. Tillage intensity
did not affect GHG emissions from the site. Considler&ariation in fluxes among plots
each year added to the uncertainty of GHG budget estimates

The annual cumulative net ecosystem exchange efwa® -720, 70 and -2400 kg
C ha' y* for the corn, faba and spring-wheat crop years, reispéct Enhanced
respiration during the faba year was largely responddnl the loss, whereas the large
gain in the spring-wheat year was a combination of highgslyathetic activity and
reduced respiration. After accounting for harvest rernspthe net ecosystem C budgets
were 510 (source), 3140 (source) and -480 (sink) kg EyHafor the three respective
crop years, summing to a three-year loss of 3170 kg € ®&&ble C isotope flux
measurements during the non-growing season following barmest indicated that
approximately 70 % and 20 — 30 % of the total respirationnatigd from crop residue C
during the fall of 2006 and spring of 2007, respectively. Annual djap-N.O budgets
were 5.5, 1.4, and 4.3 kg N “han the corn, faba and spring wheat crop years,
respectively. Emissions from fertilizer nitrogen additiand soil thaw the following
spring were responsible for the greater cumulative ftuxhe corn and spring wheat
years. The BD emissions at the site exacerbated the net globalmgupotential of this

annual agroecosystem.
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FOREWORD

This thesis has been prepared in the manuscript formatherextte with the

guidelines established by the Department of Soil Sciende dfiniversity of Manitoba.

A version of Chapter 2 has been published:

Glenn A.J., Amiro B.D., Tenuta M., Stewart S.E. and WagneRiddle, C. 2010.
Carbon dioxide exchange in a northern prairie croppistesy over three years.

Agric. For. Meteorol150 908 — 918.

A version of Chapter 4 has been submitted for publication

Glenn AJ., Tenuta M., Amiro B.D, Stewart S.E. and Wagner-RRidle C. Submitted
for review (March 23, 2010; manuscript S10-0142; 42 pages). Nitosigse
emissions over three years from an annual crop ratatiohe Red River Valley.

Soil Sci. Soc. Am..J

A version of Chapter 3 will be submitted for publicatiarthe near future.
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1. INTRODUCTION

Agricultural soils can act as a significant sink or seunf carbon dioxide (C£,
and can be a substantial source of nitrous oxid®)NMuch previous research has
focused on soil CQ fluxes, which are the result of autotrophic and hetepbiico
respiration, and mechanisms of organic matter decomposlin recent years, work has
increasingly focused onJ® emissions, as the agricultural sector is estimaidoktthe
greatest anthropogenic source ofONlo the atmosphere and®l has approximately 300
times the greenhouse warming potential of,(&drster et al., 2007; Smith et al., 2007;
Davidson, 2009). Although some agricultural soils have Ishewn to accumulate GO
C, the C and N cycling dynamics in soils are inherentled, and it is unclear how farm
management practices devised to increase the C sink straingthls may affect bD
emissions. The production of,@ in agricultural soils is the result of the microbial
processes of nitrification and denitrification, and agulated by a myriad of complex,
interacting factors, such as moisture and oxygen aviityalil substrate availability and
qguality, and annual freeze/thaw cycles (Beauchamp, 1997atéerenderstanding of the
regulating controls of pD fluxes from agricultural soils and the coupling to orgabic
cycling processes is required for more complete eluoidatf net greenhouse gas (GHG)

budgets.

1.1 Carbon Dioxide Balance of Cropland Ecosystems
Agricultural soils utilized for crop production in Canaldave been depleted of

organic C over the years compared to the natural gradsalagh forest ecosystems they



replaced (Smith et al., 1997; Janzen et al., 1998). Theydwed as a significant source
of CO; as a result of the harvest of biomass produced and tBecgudnt consumption of
crops, as well as, intensive annual cropping practicedvimgpsoil tillage resulting in
rapid oxidation of soil C pools due to the establishméntamditions conducive to
decomposition. The extensive use of summer-fallow inynparts of the Prairies has also
accelerated this decline in soil organic C pools. Initi#ivation of landscapes in Canada
resulted in rapid loss of soil organic C in the firstvfdecades (Janzen et al., 1998).
However, according to results from Century model aigl{Smith et al., 1997), currently
the soil organic C levels throughout most of the land umdgicultural production in
western Canada have reached a steady-state in termianfie. Inputs of residues
approximately match outputs, and total emissions of @Gm agricultural soils in
Canada are thought to be relatively small as thehssilbecome increasingly depleted in
organic stores. The Century model study estimateserhige soil C emissions for 1990
of approximately 40 kg hafor Canadian agricultural soils (Smith et al., 1997)aver
smaller than detectable with measurement precisiozédeet al., 1998).

The practice of conservation tillage is increasinggincalltural production, in part
due to its potential to sequester and stabilize C in sgaroc matter (SOM) (Schlesinger,
1999; Desjardins et al.,, 2001; Garnier et al., 2003; Li et al5)200he challenge of
obtaining C sequestration in agricultural soils requires nstaeding both the inputs and
outputs and how they interact within the ecosystenmhéncase of inputs, understanding
of both the quantity (amount of biomass) and quality (biogbal composition) of
aboveground and belowground plant litter remaining post-harsedesirable. On the
output side of the ecosystem balance, the goal ofeceason tillage techniques for

example, is to create biophysical conditions that slkbw rate of organic matter



decomposition, and provide biochemical conditions thahteradly stabilize and protect
soil C in aggregates.

Common assessments of net C transformations inudtgiial ecosystems have
been based on inventories conducted by quantifying temporabehan biomass
(accounting for crop removal and litter-fall) and soibamic carbon (SOC) content.
Although these investigations are useful for the charaettion of agricultural soils and
can be a valuable indirect measure of historic ecesyshetabolism, they provide little
specific temporal or spatial information as to the amaintO, taken up by crops via
photosynthesis or released to the atmosphere by plaaht naicrobial respiration.
Experimental work is required to examine the short-tédiays to months to years)
influence of agricultural management decisions on gnessiary production and
ecosystem respiration to complement research dodungelonger temporal (years to
decades to centuries) processes regulating organic C zatbili into soil aggregates.
Direct, in situ measurements are required to quantify rates of carnomysahere C®
flux under contemporary agronomic and global changanigrand these in turn may be
linked or correlated to the long-term processes dict&@Yyl turnover rates, and used to
calibrate and validate process-based models. Due to #radting dynamics of crop and
weed photosynthesis, plant respiration, soil re§pmaand SOM decomposition,
micrometeorological measurements of the net ecosyStenexchange (NEE) from crop
systems with a high degree of temporal resolution arengortant contribution to
understanding the C balance of agricultural soils. Measamesnof NEE combined with
harvested biomass accounting give a net C balance forecagystems at seasonal and
annual time scales, helping close the temporal gap betsvegrshot assessments of soil

C inventories and when alternative management strategiesimplemented.



In Chapter 2 of this thesis, NEE measurements were foadbree years over a
corn-faba-spring wheat rotation in the Red River Vallegauthern Manitoba and used to
estimate cumulative C budgets for the site over thenium. This measurement
campaign is a Canadian complement to the small buviggobody of international
literature reporting multi-year cropland NEE studies ararg the inter-annual patterns

of the C balances of these important managed ecosystems

1.2 Partitioning Sources of Heterotrophic Soil Respiration

All C input to agricultural soils, whether originatingoin plant residues, root
exudates, or manure, undergoes the process of decompoBidoamposition releases
CQO, into the atmosphere and mineral inorganic nutrients tiheo soil, while leaving
behind a remnant pool of complex organic molecules thatmare resistant to further
decay (Chapin Il et al., 2002). Plant litter and othegamoic inputs are acted upon by
forces such as physical fragmentation, biologicatraattions between and within soil
food web trophic levels, mineralization and eventual hunwsdtion (Schlesinger,
1977; Batjes, 1996). The main driving force behind decompositidheisiochemical
alteration of litter and detritus, mainly accomplishedtbg activity of soil fungi and
bacteria (Norton and Firestone, 1991). In agriculturalesys, the factors that have the
greatest influence on decomposition rates that arerailmat by humans are the
introduction of organic matter into soils (quantity and tyaif litter), fertilizer rates, and
tillage intensity (Schnurer et al., 1985; Neely et al., 18Hare et al., 1992; Garnier et
al., 2003). Physical mixing from tillage operations canraltecomposition and decay
rates by varying the distribution of litter incorporation the soil profile in ploughed

agricultural operations or by placement on or near thfiase with conservation tillage



techniques (Aulakh et al., 1991; Garnier et al., 2003). Buriak pésidue can have decay
rates that are 2 to 3 times greater than that of sutfaers due to the influence on the
decomposer community and associated microclimatic (teatyye and moisture)
conditions (Schnurer et al., 1985; Beare et al., 1992).

There are many ways of characterizing SOM pools, amy tare often
conceptualized or modelled in terms of the different om&hifractions. In a simple
characterization, SOM consists of three compartmensoil: fresh litter, incompletely
decomposed, and humus (Schlesinger, 1977). Due to differentles turnover rate of
the various organic fractions, residency times are afsad to classify C pools in soils
(Schnurer et al., 1985; Parton et al., 1988; Davidson e2@00Q; Knorr et al., 2005).
These residency times can vary from < 1 to > 1000 yearckreflect the degree of decay
and decomposition in the different organic C compartmeéntagroecosystems, often a
distinction in SOM is made between recently fixed Cpbgtosynthesis or crop residue
carbon (CRC) and resident SOC that is the pooled resraEnecosystems past and
previous production regimes. When studying the effect afexmation tillage on the soil
C balance, this simple dichotomy is often used to adtesefficacy of the management
decision due to expected effects resulting from contgagtismcement of litter and degrees
of mechanical disturbance of top-soil between diffetdlage systems.

Chapter 3 uses stable C isotope techniques combined withtlyedemeloped
micrometeorological instrumentation and theory to parti substrate sources of soil
respiration between that derived from recently fix3IC and older SOM following corn
harvest at the southern Manitoba site in 2006. The stymyteeon measurements made
over recently implemented reduced tillage plots and ooetl intensive tillage plots at

the site.



1.3 Nitrous Oxide Emissions and Cumulative Cropland GHG Budgs

Nitrous oxide (NO) is a 300X more potent GHG than £@ the troposphere,
contributes to the destruction of ozone in the stpdtere, and is commonly emitted from
agricultural soils, making its production a concern. Therabial biochemical processes
of nitrification and denitrification contribute to.® emissions from soils (Focht and
Verstraete, 1977).

Nitrification is the aerobic oxidation of ammonium (NMto nitrite (NQ) and
NO; to nitrate (NQ). Most nitrifiers derive their energy from the oxidatiohNH," or
NO, and belong to the family Nitrobacteraceae (Focht aedstvaete, 1977; Prosser,
1989). The two groups of nitrifying bacteria are often cloaslociated in soil, therefore
NO, rarely accumulates, with successive progression taitfee end product (Chapin
[l et al., 2002). Nitrifying bacteria have also been shdw produce NO and M, as
gaseous “losses” or side products from the nitrificatimtess (Prosser, 1989; Davidson,
1992).

Denitrification is the sequential reduction of nitrogen oxi@e®s;, NO,, and
NO) to nitrous oxide (BD) and diatomic nitrogen @N Therefore, denitrification is
intrinsically linked with nitrification rates in soilévhich produces N@), despite the
spatial and temporal separation between the two pracéSseht and Verstraete, 1977,
Prosser, 1989). The majority of denitrification believedake place in agricultural soils
is the result of facultative anaerobic metabolisrd ancarried out by many genera of
bacteria. This type of denitrification is a form of sliealatory respiratory reduction
where NQ is used as an electron acceptor to derive energy in oxggerived

environments, rather than being assimilated and reduced teebizal cell constituents,



such as amino acids or enzymes (Focht and VerstrtB@&). As most denitrification in
agricultural soils is carried out by organotrophs, thectiea is highly dependent on
guantities and quality of SOC pools (Aulakh et al., 1995usbamp, 1997). Therefore,
biological denitrification rates in agricultural soils ateupled to the decomposition
processes discussed and evaluated in Chapter 2 and Chapter 3.

Most measurements of,8 exchange between agricultural ecosystems and the
atmosphere have been conducted with soil chamber or ¢emelosure) techniques.
However, there is significant spatial-temporal varif&piin the highly episodic pO
fluxes measured under field conditions (Rover et al., 1899)is difficult to capture with
chambers due to limited replication and logistical (tamel human labour) constraints.
As well, chambers can alter the soil environment androuiimate, potentially
introducing biases and artifacts tgONflux studies. Tower-based micrometeorological
methods enable the continuous quantification of net crofdamdsphere pO exchange
integrated over the landscape scale, and provide a nonvievagernative to chambers,
that captures spatial and temporal heterogeneity.

Chapter 4 reports findings from continuous micrometeorolbdNg® flux time
series and budgets over the three-year annual crop rot@mn-faba-spring wheat)
studied and compares results obtained from recently estadllireduced tillage plots to
continued intensive tillage at the site. Combining annu@l budgets from the study with
those for CQ discussed in Chapter 2 allowed for an innovative assessofig¢he net
GHG balance of the annual cropping system, at seasamalial and multi-year time

scales.



1.4 Thesis Organization

Following this general introduction are three chapters peepm a stand-alone,
manuscript format. The first data chapter (Chapter 2)rtgeppm three-years of continuous
net CQ flux measurements made over land in annual crop productitteiRed River
Valley of southern Manitoba. The following chapter (Cleai®) builds on the work from
Chapter 2, and focuses specifically on non-growing seadnflGxes using stable C
isotope micrometeorological techniques to partition tlspiration flux into that derived
from recent crop residues compared to indigenous SOMeatropland site. The final
data chapter (Chapter 4) reports on three-years ofntmnts NO fluxes measured at the
site simultaneously with net GGexchange, enabling an estimation of the net GHG
balance of the land-use. The dissertation concludes witdynthesis chapter that:
highlights and integrates the three data chapters, desugsaportant findings,
implications, and limitations of the work, and outlinkegure research initiatives and

challenges.
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2. NET CARBON DIOXIDE FLUX AND BUDGETS FOR AN ANNUAL

CROPPING SYSTEM IN THE RED RIVER VALLEY, MANITOBA, CANADA

2.1 Abstract

Net carbon dioxide ecosystem exchange (NEE) was nezsh®wer three years
(2006-2008) in an annual crop rotation in the Red River Vallesoathern Manitoba,
Canada using the flux-gradient method. The turbulent eacsiefficients were obtained
using a similarity-theory, eddy-covariance based aemdy method and the carbon
dioxide vertical gradient was measured with a tunable daskr analyzer. The system
measured 30-min-average fluxes sequentially over two reduitage tplots and two
intensive tillage plots at the site. Annual cumulafNMieE was -720, 70 and -2400 kg C
ha' year" for corn, faba and spring-wheat crop years, respegti@ihanced respiration
during the faba year was largely responsible for the lobgreas the large gain in the
spring-wheat year was a combination of high photosynthetiivity and reduced
respiration. The three years experienced sequentiadliecand wetter years that likely
affected crop performance. After accounting for harvestovals, the net ecosystem C
budgets were 510 (source), 3140 (source) and -480 (sink) kg' G héor the three
respective crop years, summing to a three-year los3570 kg C ha. The recent
conversion from intensive tillage to a reduced tillagectira showed no difference

because of relatively large variability in NEE amongtlegs at the site.
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2.2 Introduction

Decomposition of organic matter following land clearingainiage and the
cultivation of soils for agricultural production increasatmospheric carbon dioxide
(C0O,) concentrations and influenced climate over thousandgeafs during the pre-
industrial Holocene (Ruddiman, 2003; Salinger, 2007). Human-inducedratization
and oxidation of soil organic matter (SOM) was accedelrauring the industrial era and
has significantly contributed to rising G@oncentrations and climate change (IPCC,
2001; Lal, 2004).

In the past century, significant decomposition of S@dfagricultural fields was
detected on the Prairies of western Canada, where 3@ +050 % of the large pools of
native soil organic carbon (SOC) was returned to theosphere within decades
following clearing, plowing, summer fallowing, and croppiof former grasslands and
forests (Janzen, 2001; 20G#Hd references therein). The Prairies account for an
estimated 90 % of the SOC lost from agricultural smi€anada over the past century
(Smith et al., 1997). The present SOC balance of agrialilails in western Canada is
considered to be approximately neutral, with inputs matchissek (Janzen et al., 1998),
but optimism exists to replenish a portion of the poadrglanic matter that once existed
in the soils of current cropland.

Growing interest in offsetting anthropogenic greenhouseegassions has led to
the promotion of conservation tillage (reducing tillageemsity and frequency)
techniques on intensively cultivated cropland to sequestestabilize atmospheric GO
in SOM (Lal, 2004; Hutchinson et al., 2007; Smith et al., 200¥;2008; MAFRI, 2008;

Spargo et at., 2008; CCX, 2009). From the studies conducte@, ghaonsiderable
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variability in reported rates of C sequestration by sailslorth America resulting from
the interaction of regional climatic and edaphic ctiods, the influence of applying
various conservation tillage techniques, and the samplingoagpes used by
investigators. Estimated rates of SOC accumulatiooviatlg the reduction of soil tillage
range from 0 to 1000 kg C har™ for different climate regions in North America (West
and Post, 2002; VandenBygaart et al., 2003; Campbell et al.; 2@6hinson et al.,
2007; Lal, 2008). Within Canada there is a reported differenc€ isequestration
potential between humid eastern agricultural regions theddrier, western Prairies
(VandenBygaart et al., 2003). Studies from eastern Canadmaie no net C
sequestration with adoption of conservation tillage, pestistribution of where SOC
accumulates in the subsurface profile (Angers et al., 1@9&gorich et al., 2005). In
western Canada, estimates of contemporary soil C degti@s rates by no-till systems
range from 100 to 700 kg C har? (VandenBygaart et al., 2003; Campbell et al., 2005).
Studies from the Canadian Prairies have most often loeéed to the semi-arid regions
of Saskatchewan and Alberta while data from the sub-hweagtern Prairies of Manitoba
are lacking.

Virtually all introduction of organic C to agriculturat@systems originates from
the photosynthetic reduction of atmospheric,@Q® crop plants (in some management
systems the addition of animal manure contributes ani@aa organic source of C).
Carbon dioxide is fixed through the process of photosyrghiet carbohydrates, giving
plants energy to build tissues and reproduce. During theiggeseason, much of the GO
fixed through photosynthesis is released back to the atmespisern result of plant
respiration due to metabolic growth and maintenance mmeinty Amthor, 1989; 2000)

Some C is introduced to the rhizosphere during the grovaagosm via root exudation
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(secretions), where it stimulates the growth and agtioit heterotrophic fungi and
bacteria (Lynch and Panting, 1980; Chapin et al., 2002). Haweiie principal
introduction of C from agricultural crops into soils tise residual amount of plant
biomass remaining following harvest, including shoot and raet liwhich contributes to
the dynamic soil C pool (Batjes, 1996). As a resulteasing inputs via greater biomass
production is often suggested to increase C sequestration.u$e of nitrogen (N)
fertilizer to improve yields is commonly believed torimase C sequestration (Harapiak et
al., 1993; Liebig et al., 2005), especially when combined witlheasing cropping
frequency and decreasing tillage intensity (Campbell.e@05). However, it remains
unclear whether increasing crop biomass production witlnsite industrial inputs such
as fertilizers and herbicides can actually resultah atimospheric CEC sequestration.
This can be considered in terms of energy dependencersrenewable, fossil-fuel C
inputs (Schlesinger, 1999; lzaurralde, 2000; Hoeppner, 2001; Zentnal, €004,
Khakbazan et al., 2009) but is also questionable from aphgsmlogical perspective,
with recent studies reporting both no detectable changén&hn et al., 2009) and often
increases in SOC decay rates (Khalil et al.,, 2007; Khal.,e2007; Zhu et al., 2007;
Russell et al., 2009) with applied N fertilization and iased crop yields over time.
Nitrogen fertilizer changes the C:N ratio of plantstie and the soil solution, and
influences crop physiology and anatomy, such as thetsbot ratio, which generally
increases with greater rates of application. Althoughddntribution of plant organic C
from aboveground biomass is substantial in some instattee$argest SOC input from
crops is usually the root systems and exudates (Lynch amth§, 1980; Paustian et al.,
1990), and recent studies imply that C sequestration maygle® dependent and variable

with ecosystem (Crow et al., 2009), with C from rootsgestabilized preferentially to
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that derived from shoots in grassland and agriculturad $Giale and Cambardella, 2000;
Matamala et al., 2008; Russell et al., 2009).

Due to the interacting dynamics of crop and weed photbsgi®t, plant
respiration, soil respiration and SOM decompositiormyemeteorological measurements
of the net ecosystem G@xchange (NEE) from crop systems with a high degree of
temporal resolution are an important contribution to wstdeding the C balance of
agricultural soils. Such techniques enable the continuous ifigetiin of surface-
atmosphere CPexchange, integrated over the landscape scale (Baldetethi, 1988;
Kaimal and Finnigan, 1994). Earlier micrometeorological stsidiom agricultural fields
have addressed seasonal and diurnal variations of NEBuffar beets (Monteith and
Szeicz, 1960), wheat (Denmead, 1969); barley (Biscoe di935), soybeans (Baldocchi
et al.,, 1981a; Anderson et al., 1984), alfalfa (Baldocclail.et1l981b; Held et al., 1990;
McGinn and King, 1990), corn (Lemon, 1960; Dejardins et al., 19&farDins, 1985;
Held et al., 1990; McGinn and King, 1990), sunflower (Heldl.etl@90), cotton (Held et
al., 1990) and sorghum (Anderson and Verma, 1986). With advamtemn
instrumentation and data acquisition systems, the sodpthe studies were soon
expanded to include comparative or simultaneous growingoseagasurements of
neighboring G and G crop canopies (McGinn and King, 1990; Baldocchi, 1994);
cropped vs. fallow fields (McGinn and Akinremi, 2001); irrg@t vs. rainfed
agroecosystems (Suyker et al.,, 2004); and differentrtNiZation treatments (Pattey et
al., 2001). Examples from the past decade include the useddy eovariance
measurements to estimate the annuaj-C@alance for a winter wheat crop in Germany
(Anthoni et al., 2004), and multi-year studies that havamemed the influence of

agricultural management decisions, such as the inclusiocowdr crops (Baker and
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Griffis, 2005), use of irrigation water (Verma et al., 200&)d conservation tillage
techniques (Baker and Griffis, 2005; Verma et al., 2005; Holliegeal., 2005), on the
annual C budgets of the ubiquitous corn-soybean agroecosysteeU.S. Mid-west.

Much micrometeorological theory and principles has iosigin agricultural
settings because of research questions about crop physiodogl also because
developing theory and instrumentation was easier at diaiform sites that could be
controlled by investigators. However, in the recent decaie majority of
micrometeorological studies of NEE have been conduatedtural systems with a much
lower proportion conducted at agricultural sites comparetthégpast. Ironically, this is
mainly due to advancements made in theory, instrumentaiah data processing
capabilities largely based on earlier work in agricultfieddls. Although we now have the
ability to measure more complex and challenging tertia@m in the past, and natural
ecosystems are very important to the global C cyole @imate system, there is a
resurged need to pose ecological questions at agricultieslts assist policy-makers in
making socio-economic and political decisions in respaaselimate change scenarios
and to assess the potential impact of various possibleoaoidenic mitigation strategies,
such as biological C sequestration.

In the present study, NEE was measured using an aeroiyflam gradient
technique for three years from plots of an agricult@iedt located in the Red River
Valley of southern Manitoba, Canada. The Red River Yalke a predominately
agricultural region (majority of land base and econasnyedicated to crop and livestock
production) of southern Manitoba, eastern North Dakotanssdern Minnesota. Most of
the arable land base has been in production since tinel® century. The valley's

location as the paleogeographic center of glacial Lakesgigais a very level landscape
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(typical relief is < 1 m ki) with fine textured soils formed by glaciolacustrine defsosi
that aggraded over time. Due to a high smectitic atalyassociated moisture content, and
the historical existence of tall-grass prairies and amel$, the soils in the Red River
Valley have a notably high organic matter content antiliierthat has marveled
scientists for over a century (Lawes and Gilbert, 188l Bnd Shafer, 1928). Periodic
flooding, excessive moisture and inadequate drainage are #aesjr agronomic
production challenges in the region.

The objectives of the study were to: (1) compare #rean balance of annual
crops in the Red River Valley of southern Manitoba, Cataddéher agricultural regions;
(2) examine the short-term influence of conservatidagel techniques on net G@uxes
and carbon sequestration in the cropping system; and (8}jfydsome of the controls

driving seasonal and inter-annual variability of net,@&change at the site.

2.3 Materials and Methods

2.3.1 Site Description

The experimental field (49.64°N, 97.16°W; 235 m a.s.l.) where, @ax
measurements were performed was located at the UnivestitMlanitoba Glenlea
Research Station, approximately 16 km south of Winnipeg, thlaami Canada. The
research site was situated in the Red River Valleyaalegel to very gently sloping (0
to < 2 % slope, typically < 1 m Kf), glaciolacustrine clay floodplain. The soils at the
site were of the Red River association, consisting odbmbination of Osborne clay and

Red River clay soil series depending on local drainkgeacteristics and the micro-relief
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of the landscape (Ehrlich et al., 1953; Michalyna etl&I71). The hydrology ranges from
poorly (micro-lows, Osborne clay series) to impetfe¢micro-highs, Red River clay
series) drained soils. The Red River clay soil seseslassified as a Gleyed Humic
Vertisol (Canadian system) or a fine smectitic @tigiypic Epiaquert (USDA system),
while the Osborne clay series is classified as a $8ley Humic Vertisol (Canadian
system) or a fine smectitic frigid Typic Endoaquert (US&ystem). The texture of the 0-
20 cm soil surface layer at the site was approximately @a%s 35 % silt and 5 % sand.
The dominant clay mineral group found in the Red River ssglo@ation are 2:1
smectites. The average bulk density and organic C covitémt 0 — 0.2 m layer of soil at
the site when the study was initiated were approximately Mg m® and 3.2 %,

respectively.

2.3.2 Agronomic History

Following a summer-fallowyear in 2005, different soil management treatments
were initiated in the spring of 2006 with the establishméfbwr 200 m by 200 m (4 ha
each, or 16 ha total) experimental treatment plotsensica larger 30 ha field. Two plots
were managed as intensive tillage (IT) treatments andotets were managed as reduced
tillage (RT) treatments. The IT plots were cultiditeo a depth of approximately 0.20 m
on April 27, 2006, while the RT plots received a light (sagass) harrowing as seed bed

preparation on April 28, 2006.

! No crops planted, no fertilizer applied; weeds coladaby chemical and

mechanical means (Brady and Weil, 2008).

2 The tillage implement used on the intensive tillddé plots during the study
consisted of a field cultivator with three rows of stewith 0.20 m sweeps spaced 0.30
m apart followed by three rows of spring-tine harrowsegdd.10 m apart. One pass over
the surface of the IT plots was made with the impleregary cultivation date.
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On May 16, 2006 all four plots and the surrounding field vgenen to cornZea
mays L. cv 'DKC27-12 (Roundup Reatly, DEKALB®) in north-south oriented rows
spaced 0.9 m apart, at a rate of 74,130 seelsthgranular fertilizer blend (32-25-10-
10; Viterra Inc.) was side-banded with the seed at plgnéit a rate of 180 kg ha
Granular urea (46-0-0) was broadcast applied at 112 kghadvay 17 and lightly tine-

harrowed to incorporate into the soil on the plotsuitup (a.i. glyphosate, Monsanto

Company Inc.) was applied on June 13, 2006 to all plotsateaf 1.7 L hd. Grain was
harvested from all plots on October 6, 2006, yielding amageeof 3,200 kg hafor the
field. On October 25, 2006, standing aboveground corn biomadlss(and leaves) on all
plots was shredded with a flail-mower. The IT plotseveéouble-disced once on October
27, 2006 and cultivatédnce on October 28, 2006, while the RT plots were undistur
with all flailed corn stover remaining on the surface.

On May 9, 2007, the IT plots were cultivatezhce and harrowed once; the RT
plots were harrowed once. Faba bedficda faba minor L. cv 'CDC Blitz', Crop
Development Centre, University of Saskatchewan) plasted to all plots on May 11,
2007 at a rate of 202 kg fhaA self-adhering peat-powder inoculant (Becker Undedvoo
Canada Ltd., Saskatoon, Saskatchewan) was hand applied &bh#hbean was being
augered into the seeder. A buffer of 100 to 200 m of fabasamaa beyond the four 4 ha
experimental treatment plots, with the rest of largemounding field left fallow. No
fertilizer or herbicide was applied to the faba beapdor the duration of the growing
season. The faba bean crop was harvested on August 27 y20ding 8,970 kg ha of
silage. Post-harvest herbicides were applied to alsmaotSeptember 6, 2007, consisting

of a mixture of Roundup Ultfa(a.i. glyphosate, Monsanto Company Inc.) at 1.7 £ ha
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and 2,4-D Amine 600 (a.i. 2,4-Dichlorophenoxyacetic acid, pmtaincial Cooperative
Ltd.) at 0.8 L h&. The IT plots were double-disced on October 25, 2007.

In spring 2008, the tillage treatment comparison wadigwed at the site. The
IT plots remained in annual crop production for 2008 while trenér RT plots were
converted to a perennial forage crop. Only the two IT pletsaining in annual crop
production during 2008 were considered for the purposes of tinig. <Dn May 16, 2008
the plots were cultivatéénd tine-harrowed once. Whe@titicum aestivum L. cv ‘5602
RS - Hard Red Spring’, Viterra (Proveseed) Inc.) was sown to the experimental plots
and surrounding field on May 21, 2008 at a rate of 135 Kg Aaranular fertilizer blend
(60-10-0) was banded with the seed at planting at a raté3kg h&. Herbicide was
applied on June 23, 2008, consisting of a mixture of A%i&h.i. pinoxaden, Syngenta
AG) at 0.6 L hd, Curtai M (a.i. clopyralid (50 g [!) and MCPA ester (280 g™,
Nufarm Agriculture Inc.) at 2.0 L Ha and the surfactant, Merg&(BASF Canada Inc.)
at 0.5 L 100 L watét. Grain was harvested on September 16, 2008, yielding 3,070 kg ha
! Straw from the crop was subsequently round-baled, yiellmpgoximately 2,200 kg

ha™. The plots were cultivaté®n November 3, 2008.

2.3.3 Carbon Dioxide Flux Measurements

Micrometeorological equipment to measure net, @@xes from the four plots
was deployed at the site beginning August 2005. A tunable-dbsde-based trace gas
analyzer (Model TGA100A, Campbell Scientific Inc., Logaiah, USA) was installed
in a line-powered (AC), temperature-controlled instrumt@mnatrailer located in the
centre of the four experimental plots. The laser asgb@ated optical hardware and

electronics for the trace gas analyzer (TGA) werehé@rrthoused within an insulated,
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temperature-controlled enclosure. The lead-salt tunabttedaser of the TGA (Model
IR-N20/CO2, Laser Components GmbH., Olching, Germany) wpsrated at a
temperature of 84 K in a dual-ramp, jump-scanning mode (eg. Ariat, €993) and
parameterized for the concurrent measurements of atmaspbecentrations of C£and
N,O at 10 Hz. The TGA system contained two detectors (MdET-5-TE3-1.0,
InfraRed Associates Inc., Stuart, Florida, USA); oreatled in a reference cell and one
located in a sample cell, a splitter in the optijgaih of the single, non-reflecting laser
beam deflected energy on to both detectors (for a moatalede description of the
TGA100 see Edwards et al., 2003). Reference gas with coatiensr of approximately
300,000 ppm C®and 2000 ppm PO was continuously passed through the reference cell
of the TGA at a rate of 10 mL min Unknown (eg. atmospheric, zero or calibration) gas
samples were drawn through the sample cell and mappkd teference cell gas spectral
template based on HITRAN atlas data and softwarenpatexization of the TGA to
calculate C@Qand NO concentrations. At system operating temperature asdynes the
first ramp of the TGA laser was parameterized to sddsCaabsorption line peak located
at a wavenumber of 2243.110 ¢rby applying a DC current of ~567 mA, while the
second ramp was tuned to scali@O, absorption line peak located at a wavenumber of
2243.585 cm by applying a DC current of ~589 mA. The tunable-diode-lasehe
TGA was calibrated by the manufacturer for the use ef‘i80, absorption line as a
proxy to calculate total C{Qconcentrations.

The flux gradient (FG) micrometeorological techniques waed to determine the
net exchange of CObetween the soil-crop system and the lower atmaspfde FG
technique applies the extension of simple laws, analogouthose which govern

molecular diffusion in laminar flow, to the turbulestchange of mass and energy in the
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atmosphere (Kaimal and Finnegan, 1994). Using the FG methdityxhef CO, between
a crop system and the lower atmosph&tevge) can be represented as:
« A1CO.] (1)

C-NEE AZ

whereK is the turbulent transfer coefficient or "eddy déffeity” for CO,, 4[CO;] is the
vertical concentration gradient of G@ the surface layer, andz is the vertical distance
between C@ concentration observation heights. The sign notatidopted implies
negative flux into the ecosystem, and positive flukafuhe ecosystem.

The eddy diffusivity K) term was estimated using a similarity theory, eddy
covariance based aerodynamic method (eg. Pattey,e2086; Phillips et al., 2007,
Denmead, 2008; Monteith and Unsworth, 2008). A sonic anemoithet@nometer
(CSAT-3, Campbell Scientific Inc., Logan, Utah, USAasvmounted within the surface
layer to an instrumentation tower in each tillage treatmamd used to calculate the
covariances required to estimafe(friction velocity () and the sensible heat flux).
Integrated similarity functions for momentum were #&pko correcK calculations for
dynamically stable (as given by Businger et al. 1971) andchbles{as given by Paulson,
1970) atmospheric conditions based on the Obukhov lebhgtbar regressions between
the sonic anemometer-thermometer from each managetreatiment indicated no
significant difference (slope = 1 £ 10 %) in 30-minltesalues over the course of the
study (Appendix A), so the average value was used for #eutations. The classic
micrometeorological assumption of equality between thebulent transport of
momentum, energy and mass was applied for the purpdke ahalyses reported. Snow

depth, stubble and crop height)(were measured manually with a ruler or a tape twice-
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weekly to weekly during the course of the study. Thestaceiparameter records were
used to estimate the zero-plane displacement hed)htar{d calculate the effective
observation heightsz(- d) to be used in the evaluation of stability correcti@amsl
determination oK. For periods of snow coved,was assumed to be equal to the depth of
snow, during the rest of the year it was assumed .G (Garratt, 1992; Denmead,
2008) and interpolated between periods when manual surfaees/atisns were made.

For the calculation o[ CO;], two stainless steel gas sample intakes (12.5 mm
internal diameter (i.d.)) were mounted at differengh&s within the atmospheric surface
layer to a triangular, aluminum instrumentation toveeated at the approximate centre of
each experimental plot. The upper and lower sample mtaleze generally maintained
with a vertical separation distancdz| of 0.65 m, with some exceptions, such as when
gradient tests were performed. Each sample intake ltadea with a screen to prevent
insects and debris from entering the line.

Care was taken to ensure a balance between measwdhgrgs far enough above
the surface to minimize roughness sub-layer effectdowutenough to contain the flux
footprint to each experimental plot of interest. dgrthe winter, the bottom intakes were
located approximately 0.5 m above the snow-pack, for thagspnd fall non-cropping
seasons the bottom intakes were kept approximately 0.5017%m above the stubble,
residue or bare soil except during serious weed infestatidrese they were raised
according to plant heights in the individual experimentiatsp During the growing
season, the intake assembly was raised periodicallyr@diog to theh.. The lower and
upper intakes during the corn year (2006) were maintained &etagproximately 112

to Zh. during the growing season, with the shortest distarteden the crop surface and
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bottom intakes { 1.2h;) occurring at peak crop height (July 27, 2006 to harvest in
October, 2006). During the faba bean (2007) and spring wheat (268&)the upper and
lower intakes were maintained between approximatell. 1 2.2, when there was a
crop present in the field. Because of the large sizbeokexperimental plots (4 ha each)
and location of the FG towers in the centre, fetch fiecaefe observation height ratios of
approximately 90:1 to 100:1 were generally maintained for lalisp in all cardinal
directions throughout the study.

The two atmospheric GOsample intakes mounted on each flux tower were
connected separately with Dekaron tubing (6.4 mm i.d., Mb8@0, Synflex, St-Gobain
Performance Plastics, Wayne, New Jersey, USA) taadient-valve assembly. The
gradient-valve assembly consisted of two 1-way solenoikesalModel 8020, Red Hat
[I, ASCO valve, Brantford, Ontario, Canada) controliedypass flow from either of the
sample heights through an in-line air-filter (Model &8s, Swagelok Sonolon, Ohio,
USA) containing a sintered {Im filter-element, followed by an in-line 50-tube Nafion
(Perma Pure Inc., New Jersey, USA) air dryer (ModebZ3) Campbell Scientific Inc.,
Logan, Utah, USA). Gas samples were drawn from thdrgers at each site to a second
solenoid-valve manifold assembly located in the instruat@m trailer with a rotary
vacuum pump (Model RB0021, Busch Vacuum Technics, Boisbri@ndpec, Canada)
through LDPE tubing (4.3 mm i.d., Model P, Synflex, St-Goldaerformance Plastics,
Wayne, New Jersey, USA) at a rate of 20 L Tior 5 L miri* from each site). The
manifold inside the instrumentation trailer consistédoorr 3-way, high-flow solenoid
valves (Model A5-13257 Red Hat Il, ASCO valve, Brantford, @ofaCanada)

connected with Dekaron tubing (6.4 mm i.d., Synflex 1300, St-GoBarformance
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Plastics, Wayne, New Jersey, USA) that directed sahpe flow from any of the four
sites selected through a 200-tube NafigRerma Pure Inc., New Jersey, USA) air dryer
(Model PD1000, Campbell Scientific Inc., Logan, Utah, USAjl on to the TGA. The
length of sample tubing was approximately 200 m from eaclyiaient assembly to the
site-selection manifold in the instrumentation hut. &snospheric samples passed
through two air dryers and were brought to a constamdeature before being analyzed,
density corrections were not required for calculated, €O@ncentrations. Switching
between the upper and lower intake heights at eachasiteswitching between the four
site-selection valves was conducted with a 16-channel AG/@@rol module (Model
SDM-CD16AC, Campbell Scientific Inc., Logan, Utah, USdiving diodes connected
to the solenoid valves with relay switches. Activatgignals for the sampling system
were controlled by datalogger (Model CR1000, Campbell Séemtic., Logan, Utah,
USA) software.

Switching between the upper and lower intakes occurred eiirg for the
calculation of average [CPgradients. As one sample line was used for both istake
samples immediately following valve switching between dpper and lower intakes
were discarded from the calculation of gradients lmnafor equilibration, and a lag due
to the length of the sample line between the obsernvatwer and TGA was accounted
for with processing software (Wagner-Riddle et al., 20@%lf-hourly atmospheric
surface-layer gradients of [GDwere calculated over the four experimental plots
sequentially, obtaining approximately one average 30-minuteegrtadvery two hours
per plot. Control was introduced with the logger softwaraddress potential time-of-day

bias by measuring the plot sampled from 12:00 am to 12:30@ahtlme each day for a
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second 30-minute period from 12:30 am to 1:00 am to advancet¢hgekdction time-
series by 30 minutes each day. This sampling sequence scesgrited in 13 possible
30-minute gradients per day for the site sampled overeetite midnight hour, 12
possible 30-minute gradients per day for two of the remaimireg tplots, and 11 possible
30-minute gradients per day for the remaining site (whichldvbe sampled for two 30-
minute periods over the midnight hour the following day).eOvour days the
experimental design employed could obtain 48 averagehbalf-[CQ] gradients per
experimental plot. All raw high-frequency and processed® &&d sonic data used to
calculate aerodynamic G@luxes were recorded to flash-memory cards by dataloggers
(Model CR1000, Campbell Scientific Inc., Logan, Utah, YS3écated at each sonic
tower for the turbulence data, and inside the instrurtientarailer in the case of the

TGA.

2.3.4 Supporting Environmental Measurements

A weather station was installed at the site in Aug@@§5 and was located near the
centre of the four plots in the experimental field am undisturbed, grassed area. Air
temperature and relative humidity were measured withombined probe (Model
HMP45C, Vaisala Inc., Woburn, Massachusetts, USA) mauntéhin a naturally-
ventillated radiation shield (Model 41003-5 10-Plate Gill RamimaShield, R.M. Young
Company, Traverse City, Michigan, USA) 2 m above the graumthce. Incoming solar
radiation was measured with a pyranometer (Model BEISilicon Pyranometer, Kipp
& Zonen, Delft, the Netherlands), and photosyntladieactive photon flux density
(PPFD) was measured with a optically-filtered quantuns@e(Model PAR LITE, Kipp

& Zonen, Delft, the Netherlands), mounted at heiglit2.85 m and 2.5 m above the
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ground respectively. Wind speed and wind direction were me@sBrm above the
surface with a propeller anemometer (Model 05103-10 Wind MqgniRok. Young
Company, Traverse City, Michigan, USA). The aforemewitb weather station
instruments were attached to a tripod stand (Model CM1igbdrand Grounding Kit,
Campbell Scientific Inc., Logan, Utah, USA). A pretapion gauge (Model T-200B
Series Precipitation Gauge, Geonor Inc., Milford, idgivania, USA), was installed
approximately 3 m away from the main weather statiopottion an independent
pedestal. A soil temperature profile with measuremen@sC& m, 0.05 m, 0.1 m, 0.2 m,
0.5 m and 1 m beneath the surface consisting of 6 thermi@tadel 107B Soil/Water
Temperature Probe, Campbell Scientific Inc., LoganhlJW@SA) was installed beneath
the tripod stand of the weather station. Station pressas measured with a barometric
pressure sensor (Model 61205, R.M. Young Company, TraverseMidkijgan, USA)
that was mounted within a fibreglass enclosure housingadodger, with the pressure
port vented to the outside environment with a piece o Rybing. Weather station data
were recorded by a programmed datalogger (Model CR1000, Campgheitifg Inc.,
Logan, Utah, USA) with a scan rate of 10 s (0.1 Hz) art@u in 30-minute, 60-minute

and daily intervals.

2.3.5 Data Analysis

2.3.5.1 Gap-filling and Flux Partitioning Missing TGA and sonic data during periods
of fieldwork (tilage, seeding, and harvest), system btea@mnce or mechanical
malfunction, power disruptions, and low-quality calculatat-hour CQ fluxes needed
to be gap-filled (Falge et al., 2001) to estimate seasmmédlannual C®budgets. The

sampling layout used in the study allowed for the monitoohthe net CQ flux from
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four plots but measurement sequencing only allowed returnindpgerve the same plot
every 2 to 2.5 hours causing gaps in the individua} @@ time series for each plot.
Other significant ongoing systematic gaps that caused chat®val were system
maintenance and a turbulence threshaldfilter). A liquid nitrogen dewar cooled the
laser and required re-filling twice per week. The datardsmb during re-filling episodes
and for the following hour were discarded from furtherlysiga due to the influence of
resulting vibrations and temperature perturbations inside énclosure on gas
concentration calculations. Other less frequent exanmmé system maintenance
introducing gaps to the flux time series included: changimgppail and parts, replacing
the reference gas cylinder; raising sample intakes; weirigrgradient and timing tests;
and changing air filters. After discarding data dueygiesn maintenance and mechanical
malfunctions, [CGQ| data coverage from the TGA was approximately 72 % fer th
duration of the three-year study. When including qualityulentice data from the sonics,
data available for the calculation of net £llixes was approximately 66 % of possible
half-hours.

Initially, a minimumu- threshold of 0.1 mSwas applied to all data based on
visual inspection of the fluxes and gradients, and wadasi to that imposed by other
contemporary authors using the flux gradient (Griffis let2004;Drewitt et al., 2009)
and eddy covariance (Anthoni et al., 2004; Baker andi§rgb05) micrometeorological
techniques in agricultural fields. In the case of our FG soesments, we observed
unrealistically high positive fluxes as a result of heing able to compensate for the
large measured [C{gradients with an appropriate aerodynakicalue from the sonics
during times of low turbulent mixing and stratificationtbé surface layer during both

night and day periods. The overestimation of ecosysésmiration during periods of low
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u- values from our FG measurements is the opposite situatithe commonly observed
underestimation of nocturnal ecosystem respirationdaly eéovariance during times of
inadequate turbulent mixing. An algorithm was used to determiritbresholds for the
non-growing season and growing season separately foroé#oh three crop years based
on nocturnalFc.nee measurements. Outliers were removed (0.5 % highest avestlo
values) and nighttiméc.nee data were aggregated inte classes, consisting of bins with
an equal number of points that were averaged. uFitbreshold was taken asFa.nee
value that was 20 % greater than the average valuetfrom bins that were higher than
0.10 m & for each period, and rounded to the closest 0.0%.mtss approach resulted in
u- thresholds of: 0.15 mi*sand 0.12 m &for the corn growing season and non-growing
season respectively; 0.18 and 0.12 T fer the faba bean growing and non-growing
seasons respectively; and 0.15 and 0.12'rfosthe wheat growing and non-growing
seasons respectively. After application of the filters, the total data coverage of
acceptable measured net £fdixes utilized in this study was 48 % of possible 30-minute
periods. The acceptable measurédnee data coverage for the four individual
experimental plots was approximately 12 % of possible 30-ngmeégods each.

The gap-filling procedure used in this study was based onlthadt-Canada
Research Network (FCRN) standard protocol, which utilized00-point, moving-
window technique to estimate empirical relationships betw temperature and
respiration, and light and photosynthesis over tiBexr(et al., 2004). In a recent review
of gap-filling techniques, the FCRN method performed similarlgther methods utilized
by the international flux community, and was among tipetéchniques for both daytime
and nighttime gap-filling, when performance was ranked aaogito root mean square

error (Moffat et al., 2007). Exceptions to the standard F@Rfthodology made for the
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present study were that air temperature was used to nmespetation, no storage term
was applied to net aerodynamic £fiixes (it was negligible after applying thefilters),
and theu- filters were applied to both daytime and nighttime dat#, just nocturnal.
First, small gaps in the flux time series of two hdiosir 30-minute periods) or less (for
example between two observations at an individualipltiis study) were filled by linear
interpolation. Larger gaps were then filled by photosysih (Michaelis-Menton type
rectangular hyperbole, dependent on PPFD) and respirabgistic, dependent on
temperature) regression parameters, whose relationsieipes adjusted via the moving
window and time-varying parameters to account for changingramaental and
phenological conditions. Gaps in the meteorological desad to fill fluxes occurred
during approximately 0.5 % of possible 30-minute periods overhtiee tyears and were
filled by linear interpolation for gaps of a day or leed &y the mean diurnal variation of
before and after neighboring periods for larger gaps.

Seasonal and annual micrometeorological,-COflux budgets were estimated
from summing the 30-minute gap-fillellc.nee data. Crop years were defined as the
period from May 1 of the year the crop was planted tolAfrithe following calendar
year: the corn year was May 1, 2006 to April 30, 2007, the ielaa year was May 1,
2007 to April 30, 2008, and the wheat year considered for annuatig=ts was May 1,
2008 to April 30, 2009. Crops were seeded within the first thessksvof the respective
year (the specific dates were aforementioned in Se2t®n The gap-filled sums ¢ic.
nee (ZFc.nee) were used to estimate total annual C balances of theuthgral field Fc.
ecosystEm) USINg a system rate of change, conservation of massp{@ — C output /

dtime) approach (Olson, 1963). Considering the influence acdanal forcing and
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episodic disturbances concurrently (Randerson et al., 2B02}osysrem Was calculated
as: 2Fc.nee + Fenarvest Where, Foparvest IS the amount of biomass C taken from the
ecosystem during harvest episodes, calculated from weadgr, corrected for moisture
content and converted to mass C content. Other C fhasontributions from the
ecosystem (eg. soil erosion, leaching of dissolved dicpkate organic or inorganic C,
hydrocarbons (VOCs, CHCO), herbivory, fire, etc.) were not measured omesid
and are neglected from the C budgets reported but were likebt insignificant

compared to the magnitudes and errors associate@Rdtkes andFc.parvest.

2.3.5.2 Error Analysis The relative error of the seasonal and an2iglnee determined
from this study was estimated by combining the random efrthe FG measurements
(Aandom) @and an estimate of the systematic uncertaiddyeaic) Or biases associated with
our chosenu- filters and gap-filling procedures. Th@agom term was derived from
estimating the relative error of the individual variagbfeom Eq. 1 K, A[CO;], andAz)
used to calculat&cnee In @ manner similar to the approach of Laubach and Héelli
(2004) for CH fluxes or Phillips et al. (2007) for J fluxes. The relative error in our
aerodynamicK (&) term was evaluated using a simultaneous two-towerrdifting
approach (Hollinger and Richardson, 2005) to assess the ramgasurement error of
the instrumentation, and uncertainty resulting frortgoint heterogeneities and the
stochastic nature of the turbulent transport of @wtitiThe random error & was
estimated as the standard deviation of the absolute diffesebetween simultaneous
estimates oK from two sonic anemometer-thermometers measuringreliffeplots and

footprints. This standard deviation term was then expctesas a fractional error relative
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to the mearK for specific periods of time (monthly and annually) taneate &. The
random measurement error of our ability to resolve cadr{iCQO,] gradients at the site
(A\coz) was estimated from the standard deviation/diCO;] during tests where the
intakes were mounted at the same height (zero vertiadlegit orAz = 0 m) divided by
the meam[CO,] (whenAz = 0.65 m) measured over specific periods of time (monthly
and annually). The relative error of theterm was estimated to be approximately 0.01 m
(1 cm) for each intake height measured, or 0.02Am (0.03 for the vertical separation
distance of 0.65 m used in the study).

The systematic uncertaintyyfsemaic) Or bias ofZFcnee associated with the-
filters and gap-filling procedures was evaluated by performing &reshold («n)
sensitivity assessment akin to that of Barford et(2001), Anthoni et al. (2004) or
Morgenstern et al. (2004). Measureghee was filtered varyings from 0 m & to 0.45
m s* (in increments of 0.05 m"$ and used to construct separate gap-filled anbEal
nee budgets based on the accepted data. The standard deviation6o€@eC budgets
determined for each year with increasing from 0.1 m & to 0.35 m & was expressed
as a fractional error relative to the annual balaceésulated with a threshold of 0.1 th s
to estimate th@&ysematic term.

The uncertainty inFcparvest (OFcnarvest) was estimated from hand-clipped
aboveground biomass samples taken prior to mechanicagteny each year. Samples
were taken from 6 random locations in each of the 4 exrpetal plot tower footprints
(24 total for the site) and air-dried at 40°C. The standarar of the dry-weight of the
appropriate organ(s) that were removed by mechanical hamassdetermined from the

hand-clipped plots and used to estimate the landscapedbsealgrvesr.
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2.3.5.3 Relationships between Carbon Dioxide Flux and Environemtal Variables
Empirical non-linear functions were used to derive ti@tships betweerkcnee and
measured meteorological variables during specific periodsintgrest during the
triennium. The common Michaelis-Menton type functi@n,non-linear rectangular
hyperbole (Landsberg, 1977; Ruimy et al., 1995) was used farlatg light-response
curve regressions, while nocturnal and non-growing se&sq@e data (= ecosystem
respiration) were fit to exponential regressions (Hlognd Taylor, 1994; Fang and
Moncrieff, 2001; Tjoelker et al., 2001) with air temperat(ifg;). The regressions were
initially performed using the 30-minute flux and meteorolabdata, but due to the noise
and variation inherent to the micrometeorological mesaments and environmental
conditions, stronger regressions (as indicated by hifhand lower root mean square
values) with statistically similar parameter estimatese obtained by aggregating and
averaging thd=c.nee and the driving meteorological (PPFD ahgl) data in bins. Mean
diurnal trends (bin-averages by time of day)Fefyee and PPFD were fitted during the
monthly periods of peak Cptake each growing season. Inclusiomgfin the model
function to address temperature dependency of the lightmnes curves did not
significantly improve the fitted relationships (accomdito the f and root mean square
values), so the simpler model (dependence on PPFD ohigiewthe y-intercept of the
regression represents the average ecosystem respiat@ofor the period (Ruimy et al.,
1995), was retained and is reported. Nighttime respiratias fit in 2°C bins of air-
temperature with an exponentiadg@unction during the monthly periods of peak daytime
CO, uptake each crop year. During the non-growing seasonthpogtst autumirc.nee
data from each year was fit in 2°C bins of air-tempeeatuith an exponential Q

function while the soil temperature at the 0.2 m depthaneed > 0°C and before the
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onset of snow cover. Springc.nee data from each year was fit in 2°C bins of air-
temperature with an exponential;gQfunction after the soil temperature at 0.02 m
surpassed > 0°C. The exponential respiration-temperaglaBonships were also fit to
the Lloyd and Taylor (1994) regression model, with both tdraperature sensitivity
parameterk,) fixed at 308.56 K and allowed to float. While a parametdizgprovided
stronger regressions with th& nee data than using the universal value (as previously
found by Ruppert et al., 20G6d references therein) the fitted parameter values varied
substantially between periods and years, with no clederpadnd broad confidence
intervals. Furthermore, the Lloyd and Taylor model witted Eo did not improve the
strength of the regressions compared to the use ofijmd@lel, so the latter was utilized
and is reported for conceptual simplicity. All non-lingagressions for thBc.nee-light
and temperature response relationships were performedthethlinfit function from
MATLAB ® (Verson 7.6.0, Statistics Toolbox 6.2 (R2008a), The Matksvbrc., Natick,
Massachusetts, USA) with no bounds placed on the ordilast-squares (Gauss-
Newton with the Levenberg-Marquardt modification) param@®ga.x, o, R, Rip andQio)
estimates. The 95 % confidence intervals for the paranestenates were calculated

from the residuals and estimated coefficient covaganatrix using thalparci function.
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2.4 Results

2.4.1 Environmental Conditions

The average air temperature at the site during 2006 was higgrethe 30-year
normal for the area, while the air temperature in 2007levasr and closer to normal and
2008 was a cooler year than the long-term average (2ableThe growing-degree-days
(GDD) above 10°C followed the same decreasing trentheasiterage air temperatures
for 2006, 2007 and 2008. The GDD in 2006 was above average, 2007 wasearage
and 2008 was lower than normal (Table 2.1). The averagerapetratures during June
through the end of August were 19.6°C, 18.7°C, and 17.7°C, for 2006, 2092008,
respectively. Total precipitation was 57 % of the noramalual amount in 2006, close to
normal in 2007, and above average during 2008 (Table 2.1). Durin@Ol®@ corn
growing season (seeding to harvest), the site only retd®@ mm of precipitation, less
than half as much as either the 2007 faba or 2008 spring wigat erhich received 390
mm and 365 mm, over growing season periods that were apptekindaand 3 weeks
shorter in duration, respectively.
Table 2.1 Climatic conditions during the three study years measuredhéyonsite

weather station. The 30-year (1971 - 2000) climate normats shandard
deviations are for Winnipeg, Manitoba (Environment Canada, 2010).

2006 2007 2008 30 year normal
Mean Air Temperature (°C) 4.7 2.9 1.4 2.6 £1.3°C (S.D.)
Growing Degree Days > 10°C 1103 978 798 1006

Precipitation (mm) 292 559 727 514
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2.4.2 Seasonal and Annual Net C{Exchange

The cumulative COflux (ZFcnee) at the site over the triennium shows both
considerable intra- and inter-annual variability (Figure.2/thile the four experimental
plots in the field had similaEFc.nee during late spring and early summer 2006, they
began to diverge as the corn year progressed, exhibiting@oft to 90 % variability
mid-summer through autumn. Plot to plot variability was gheatest during the faba bean
year (May 1, 2007 to April 30, 2008), where individual plots atdite differed in gap-
filled annualZFcnee by over 100 %. The four plots varied from C neutral tangei
significant atmospheric GGinks (1-2600 kg C ha) at the end of the second year of the
tillage intensity comparison study (April 30, 2008; Figure 2/Rxiability in ZFc.nee Was
much lower during the spring wheat crop year (May 1, 2008 to Ma30Q9) with

individual plots at the site differing by about 30 to 40 % (Fegi).
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Figure 2.1 Time series of the cumulative, gap-filled net x (ZFc.nee) at the site.
The solid black line is the cumulative net £fux resulting from combining all
observations at the site. Dotted grey lines represenfiljag of measurements
from individual reduced tillage (RT) plots at the site; dibtack lines represent
gap-filling of measurements from individual intensive tidg@T) plots at the site.
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A clear distinction inZFc.nee between the intensive tillage (IT) and reduced
tillage (RT) treatments could not beade over the two year transition period. Greater
variability was observed between the two IT plots thetwben the two RT plots for the
corn year (2006), and the opposite situation happened durirfglihdean year in 2007
(Figure 2.1). When combining all IT and all RT observationis two separate classes
and gap-filling, the two treatments vary by approximatelfy&@or both 2006 and 2007,
but the trend irEFc.nee IS Opposite between the years. When measurementshHeotwo
IT plots and the two RT plots were combined in two sepactédsses and gap-filled
accordingly, the IT plots were calculated to be aemsgnificant sinkIFc.nee = -1180%
280 kg C ha yr') than the RT plotsSFc.nee = -400# 100 kg C ha yr™) in 2006; while
the RT plots were a sink for atmospheric g®Fc.nee = -570+ 300 kg C ha yr') and
the IT plots a sourceXFcnee = 380+ 130 kg C ha yr') in 2007. Over the two-year
corn-faba bean rotation, the treatments had similanutative NEE values (I=Fc.nee =
-700+ 290 kg C hd; RT ZFcnee = -970+ 410 kg C ha).

For the entire triennium considered and gap-filling allilaleée, high-quality
measured fluxes from the plots under annual productioncrgesoil system at the site
was a net biological COsink of approximately 3,100 kg C h&Figure 2.1; Table 2.2).
The estimated C sink of the site was largely driven by20@8 growing-season, as net
CO, uptake was approximately twice as great during the spring wiegayear compared

to the corn or faba bean years (Figure 2.1; Table 2.2).
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Table 2.2Carbon balance components for the three crop y&&ag L to April 30) of the
study: gap-filled cumulative net G@cosystem exchang&Kcneg), C removed

by harvest Ecnarvesr), and C balanceF¢ ecosvstem = ZFcnee + Fenarvest).
Negative fluxes represent ecosystem C gain, positivedl are loss. Error values
givenare £ 1 S.E.

2006 2007 2008 Three years

>Fenes kg C hd -720 +170 70 + 30 -2,400 +430 -3,050 + 1400
Fcnarvest, kg C hd 1,230+90 3,070 +90 1920 + 250 6,220 + 930

Fc.ecosysrem, kg C ht';[1 510 £130 3140+ 1100 -480 £ 110 3,170 £ 1520

The time series was split into growing season (=isgeto harvest) and non-
growing season (= harvest to subsequent seeding) peritideugh 30-minute rates of
Fc.nee Were much lower during the non-growing seasons, becaissuth an extended
period of time relative to the respective growing seasbifignee values integrated over
the non-cropped period were substantial components ofatineal C budgets. For
example following corn harvest in 2006 and faba bean Bame&007, the estimated net
CO; released by respiration back to the atmosphere oveiolbaing fall, winter and
spring offset the net uptake during the growing season by ap@tetin®0 % and 80 %,
respectively. Following harvest in 2008, a much smallectiva (< 10 %) of the
equivalent CQtaken up by the spring wheat crop was respired prior thrgee 20009.

The corn crop vielded 1,230 kg Chaf grain in 2006; 3,070 kg C fheof faba
bean was harvested for silage in 2007; and 1,180 kg C of gm@ifdénkg C ha of straw
bales from the spring wheat in 2008. This resulted in ¢ine and faba bean years losing
510 kg and 3,140 kg of C idrom the ecosystem respectively, while the spring wheat
year gained 480 kg C fa(Table 2.2). Therefore, over the three-year study, this

agroecosystem was a net C source of approximately 3,200'kg ha
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2.4.3Error Analysis

On an annual basis, the random error of the FG measoten@angom) Made
during the course of the experiment was 14 %, 17 % and 17 %efarorn, faba bean,
and spring wheat crop years, respectively. The largests®f dandom OVer a year was
from & (average for three years12 %) compared td.coy (average for three years
10 %), whiled,, was negligible by comparison (constant 3 %). Wbehom Was assessed
by month, bothd andd\jcoz exhibited a seasonal pattern of larger uncertainty dtinieg
winter non-growing-season than for the growing-seasague 2.2). During the winter
months,d\coz) Was often the largest contributor to ihgdom term, and was as high as 45

% in February 2008, while the largest montBlycalculated was 22 % for February 2007

(Figure 2.2).
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Figure 2.2 Monthly estimates of the random errd¥rafsom) Of flux gradient measurements
made during the study. The composite random error is esgessby open, black

circles, the random error &f (&) by open, light-gray triangles, and random error
of A[COz] (d\coz) by open, dark-gray squares.
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The systematic error of our annual ecosystem C budigatsvas related to our
data filtering, flux partitioning and gap-filling schem@yenaic) Was estimated to be 20
%, 30 % and 5 % for the corn, faba bean, and spring wheatyears, respectively. The
standard deviations of the separate annual C balanceasuod®@d from the sixi classes
each year to estimatBgenaic Were approximately 150, 70 and 100 kg C Far the corn,
faba bean, and spring wheat years respectively.

By combining & andom and dysematic IN quadrature, the relative composite error of

>Fcnee Was estimated to be 24 %, 35 %, and 18 % for the thrpeatése annual C
budgets. The standard error e -narvest Was estimated to be 7 % for the grain corn
harvested in 2006, 3 % for the faba bean silage in 2007, and ft8 t#e spring wheat
grain and bales in 2008. Thus, the estimated relative grrthe Fcecosystem vValues
reported herein is 25 %, 35 %, and 22 % for the three regpecbp years, or 48 % for

the entire triennium C balance (Table 2.2).

2.4.4Relationships between Carbon Dioxide Flux and EnvironmentaVariables

At peak growing season crop ¢Q@ptake, the spring wheat had a greater
photosynthetic capacityPfex = 67 + 20 pmol nif s* (+ 95% C.1.); f = 0.98) than the
corn Prex = 31+ 3 umol nf s* (+ 95% C.1.); f = 0.99) or faba beafP{uy = 37+ 8 pmol
m? st (+ 95% C.1.); f = 0.96) crops (Figure 2.3). The apparent quantum yieldhe
initial slope of light response curve) of the crops dygeriods of peak photosynthetic
CO; uptake was similar during the three years, varying from 0@84041 mol CQ@ mol
photon'. The average dark respiration rate (the y-intercepgheflight-response curve)

during peak growing season was significantly higher forféba beanR = 6.5+ 0.9
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pumol mi? s%) than for the cornR = 4.5+ 0.5 pmol nf s%) crop, and statistically similar

to the spring wheaR(= 5.0+ 0.9 pmol rif s) year (Figure 2.3).
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Figure 2.3 Mean diurnal light-response curves of net,@lx during the periods of peak
uptake for each of the three study years. Each pointsepts an ensemble of 30-
minute mean values binned by time of day<(8 < 30). Corn (from June 25 to
July 25, 2006) is represented by black circles, faba bean (udyrl to August 1,
2007) by dark-grey squares and spring wheat (from June 23 to JHQ@B, by
light-grey triangles. Solid-lines (black for corn, darkygfer faba bean and light-
grey for spring wheat) are fitted non-linear regressiones.

The relationships between nocturnal respiration ratelsair temperature during
peak growing season were statistically similar foraben Ry = 3.7+ 1.1 pmol nif s*;
Qo= 1.3+ 0.4 (£ 95% C.l.); f = 0.27), faba bearR{y = 4.1+ 2.2 umol nf s*; Q10 = 1.8
+ 0.6 (£ 95% C.1.); f = 0.52), and spring whea® = 3.5+ 1.4 pmol nf s*; Qo = 1.7+
1.0 @ 95% C.l); f = 0.59) crops (Figure 2.4). Although it was not possible to
significantly distinguish between tHen and Q.o parameter estimates for the different

crops for the 1TC to 20C temperature range, a general trend of the faba bempya
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and soil system having greater thermal sensitivity and higdspiration rates at a given
temperature than the corn crop appears to be presentdattheparticularly during warm
summer nights that occurred in 2006 and 2007. Using a higheemedetemperature in
the Qo model that is perhaps better suited to the range ofmaipérature bins being
compared, such as 20 instead of 1WC (Figure 2.4), yields a statistically higher
respiration rate for the faba bed®{= 7.5+ 1.5 umol nif s?) than corn Ry = 4.8+ 0.7
pumol m? s') crop. For the three°€ air temperature bins greater tharff@0the faba
bean year had higher respiration rates (accordingetetdndard errors) than the corn crop
at peak growing season. For theé @air-temperature bin, the mean nocturnal respiration
rate was approximately 7 umol“ns® greater during the faba bean (12.0 (S.E.)
pumol m? s?) year than the corn (4#0.4 (S.E.) umol ris?) during peak season. There
was a much lower range of nocturnal temperatures oluisenve008 (five 2C air-
temperature bins between °T and 20C) making direct comparison at higher
temperatures between the spring wheat crop system and ek®usr two growing
seasons impossible.

Regressions betwedft.nee and air temperature during the non-growing season
indicated greater thermal sensitivity and higher respmatates at the ®Q reference
temperature for the fallow period following faba bearvlat Rio = 1.2+ 0.1 umol nf
s™: Qi = 2.9+ 0.5 & 95% C.1.); f = 0.96), than for the autumn and early winter period
subsequent to corfR{p = 0.9+ 0.2 pmol nf s*; Qi = 1.8+ 0.6 ¢ 95% C.1.); f = 0.59)
and spring wheatRio = 0.7+ 0.2 pmol nf s*; Qi = 1.3+ 0.3 ¢ 95% C.1.); f = 0.36)
harvest (Figure 2.5). However, respiration rates weghdni during the non-growing

season of spring 2007, following the corn harvest in fall 20@6paior to the seeding of
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faba beanRo = 1.5+ 0.2 pmol 1if s*, Qio = 1.3+ 0.3 ¢ 95% C.1.), f = 0.45), than for
spring 2008 following faba bean harvest in fall 2007 and prigyldating spring wheat
(R = 0.5+ 0.1 pmol nf s, Qo = 1.8+ 0.3 & 95% C.I.), f = 0.91; Figure 2.6).
Unfortunately, due to local flooding of the Red River, toiee was temporarily
decommissioned for emergency preparations for the majofitApril 2009, which
drastically limited the amount of data available foalgsis for the spring non-growing

season fallow period following the wheat harvest in 2008paiod to seeding in 2009.
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Figure 2.4 Bin-averaged (2°C bins) temperature-response curves &umal net CQ
flux during the periods of peak uptake for each of the thradysyears. Corn
(from June 25 to July 25, 2006) is represented by black cireba, dean (from
July 1 to August 1, 2007) by dark-grey squares and spring wheat (firea23 to
July 23, 2008) by light-grey triangles. Error bars represtaridard error for each
bin average (3 n< 112). Solid-lines (black for corn, dark-grey for faba besh a
light-grey for spring wheat) are fitted non-linear regres curves (Q10 model).

43



N
(S}
T

-2 -1
FNEE(umolm s)

©
&)
T

-6 -4 -2 0 2 4 6 8 10 12 14
Air Temperature (°C)

Figure 2.5 Bin-averaged (2°C bins) temperature-response curves f@®eflux during
the fall non-growing season periods following harveshilevTs at 0.2 m
remained > 0°C) for each of the three study yeard. ¢@os harvest is represented
by black circles, post faba bean by dark-grey squares andsposy wheat
harvest by light-grey triangles. Error bars represemdard error for each binned
average (16 n< 291). Solid-lines (black for corn, dark-grey for faba bead a
light-grey for spring wheat) are fitted non-linear regres curves (Q10 model).
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Figure 2.6 Bin-averaged (2°C bins) temperature-response curves f@@eflux during
the spring non-growing season periods following harvedt @or to subsequent
planting (whenTg,; at 0.02 m was > 0°C). Post-corn is represented by blaclesircl
and post-faba bean by dark-grey squares. There was a lavkitatble data with an
adequate temperature range in the spring period post-wheatshaand no
relationship with temperature could be found (data not shaonnor bars represent
standard error for each binned average (v< 151). Solid-lines (black for corn and
dark-grey for faba bean) are fitted non-linear regressioves (Q10 model).

2.5 Discussion

2.5.1 Tillage Comparison

In this southern Manitoba study, no difference in thenulative NEE of
intensively tilled (IT) vs. reduced tillage (RT) agriculttiplots was detectable over a
two-year management transition period, and neither stasywas a net C sink when

accounting for biomass removal at harvest, similar tevipus micrometeorological
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studies at agricultural sites conducted in Minnesota (Baker Griffis, 2005) and
Nebraska (Verma et al.,, 2005; Grant et al., 2007). Ovetvibeyear corn-faba bean
rotation in the present study, the treatments had siculaulative NEE values (I'EFc.
nee = -700+ 290 kg C hd; RT SFcnee = -970+ 410 kg C hd). On a silt loam soil in
southern Minnesota, the two-year cumulative NEE focoan-soybean rotation was
approximately —3760 and —3500 kg C*hdor a conventional (tilled) field and an
alternative management (strip-tillage and inclusion ofecocrop) field, respectively
(Baker and Griffis, 2005). The amount of C removed froengbosystems during harvest
episodes in Baker and Griffis (2005) was approximately 1500 Rgohaoybeans and
3000 kg h# of corn grain or =4500 kg C h# total, resulting in both management
treatments being net sources of C of approximately 900 kg'@hthe two years. The
corn in our study yielded approximately 1200 kg“habout 1/3 of the vyield in the
southern Minnesota study, which is similar to the déffiee in cumulative NEE between
the two studies when considering the maize years alooeeter, we harvested the
majority of the aboveground biomass of the faba bean giewsi100 kg C hd) for
animal feed silage, causing our IT and RT management plabe teet C sources of
approximately 3500 kg C Haover the two-year comparison. Although the total
biological C removed in harvests was similar betwedmn Manitoba and Minnesota
studies, the lower cumulative NEE (less negative) he former resulted in the
agroecosystem being a C source that was approximately tihmes greater than the
latter.

Perhaps the tillage comparison and soil characteyigfithe two treatments in the

present study had not diverged to the extent they woanNe in a more mature no-till
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ecosystem. Measurements of NEE and grain C accountingdrmature (>15 years) no-
till corn-soybean rotation in lllinois indicate thgstem may be a small net C sink (300 kg
C ha') when calculated over several years (Hollinger e28l06). In contrast, during the
first three years of transitioning to no-till and besinagement practices, Verma et al.
(2005) reported that a rainfed corn-soybean rotation wasufral, irrigated continuous
maize was somewhere between being C neutral to a smalte, and that an irrigated
corn-soybean rotation was a source of 700 to 1000 kg'@rHaon a silty clay loam in
eastern Nebraska. However, there was no compatdtect or control plots utilized in
the studies from lllinois and Nebraska. Although onestnmacognize that the short-term
effects during the transition to conservation tillagenaggement are more subtle than for a
mature no-till system, the inability to detect a tillageatment effect appears to be the
result of inter-annual and within-treatment variabiliteiry greater than between-
treatment variability, most likely caused by landscagerbgeneity and differential crop

performance.

2.5.2 Variability and Uncertainty

The large inter-plot or landscape-scale variabilifynet CQ fluxes within a
common, seemingly flat and uniform agricultural field veasurprising finding from this
study. For example, the cumulative difference betwaantwo reduced-tillage plots by
the end of the two years was greater than that betaegrother treatments compared
(gray dotted linesFigure 2.1), which was amplified during the faba bean year (2007).
When combining all IT and all RT observations into two safgaclasses and gap-filling,

the two treatments varied by approximately 60 %Fia.nee for both 2006 and 2007, but
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the trend in the magnitude and relative direction offllne comparison was opposite
between the years (results presented in Section 2.4.2).

The observed variation iAFcnee among individual plots or within the two
different tillage treatments at the site may havenbpartially due to higher uncertainty
because of the lower number of actual flux measurenfant25 % of total when gap-
filling the individual plots and- 50 % of total when gap-filling the two tillage treatment
classes, compared to utilizing all observations astite¢ used to derive annual C budgets.
Previous work indicates that the uncertainty in gapdithnnual C budgets based on eddy
covariance measurements increases with decreasing amdactsial flux data coverage
used in deriving budgets (Falge et al., 2001; Moffat et al., 200/hile the total
percentage of gaps in the individual plot or tillage treatt annual time series is high, the
gaps are small (many are filled by linear interpolationg eelatively uniform. Comparing
running means from the individual plots for various duratiorenffsingle days, 4-day,
up to a week) and summation of the actual, filtered FGsm&ments with no gap-filling
revealed similar trends of between plot or within-tmestt variability @ata not shown),
so a bias due to low data coverage was not the soleledat to the large observed
variation between the individual plots that is appaneftigure 2.1.

The variation between the individual plot time ser@ative to the combination
of all observations (Figure 2.1) was reflected in the pedeent estimations of random
error for the three years, with the faba bean crofingathe greatest uncertainty, and the
spring wheat year having the lowest. The greater intérvaloability and estimation of
relative error during the faba bean year was likely tisalreof a wet spring and early

summer in 2007, which lead to saturation of the soil atsitee causing delay and
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suppression of plant germination and emergence on the prarhyed areas of the field.
Certain weeds (such & umex sp.) were able to grow in the anoxic conditions of the
poorly performing areas of the landscape. Although such wamedpeted with the crop,
they also fix C through photosynthesis which is reflédte>Fc.nee. The lower variation

in 2008 may be due to the spring wheat plots being more uniforemergence and
growth that year, and a larger cumulative,@Ptake than the previous two years.

Over annual cycles dfFc.nee, the systematic uncertaintysfsemaic) related to
applying theu- threshold and gap-filling missing or low-quality data washérgthan
measuremend}angom during the corn and faba years, but lower than the atttha}andom
during the spring wheat year. The difference in estimajgghic between the faba bean
and spring wheat years for example, reflects the dveragnitudes of the calculated
annualFcnee budgets, with the faba bean year being essentially Gah€tEc nee =~ 0)
and the spring wheat being a significant C sink (Table 2eBlting in higher and lower
relative fractional errors, respectively.

The magnitude of the random error of the FG measuresmmeatie during this
study show a seasonal trend (Figure 2.2). The reamdA[ CO,] values were very low
during the winter months and this made robust measuremeaots challenging. Our
ability to estimateK in the Manitoba winter was likely hampered by cold tenpees,
snow-pack that can be smooth or drifting, and iewalues when the surface is smooth.
Our ability to resolve vertical COgradients during winter months was challenged by
very low air and soil temperatures and the resultafiiente on ecosystem respiration,

making low averaga[ CO,] values more difficult to resolve.
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2.5.3 Crop Photosynthesis and Ecosystem Respiration

The light-response parameteR.{;, o, R) estimated from the fitted non-linear
regressions for the crops grown in this study were withirrdhge reported for othersC
and G canopies (e.g. Ruimy et al., 1995). At peak growing sedéserspring wheat had a
significantly higher photosynthetic capacity, but simil@spiration rates as the two
previous crops grown (Section 2.4.4; Figure 2.3; Figure 2.4). Hewegooler
temperatures and moist conditions during the summer of 2888 Icaused a lower
cumulative ecosystem respiration for the spring wheap compared to the previous two
years. Interestingly, the spring wheat performed sigmtiy better and the faba bean
crop performed statistically similar to the corn can@ecording to the light-response
relationships at peak growing season. In the broad skissenady be a reflection of the
difference between the relative adaptation and growiB;ovs. G plants in Manitoba's
climate and short summers. In the context of theemtestudy, however, it is clear that
the corn was likely moisture limited as well, as thepcreceived less than half the
amount of precipitation as either of the subsequent ggpesasons, which periodically
had excessive soil moisture. Although leaf area index masnonitored in the present
study, the wide spacing of the corn rows (0.9 m) and lowass production relative to
the spring wheat crop, would indicate that the wheatmahad a much higher density of
photosynthetically-active tissue per unit ground area whimhid also lead to higher
exchange rates of G@er hectare (Baldocchi, 1994).

While ZFc.nee for the corn and wheat years in the present study irediazt CQ
uptake, the faba bean crop year was nearly C neutrairig b slight source of GQo the

atmosphere (Table 2.2). This was mainly the result of eniglespiration rates and

50



cumulative CQ release during both the growing and fall non-growing seaeampared
to the previous or subsequent years. Although the faba dveanexhibited the highest
amount of apparent landscape scale variability, theogkiothetic parameter estimates
during the peak growing stage were comparable to the coopygaine previous summer.
However, the apparent dark respiration rate from tii@-liesponse function was about 2
pumol CGQ m? s* higher for the faba bean than for the corn canogt{Sn 2.4.4), and
nocturnal respiration rates were from 4 to 7 umdl $h higher when air temperatures
were greater than 20°C (Figure 2.4). The greater ratesosstem respiration during the
2007 growing season (faba bean) relative to the 2006 (coomjirgy season may be
partially attributable to both legume physiology and sathemical conditions. There is
a biological C cost associated with symbiotic N fixatioodule growth, and maintenance
(Amthor, 1989; 2001) that could cause higher rates of regpirdtom legume crop
canopies compared to non-leguminous counterparts, whaghhave contributed to the
difference observed in the present study. As well, thexea greater availability of recent
plant-derived C within the soil matrix and on the surfec2007 from the previous corn
growing season, a crop that had been preceded by a sunimmérfgar in 2005. Lastly,
inadequate moisture may have limited growth and associaaetl ghd soil respiration
during 2006, whereas in 2007 it was not a limiting factor, atjhoexcessive wetness
may have been at times.

During the fall non-growing season period following fabearb harvest, the
agroecosystem had greater respiration rates (Figurea2d significantly higheR;o and
Qo values (Section 2.4.4) than the autumn periods following emd wheat harvest.
However, during the spring non-growing seasons, the perltmving corn harvest and

prior to the seeding of the faba bean crop in 2007 had arhiggsal ecosystem
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respiration rateR,o) than the spring 2008 period preceding the seeding of spring wheat
(Figure 2.6). Interestingly, the cumulative net Cémissions during the non-growing
seasons following the corn and faba bean harvests weitarsiiespite the former being
harvested as grair (1,200 kg C ha), and the latter being harvested for silage3(100
kg C ha') leaving a substantially different amount of abovegroutet liehind each year.
It is likely that the large amount of corn residue l&hind in fall 2006 carried over and
influenced respiration rates during the 2007 faba bean pe#n, during the growing
season and the non-cropping season. Furthermore, thebéan residue (belowground
autotrophic and heterotrophic components, and abovegrount sthbble and harvest
waste), would have a C:N ratio in the range of 15 to BOuia1l/3 of what would be
expected of the corn stover, which may have lead to higites of decomposition in the
ecosystem in the fall of 2007. As well, a post-harvesbibiele application occurred 10
days following the faba bean cutting (details in Sectzo®.2) to deal with a fairly
substantial weed infestation and crop re-growth in théWaed and volunteer biomass C
=~ 400 kg h#d) which ceased photosynthesis and may have increaseysemus
respiration rates by providing a labile C source followinignp senescence and
decomposition. Both glyphosate alone and commerciaidtations have been shown to
increase soil respiration, although the mechanism ticompletely clear, the herbicide
may provide an additional C and/or other nutrient (eg. NPdrsource(s) to soil
microorganism communities (Carlisle and Trevors, 1986). Rerofactor contributing to
the difference irtFcnee between the autumn post-corn and post-faba respiraies is
the length of integration, with the faba being harvesigoraximately 6 weeks earlier

than the corn crop in 2006, extending the fallow periogidened by that much. As well,
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the average air temperature during the non-growing seaiowing the faba bean crop
(6.9°C) was greater than that for the period followingnc@t.5°C) and spring wheat
harvest (3.5°C). The length of integration BFc.nee during the non-growing season
after the spring wheat crop was intermediate betweerfaiba (approximately 3 weeks
shorter) and corn (approximately 3 weeks longer). Rdtesspiration were lower than
following faba bean (Figure 2.5) and cumulative respinatvas low due to low air
temperatures during the spring wheat non-growing season ceanjgathe previous two.
The wheat crop was both combined for grain and baled fawstieaving very little
aboveground residue or stubble behind. The spring wheat dftdvehind in the system
(mostly belowground biomass) would be expected to have a mgbariC:N ratio than
the corn stover or faba bean residue, which may hatleefuretarded decomposition and

soil respiration.

2.5.4 Carbon Sequestration Potential

For the entire triennium considered and gap-filling allilalsée, high-quality
measured fluxes from the plots under annual production;rte canopy-soil system at
the site was a net G@ink of -3,100 + 1400 kg C Ha(ZFcnee: Figure 2.1; Table 2.2).
The magnitude and direction aFc nee Was largely driven by the 2008 C balance, as net
uptake was twice as great during the spring wheat crop yegraced to the corn (2006),
while the faba bean year (2007) was a small net sourc80sfto the atmosphere
according tozFc.nee. When grain and other standing biomass taken from éthe e
narvesr) IS accounted for in the ecosystem C balaf€gefosystem = ZFcnee + Fe.

narvesr), the corn and faba bean crops were net C sourcepahamately 500 and 3,100
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kg ha' respectively, while the spring wheat crop year was dl sreaC sink (Table 2.2).
The agroecosystem was a net source of 60approximately 3,200 kg C faor the
three years reported (Table 2.2), corresponding to an arsulatate of loss of
approximately 1 Mg C Kayr™.

The annual magnitudes &Fcnee and Feparvesr In the present study are
comparable to other annual micrometeorological ;, Cifix studies conducted at
agricultural systems in the mid-western USA and Germatydi&s investigating the
annual C balance of corn-soybean rotations showed obtesth >Fc nee andFe.parvest
during corn years that were approximately three timestgrea southern Minnesota
(Baker and Giriffis, 2005), and four to five times greaterasten Nebraska (Verma et
al., 2005) and lllinois (Hollinger et al., 2006) than in thesent study. The most
significant reason for the differences in annual cBFg.nee and Fc.narvest IS regional
climatic, with the Manitoba site being approximately bfatitude north of the Minnesota
site and 9° north of the lllinois and Nebraska sweat) an average air temperature that is
4°C and 7°C cooler respectively, and a significantly lowecumulation of growing
degree days or heat units and incident solar radiation. ywauring the soybean phase
of the rotation, all three U.S. studies had years whEegaee Was positive, indicating the
system was a net GBource before accounting for harvest during those leguias.ye
Verma et al. (2005) partially attributed the net C loss dusimybean years to litter from
the previous maize crop, a situation analogous to whaty likappened in the present
study during the faba bean crop year. An estimate of theahdfc.nee fOr a winter
wheat crop grown near Gebesee, Thuringia, Germanyl900 to -2500 kg C Ha

Anthoni et al., 2004) is similar to that of the spring atherop reported herein.
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After accounting for grain biomass harvested from tbesgstem, Baker and
Griffis (2005) reported an annualized rate of C loss ontalaam soil in southern
Minnesota that is one-half to a third less thanRbecosysrem €stimated from our study in
southern Manitoba. The rate of annual C loss in the prasedy is greater than that for a
rain-fed corn-soybean rotation and an irrigated contisunaize system, but similar to an
irrigated corn-soybean rotation on a silty clay loameastern Nebraska (Verma et al.
2005). Conversely, a mature no-till corn-soybean rotatidiinois may be a small net C
sink after accounting for harvest when calculated ®exeral years (Hollinger et al.
2006). The winter wheat crop ecosystem studied by Anthioal. €2004), grown on a
silty clay loam in Germany, was estimated to be aw@csof approximately 450 to 1,050
kg ha'yr* after grain harvest, similar to the rate reportethénpresent study.

Obviously, making comparisons between the limited nundfeyear-round
micrometeorological C® flux studies conducted in contrasting agroecosystems is
complicated by regional climatic and edaphic (such attexand associated organic
matter content) factors, and differences in the speagfricultural management strategies
employed. However, the common observation from majarfitthese recent studies (this
study included) that the amount of C harvested by humans$ often exceeds the
cumulative NEE measured on annual and multi-year saadésates that many annual
cropping systems are likely significant biological C s®gt suggesting that SOC
sequestration will prove quite challenging and require monchre radical shifts in
agronomic and land-use management practices than previoelsdyed and promoted.
Another contributing factor to the often reportegharvest > ZFc.nee May be widespread,

systematic underestimation of net £@ux measurements by micrometeorological

55



methods. Indeed, Baker and Griffis (2005) discussed the inBudhat a lack of energy
balance closure may have had on their eddy covariapesurements of NEE, reporting
that Fc.narvestr = ZFc.nee after applying a theoretical closure factor to the @axes.

In the present study utilizing the aerodynamic flux gnatdiechnique, two factors
that may have caused an underestimation of the netflGwere possible roughness
sublayer effects when the corn canopy was at peak thedgid the assumption of
similarity in K values for momentum, energy and mass (Denmead, 2008).
Micrometeorological theory indicates that the fluwadient and stability correction
equations are only strictly valid at twice the plantaganheight (8:) or greater (Kaimal
and Finnegan, 1994), as the concentration gradient can belemwmepled from the scalar
flux density due to near-field effects at lower obsBovaheights, so-called roughness
sublayer effects. Comparisons of flux-gradient and eddgrcance measurements of net
CQO;, flux within and over the tall canopies of a foresh{®son et al., 1998) and a corn
crop (Griffis et al., 2007) indicate that similarity dmg may hold better at lower
observation heights than previously suspected, but thatemhancement factor’ of
approximately 2X (ratio of eddy covariance flux to flwadent flux) occurs around
1.2n.. During peak corn canopy height (July 28, 2006 to harveSctober 2006) in the
present study, the lowest [GIOntake was approximately Ih2which may have lead to
an underestimation &fc.nee by our system during that period. The second mechanism by
which Fc.nee may have been underestimated in the present study asshenption made
that K is equal for momentum and mass when research conductetedshRand co-
workers (2002) indicates that the ratio of the two eddfusivities (momentum:mass

a.k.a. the turbulent Schmidt number) is approximately O.6inVestigate the influence

56



these two factors may have had on our annual and muttieyeaulative C balances, an
enhancement factor of 2X was appliedRenee for the period during the corn crop in
2006 when the lower [Cf intake was mounted at h2 and all eddy diffusivity K)
values for the three years were increased by a fa¢t@rdX to account for possible
difference between the turbulent transfer of mommenand mass. Applying these factors
to the flux time series resulted in the corn crop yesroming a slight sink for GQFc.
ecosvstem = -150 kg C hd) whereas it was a slight sourEe.ecosysrem = 500 kg C ha,
Table 2) according to the original calculations. Forehgre three-year period, applying
the corrections to calculatedc.nee resulted in the agroecosystem being a net C source
(Feecosvstem =~ 2700 kg C ha for three years, or annualized rat®00 kg C ha yr')
that was not significantly different according to erestimations, from the original
calculation reported (Table 2.2).

Application of theoretical correction factors fdretunderestimation of net GO
flux with our flux-gradient measurements results in gwthern Manitoba annual
cropping system remaining a significant biological C soufidee size of this source
indicates that assuming the ecosystem is in equiliboiuim C neutral is a mistake, as this
estimation of biological C source strength is approxaiyatwice as great as the €O
emissions attributed to non-renewable energy-use and factmed inputs on farms
(West and Marland, 2002; 2003). Clearly, studies on GHG emssif agricultural land
and practices focused on non-renewable energy-use, tinwar égnore or estimate
photosynthesis based on rough empirical relationships yild data and that neglect
plant and soil respiration (eg. West and Marland, 2002; Bdzdn et al., 2009) could be

erroneous in the constructed budgets and conclusions. Motdti-year
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micrometeorological C®flux studies in different agricultural systems coulddhight on
both the true net ecosystem exchange of, @@d potentially identify and address

weaknesses of the measurement techniques employed.

2.6 Conclusions

The NEE of CQ for a recently established reduced tillage treatmerd mat
different from a more intensive tillage treatmentte Red River Valley site, and likely
would require more time to express detectable effecthhemet C flux. Variation in
NEE among the four plots at the site was large, andechby landscape variations in
crop growth. The three-year crop rotation of corn-fapang wheat in southern Manitoba
was a net C sink to the crop-soil system of 3050 kgt bat taking harvested biomass
into account meant the rotation was a significant svofc3170 kg C ha Differences
among years were most likely due to characteristichetifferent crops, including the
length of the fallow season and amount of biomasselséed. Inter-annual variability in
weather is imposed on these characteristics and itdasgtt crop growth and ecosystem
respiration. Additional multi-year micrometeorolodiddO, flux studies in different
agricultural systems could help identify practices tlkault in C gains by the ecosystem

and perhaps optimize crop rotations to achieve co-benefits
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3. CONTRIBUTION OF CROP RESIDUE CARBON TO THE TOTAL SOIL
RESPIRATION OF AN ANNUAL CROPPING SYSTEM DURING THE NON-

GROWING SEASON IN MANITOBA, CANADA

3.1 Abstract

Heterotrophic respiration from agricultural soils méne differentiated as
originating from microbial decomposition of recentelittinputs or crop residue carbon
(CRC) and resident soil organic carbon (SOC) pools ofivgarage and stages of
decomposition. In the present study, a tunable diode tess=r gas analyzer was used to
determine atmospheric stable C isotope raitdQ) values and*CO, and**CO, fluxes
over an agricultural field in the Red River Valley ofuitern Manitoba, Canada.
Measurement campaigns were conducted in the fall of 2006paimdy of 2007 following
harvest of a corn ({f crop from soil having SOC derived from ghotosynthesis. Stable
CO, isotopologue gradients were measured from the centeouwf 200 by 200 m
experimental plots, and fluxes were calculated using agdynamic flux gradient
method. The soil in two of the experimental plots un@ett intensive tillage, while the
other two plots were managed using a form of reduced tillage.oAppately 70 % and
20 — 30 % of the total respiration flux originated from then G-CRC during the fall of
2006 and spring of 2007, respectively. No difference in thetipaitig of heterotrophic
respiration into that derived from CRC and SOC wasatietebetween the intensive

tillage and recently established reduced tillage treatnag ke site.
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3.2 Introduction

Carbon dioxide (C¢) emissions from agricultural soils originate fromnigiplant
roots and associated rhizomicrobial heterotrophic respmaomd from heterotrophic
microbial decomposition of necromass and various resideil organic matter (SOM)
pools. The SOM substrate-derived component can comprise 40%-afthe total soil
respiration during the growing season in the presenem @ictively growing crop stand
(Rochette and Flanagan, 1997; Buchmann and Ehleringer, 1998; feoehed., 1999;
Griffis et al., 2005; Werth and Kuzyakov, 2009), and up to 100 %gltine non-growing
season, defined herein as harvest to seeding. The namgrseason can be greater than
6 months in many agricultural regions of North Amermach as the upper U.S. Midwest
and the Canadian Prairies. Climate change during thegrmming season in these
regions is predicted to result in warmer air tempeeatwvith less depth and duration of
snow cover (Christensen et al., 2007), which could ledarger amounts of CQOeleased
to the atmosphere from soils under annual crop productiotmoédgh rates of soil
respiration are much lower during the non-growing sedseeguse it is such an extended
period of time relative to the active growing seasornyesabf the net C£Xlux integrated
over this period are a substantial component of annuald@ebs (e.g. 10 % to 80 % of
the net CQ uptake during the growing season, Chapter 2). Growing sttereffsetting
anthropogenic greenhouse gas emissions has led to the mombtonservation tillage
(reducing tillage intensity and frequency) techniques on iitelyscultivated cropland to
sequester and stabilize atmospheric,G® SOM (Smith et al., 2007). The goal of
conservation tillage techniques is to create biophysicadigons that slow the rate of

organic matter decomposition, and provide bio-physical-chEmaonditions that
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eventually stabilize and protect soil C in aggregates. $nterCQ flux studies during the
non-growing season aid in the assessment of conserudtage techniques without the
confounding effects of photosynthesis and plant respiati

Heterotrophic C@sources from agricultural soils during the non-growingsea
may be differentiated between those originating from decomposition of recent plant
litter inputs or crop residue carbon (CRC) and residaihbsganic carbon (SOC) pools of
varying age and stages of structural decay through thefust@ble C isotope methods
(Conen et al., 2006; Vanhala et al., 2007; Drewitt et al., 200%93. area of atmospheric
and ecological research allows partitioning of,Gldxes into source components, which
furthers understanding of underlying mechanisms contribungnissions, and the
refinement of global C cycling hypotheses and modelsimbtver rates. Much scientific
debate in recent years has focused on the tempera&nseisty of decomposition for
different pools of soil C in the context of climateadge (Davidson et al., 2000; Knorr et
al., 2005; Davidson and Janssens, 2006; Hartley and Ineson, 2@88talkle C isotope
methods playing an important role in elucidating such kisef{Conen et al., 2006;
Vanhala et al., 2007).

The relative concentrations of the two stable C jse$0°C and**C, are used as
tracers in ecosystem GQ@ux research to constrain the origins of ecosystespiration
(R). The heavier isotope is much less abundant, \¥@ttomprising approximately 1.1 %
of all C on Earth (Farquhar et al., 1989; Ehleringer et 24100). Soil, plant tissue,
chamber headspace and atmospheric gas samples are mgnamalyzed for**C/*?C
content relative to a known standard using isotope-raiss spectrometry (IRMS) and

the stable C isotope rati®'¢C) is calculated as:
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1)
§°C= ([(;]/[C] -1) x1000

VPDB

where Rppg refers to the ratio of the current isotopic referemcaterial (NBS-19)
expressed according to the Vienna PeeDee Belemite sflasche (Griffis et al., 2004).
The ratio,5"°C, is expressed in parts per thousand as the dimensiamigsger mille

(%o0).

Most stable C isotope techniques are based on theofratin of CQ during
photosynthesis, with plants fixing a proportionally largemount of *?CO, and
discriminating against the heavier isotopologti€ 0, (Farquhar et al., 1989; Flanagan
and Ehleringer, 1998; Ehleringer et al., 2000). This results lative atmospheric
enrichment of**CO, during the daytime in the presence of photosynthesisir(‘éaid
Wang, 1996; Griffis et al., 2004; Zhang et al., 2006). The subsegakease of plant
fixed C into the atmosphere as a result of autotroplspinaion, and heterotrophic
oxidation of root exudates and SOM influences the concemgatf'?CO, and**CO,
relative to the background troposphere, and is observedepletion in the relative
abundance of atmospheffC0, during nighttime or non-growing season measurements.
Work by Keeling in the late 1950s showed that there wasoagstinear relationship
between the atmospheit®C and the reciprocal of the total €@ixing ratio (Keeling,
1958). As CQ is added to the atmosphere from respiration, inangagie total CQ
mixing ratio, this CQ has a different isotopic signature than background tphmrg
values, and is depleted 1AC relative to**C. The y-intercept of these “Keeling plots” is
often used to quantify th&>C signature of the respired GQyakir and Wang, 1996;

Griffis et al., 2004). Besides ecosystem photosynthasisrespiration, the other major
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influence on mixing ratios and tR&°C value of CQ encountered in terrestrial settings is
due to the anthropogenic combustion of fossil fuels. Asilffigel C was originally fixed
by photosynthesis, th&>C values of commonly combusted energy products by humans
(petroleum, coal and natural gas) are depleted in magn#uniéar to contemporary
natural biogenic C@sources to the atmosphere (Clark-Thorne and Yapp, 2003pZimn
et al., 2004; Pataki et al., 2007).

For plants with @ metabolism, the two primary mechanisms contributingtable
C isotope discrimination during photosynthesis are diffididractionation (the slower
diffusion of*CO, relative t0*2C0O,) and enzymatic fractionation associated with Rubisco
activity (Farquhar et al., 1989). TREC value for G tissues varies between -21 %o and
-30 %o, (Ehleringer et al., 2000; Diels et al., 2001) comparedhé&o background
tropospheric value of approximately -8 %o at present. Plaiits the G photosynthetic
pathway exert less influence on stable C abundancdseimtmosphere, as the initial
enzyme involved in C@fixation, phosphoenolpyruvate carboxylase, exerts dlesma
fractionation effect than Rubisco and repo®&tC values for Gtissues vary from -10 %o
to -15 %o (Farquhar et al., 1989; Diels et al., 2001). Therdifilee in preferential isotope
discrimination between £and G metabolic pathways has applications for studying C
substrate sources contributing to respiratory, @xes in natural ecosystems that have
undergone ecological succession where there are shdtsminant vegetation (Flanagan
and Elheringer, 1998; Diels et al., 2001) or in agriculturatesys with abrupt and
deliberate shifts in crop species grown (Schénwitz etl8B6; Rochette and Flanagan,
1997; Drewitt et al., 2009). Observéd’C values in C@ emissions from respiration

(Schonwitz et al., 1986; Rochette and Flanagan, 1997; Dretad., 2009) or changes in
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the isotopic signature of soils over time (Arrouaysket 1995; Gregorich et al., 1995)
represent the substrate sources contributing to tleéngyprocess. Natural stable C
isotope labeling of SOM pools is possible by growingcfop species on{lerived top-
soil orvice versa. A two-source end membed {C; and3*3C,) linear mixing-model can
be used to estimate the fractional contributions céntdg fixed C and native SOC to soill
respiration (Robinson and Scrimgeour, 1995).

The results from studies relating th€C signature of C@effluxes to substrates
must be interpreted with caution as there has been mgitsEbate regarding “isotopic
disequilibrium” between soil respiration and that €N, most often reported for forest
ecosystems (Ehleringer et al., 2000; Bostrom et al., 20@/pptHeses invoked to explain
the observed disequilibrium include: changing atmosphetiemistry §*[CO,]
decreasing over time due to combustion of fossil fuelsyinguolder C in deeper soll
layers to be more enriched 1iC relative to recently fixed C, microbial fractionatio
during litter decomposition, preferential decompositiorittdr and SOM by microbes,
and the mixing of older soil C and recent C pools, sucpla#, microbial and fungal
residues (Ehleringer et al., 2000). Considering pre-industripb$heric3**C values of
approximately -6.5 %o compared to present background values %d er slightly more
negative, the potential error or bias associated w@topic disequilibrium between older
and younger SOM caused by changes in the compositammispheric C@over time is
less than 2 %.. This is similar in magnitude to recentlyorted values for microbial
biomass enrichment i°C relative to bulk SOM, or to potential fractionation dgri
respiration (Werth and Kuzyakov, 2010). These potentialebiase considerably less

than the difference i"C values between SOC and CRC (> 10 %o) found in me<t.C
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natural labeling experiments, but are not negligible, andldcantroduce additional
uncertainty during partitioning exercises.

The majority of stable C isotope ecosystem respmagtodies to date have been
based on chamber gas or atmospheric flask sample callantithe field, followed by
IRMS analysis in the laboratory (Bowling et al., 2003). Wihilese gas sample isotope-
ratio studies have been important for developing stanstatile C isotope methodology
(such as the use of Keeling plots abidC notation) and determining environmental
influences on observed fluctuations, they have linotetifrom a long-term monitoring
perspective (Bowling et al., 2003). Flask sampling techniques resguisignificant
amount of labour in the field and the lab, IRMS anaysan be expensive, and there is
often significant spatial and temporal separation betvwszanple collection and sample
analyses. The development of tunable diode laser (TRIised micrometeorological
systems for concurrent measurement?60, and*CO, exchange between the surface
and atmosphere allows unprecedented temporal resolutibduaation of stable isotope-
ratio measurements (Bowling et al., 2003; Griffis et 2004). In addition to giving
investigators an alternative method to IRMS for applying E@nd Keeling plots to
determine ecosystem respirat®niC values, the simultaneous measuremeft@®, and
13C0O, fluxes by TDL absorption spectroscopy allows an aoldéti tool for quantifying
the 3C signal of respiration. The “flux ratio” technique (fisi et al., 2004) for

determining thé**C signal of ecosystem respiration is given by:

(2)

FﬂS FﬂZ
5C. :( Co, / F*CO,

R 1) x1000

VPDB
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where B3CO, and B?CO, are the independently measured fluxes60, and *CO,
using the TDL and micrometeorological methods suchdaly eovariance or the flux-
gradient technique. For flux-gradient measurements tfagiomeship is simplified to the
ratio of vertical mixing ratio gradientsA[**CO,)/A[**CO,])) as the turbulent “eddy
diffusivity” (K), vertical gradient distancel?) terms, and associated stability corrections
cancel out in the calculation of the ratio of fluxes (BJ.over sufficient surface-layer
averaging intervals (e.g. 15 to 60 minutes). A clear advardbgpplying the flux ratio
technique over using single-point atmospheric concentratisasurements and Keeling
plots to discer®'*Cr values is realized when considering fetch limitationsnfispatially
finite experimental plots or ecosystems, as the curagon footprint is an order of
magnitude greater than flux footprints (Griffis et al., 200iMe use of the flux ratio
method affords the investigator more control over gaimshg micrometeorological
observations to the upwind surface of interest.

In the present study, micrometeorological stable Copmttechniques were
applied to CQflux measurements made over an agricultural fielthenRed River Valley
of southern Manitoba, Canada. A €op, corn Zea mays L.), was grown during the
2006 season on soil that had historically been underdp production. The addition of
crop residues with a differedt®C signature than resident SOC facilitated determining the
contribution of CRC to emissions of G@nd the identification of SOC derived emissions
from recently established reduced and intensive tillagatrtrents. This investigation
builds on research from a previous study conducted in soufiario, Canada, under a
contrasting climate and soil type (Drewitt et al., 20@®)estigating the influence of soil

tilage on C sequestration, as evaluated from the nomwiggoseason respiratory C loss
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from CRC and SOC sources. The objectives of the stuele wo: (1) determine the
relative contribution of recently derived CR& resident SOC to total GOluxes under
reduced and intensive tillage treatments; and (2) examaeadhsitivity of the two C

pools to physical disturbance and the environmental condgiotie site.

3.3 Materials and Methods

3.3.1 Site Description
The experimental field (49.64°N, 97.16°W; 235 m a.s.l.) whertcal *?CO; and

13C0O, mixing ratio gradient measurements were performed ecatdd at the University
of Manitoba Glenlea Research Station, approximately 16 sauth of Winnipeg,
Manitoba, Canada. The research site was situated inetthé&kRer Valley, a near-level to
very gently sloping (0 to < 2 % slope, typically < 1 m®, glaciolacustrine clay
floodplain. The soils at the site were of the Red Riassociation, consisting of a
combination of Osborne clay and Red River clay soiesedtepending on local drainage
characteristics and the micro-relief of the landsc@fielich et al., 1953; Michalyna et
al., 1971). The hydrology ranges from poorly (micro-lowsb@ne clay series) to
imperfectly (micro-highs, Red River clay series) drdis®ils. The Red River clay soil
series is classified as a Gleyed Humic Vertisol (Q&ara system) or a fine smectitic
frigid Typic Epiaquert (USDA system), while the Osbouniay series is classified as a
Gleysolic Humic Vertisol (Canadian system) or a famectitic frigid Typic Endoaquert

(USDA system). The average bulk density and particle digteibution of the surface
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layer (O — 0.2 m) soil at the site when the study wasiied were approximately 1.2 Mg
m3, and 60 % clay, 35 % silt and 5 % sand, respectively.pFhevas 6.2 and there was
an absence of carbonate minerals in the surface lalieravVerage organic carbon and

total nitrogen content of the surface layer were 3.2 &ah %, respectively.

3.3.2 Agronomic History

Prior to 2005, the experimental field was exclusiveiger G crop production,
primarily cereals and oilseeds. After a fallg@ar that included weed management by
tilage and chemical means in 2005, different soil managetneatments were initiated
in the spring of 2006 with the establishment of four 200 m by 200 ma(4dch)
experimental treatment plots inside of a larger 30 hd.fielvo plots were managed as
intensive tillage (IT) treatments and two plots weranaged as reduced tillage (RT)
treatments. The IT plots were tilled to a depth & @ on April 27 2006 with a field
cultivator consisting of three rows of shanks witB@Om sweeps spaced 0.30 m apart
followed by three rows of spring-tine harrows spaced 0.1part.arThe RT plots received
a light (single-pass) harrowing as seed bed preparatigkpal 28, 2006. All plots were
sown to cornZea mays L. cv 'DKC27-12 (Roundup Really, DEKALB®) on May 16.
A granular fertilizer blend (32-25-10-10; Viterra Inc.) wadesbanded with the seed at
planting at a rate of 185 kg haGranular urea (46-0-0) was broadcast applied at 110 kg
ha® on May 17 and lightly tine-harrowed to incorporate itite soil on IT and RT plots.

Herbicide (Roundup a.i. glyphosate, Monsanto Company Inc.) was applredume 13,

2006 to all plots at a rate of 1.7 L-haGrain was harvested from all plots on October 6,

and on October 25, 2006 standing aboveground corn biomass (@tal leaves) on all
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plots was shredded with a flail-mower. The IT plotseviandem-disced on October 27,
and tilled once to a depth of 0.2 m with the field caltor previously described on
October 28, 2006. The top-soils of the RT plots were tumttied post-harvest, with all
flailed corn stover remaining on the surface. Field apmra (tillage, seed-bed

preparation, and seeding) for the following growing seasgarben May 9, 2007.

3.3.3 Measurements of Verticat*CO,and **CO, Mixing Ratio Gradients

A tunable-diode-laser (TDL) based trace gas analyzeodél TGAL100A,
Campbell Scientific Inc., Logan, Utah, USA) was ingt@lat the site in late August 2006
inside a grid-powered instrumentation trailer located in tmntre of the four
experimental plots. The air temperature inside théetraias kept at approximately 20°C
for the duration of monitoring with electric heat andanditioning as required. The
TDL was parameterized for the concurrent measurewfegtmospheric mixing ratios of
120, and**CO; at a frequency of 10 Hz. See Drewitt et al. (2009) foriipetetails on
the TDL configuration, calibration routines, plumbingyrgling sequence and control
system employed.

For the calculation of the vertical mixing ratio geas, A[*?CO,] and A[**CO,],
two gas sample intakes were mounted at different heiglts= 0.65 m) within the
atmospheric surface layer to a triangular, aluminumunstntation tower located at the
approximate centre of each experimental plot, besidsimgiintakes for another TDL
(IN2O] and [CQ] analyzer) at the site. As one atmospheric samplibg tvas used for
both intakes at each tower, samples immediatelpviotlg valve switching between the

upper and lower intakes were discarded from the calcolatiogradients to allow for
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equilibration, and a lag due to the length of the sarydte between the observation
tower and TDL was accounted for with processing sotvwf@#fagner-Riddle et al., 2005).
Half-hourly gradients were calculated over the four expental plots sequentially,
obtaining one 30-minute averagg?CO,] andA[**CO,] every two hours per plot or 12
possible stable C isotopologue mixing ratio gradients perealch day. Care was taken to
ensure a balance between measuring gradients far enooxgh thle surface to minimize
roughness sub-layer effects but low enough to contaitfiublt footprint within each plot.
Because of the large size of the experimental plotshg® and location of the
micrometeorological towers in the centre, fetch ffeative observation height ratios of
approximately 90:1 to 100:1 were maintained for all plots,llimieections, during the
monitoring campaigns.

Three distinct campaigns of vertica[*’CO,] and A[**CO,] measurements
conducted at the site were utilized in the present studg. fifét period consisted of
nocturnal measurements made over the corn crop caneedn September 3 and
September 16, 2006 (Corn Crop 2006) and was primarily used fmgtesd evaluating
the performance of the system. The second period coedidge measurements made
over the post-harvest soil surface for 30-days priohdoaugh freezing of the 0 — 0.5 m
depth and the onset of significant snow cover, from NdermO0 to December 10, 2006
(Fall 2006). The third campaign reported was over 26-days durendptlowing spring
after snowmelt, initialization of soil thaw and prite agronomic field operations,
between April 12 and May 8, 2007 (Spring 2007). The two lattergnowing season
campaigns (Fall 2006 and Spring 2007) were the main focus dfttldy. Missing TDL

data occurred during periods of system maintenance, mecharatfahction, and power
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disruptions. A liquid nitrogen dewar cooled the laser andiredjue-filling twice per
week. The data recorded during re-filling episodes and fofollzaving two hours were
discarded from further analysis due to the influence edulting vibrations and
temperature perturbations inside the enclosure on gas ¢rat@en calculations. Other
less frequent examples of system maintenance introdugaps to the trace gas
concentration time series included: changing the atmospsemple pump oil and parts;
replacing the reference gas cylinder; changing sample ihtgats; performing gradient
and timing tests; and changing air filters. After disqagdiata due to system maintenance
and mechanical malfunctions, average 30-mintfté(Q,] and [-°*CO,] data coverage from
the TDL was approximately 96 %, 54 %, and 74 %, for the Cwap 2006, Fall 2006,

and Spring 2007 measurement campaigns, respectively.

3.3.4 Supporting Environmental Measurements

A weather station was located at the site near ¢iére of the four plots on an
undisturbed, grassed area. The following is a descriptionthef meteorological
instruments used in this study. Air temperature was measwrgd a combined
temperature and relative humidity probe (Model HMP45C,safai Inc., Woburn,
Massachusetts, USA) mounted within a radiation shield (M4i603-5 10-Plate Gill
Radiation Shield, R.M. Young Company, Traverse City, Mjahi USA) 2 m above the
ground surface to a tripod stand (Model CM110 Tripod and Grogndip Campbell
Scientific Inc., Logan, Utah, USA). A cumulative pratation gauge (Model T-200B
Series Precipitation Gauge, Geonor Inc., Milford, Pglasia, USA) was installed
approximately 3 m away from the main weather statiopottion an independent

pedestal. A soil temperature profile consisting of Grtiistors (Model 107B Soil/Water
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Temperature Probe, Campbell Scientific Inc., LogamhlJUSA) made measurements at
0.02m, 0.05m, 0.1 m, 0.2 m, 0.5m and 1 m depths.

The total aboveground corn biomass produced during the growasprs was
calculated from hand-clipped samples taken prior to mecHamcaesting in October
2006. Samples were taken from 12 random locations in edble tiflage treatments and
air-dried at 40°C. The amount of aboveground corn residue ioghetcropland in each
tillage treatment was taken as the difference betwetah aboveground biomass and the
bulk grain removed (1230 kg C haChapter 2) from the system. Belowground biomass
production was estimated assuming a shoot-to-root ratio dd6gsain corn (Bolinder et
al., 2007).

The determination of th&"C signature of indigenous SOG8{Csod at the site
and the corn CRC33Ccro) was done with IRMS by the Stable Isotope Facility (ShF)
the Department of Plant Sciences at the Universityadifdnia, Davis, California, USA
(SIF, 2010). Soil samples from 0 — 0.1 m, 0.1 — 0.2 m, and 0.2 m@épths were
collected from 6 random locations from each tillage tineat in November 2005 (6
months prior to planting corn) fob*Csoc analysis. Soil samples were dried, finely
ground with a ball mill, and packaged in metal capsules poicshipment to the UC
Davis SIF for analysis. Fa*Ccrc, Separate samples of the aboveground biomass from
12 corn plants taken from the site at harvest in Oct@b86 were dried, homogenized,
finely ground with a Wiley mill or coffee grinder, and gaged in metal capsules prior to
shipment to the UC Davis SIF for analysis.

The 3'C signature of soil respiratior5'€Cr.soi) was evaluated prior to corn

planting (May 6, 2006) and following faba emergence (JuR09y) from measurements
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of dark CQ fluxes made with static, two-piece (collar and lid)eaetive PVC chambers
(20 cm i.d. x 10 cm high). For the chamber measurementaigng six collars were
placed on each of the four plots at the site withillato 50 m radius of the
micrometeorological flux tower. Collars were inseriao the soil to a depth of 3to 4 cm
to ensure a seal with the soil, approximately 5 to 7 dags to gas sampling. Weeds and
seedlings were removed from the interior and area sading the collars (approximately
30 cm radius) approximately 18 to 36 hours prior to samplingpa&gns. During
chamber CQ flux measurement campaigns, lids were secured to @dleln and 20 mL
head-space gas samples were drawn into a syringe (BBatbinson, Franklin Lakes,
New Jersey, USA) at regular intervals (0, 15, 30, and 45 mfirough a rubber septum.
Chambers were vented to the atmosphere with a smak médubing to maintain
pressure equilibrium between the head-space and the d@nespSyringe samples
collected were immediately injected into 12 mL pre-eveediand helium flushed vials
(Labco Exetainer, High Wycombe, UK). To ensure intggand quality assurance of the
samples, known low and high gas standard mixtures wgretea into vials, taken to the
field on sampling dates, handled, and analyzed in the szaneer as the field samples.
Vials were kept in the dark at room temperature until sbignto the SIF at UC Davis
(SIF, 2010) for analysis of total [GPand 3" [CO,] with IRMS. The 83*Cg.so. was
determined using the Keeling plot technique, taken as thiescapt of OLS regressions
between>**[CO,] and the reciprocal of the total [G[®ver time (n = 4) for each chamber
on the sampling dates. TBECr.soi values for the RT and IT plots were estimated as the
mean y-intercept from the collars measured within esedtment that had Keeling plots

with minimum f values of 0.8.
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3.3.5 Data Analysis

3.3.5.1 Calculation of the Stable C Isotope Signature of Ecosgst Respiration The
flux ratio technique (Eg. 2; Griffis et al., 2004; Drewittagt 2009) was used to quantify
the 3*°C signature of ecosystem respiratid"’Cg). Similarity was assumed between the
two CQ, isotopologues, and th&°>Cx relationship was simplified to the ratio of 30-
minute mean vertical mixing ratio gradients, M**CO,J/A[**CO,], eliminating errors
associated with estimating values. The micrometeorological measured net ecosystem
CO, exchange (NEE) between cropland and the atmosphene iset balance of gross
primary production and respiration (R). In the abserigghotosynthesis during nocturnal
hours or the non-growing season, NEE = R. As the predady was concerned with
examiningd'Cr, data analysis was limited to data recorded during nodt(€oan Crop
2006) or non-growing season (Fall 2006 and Spring 2007) conditions.

A signal-to-noise relationship between the magnitudecosystem Co fluxes
and discerning®**Cr values has been observed by others using the TDL andaffiox
technique (Griffis et al., 2004, 2005; Zhang et al., 2006; Dretvdl. 22009). From the
data collected in the current study, visual assessmetiteofelationship between 30-
minute 3*Cr andA[*2CO;] values revealed a tremendous amount of variability"i6x
values obtained whel[**C0O,] was less than approximatelyumol mol* (4z= 0.65 m),
and the noise increased exponentially Ag°CO;] approached zero (data not shown).
The ability of the TDL to resolve vertical mixing raticagiients of?CO, and**C0O, was
assessed by zero vertical gradient tests, the standaiatiole (S.D.) ofA[**CO,] and
A[**CO,] when the two intakes were at the same measurenmaghthdz = 0 m,

performed with the system at the site in September 2006 3Cr values calculated
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when the vertical mixing ratio gradient B€0, was greater than this resolution (S.D. of
30-minute f°CO;] zero-gradients = 0.4%mol mol*, n = 141) were aggregated in bins (n
= 10) byA[**CO,] (Figure 3.1). A minimum gradient threshold for reliabléCr data for
each measurement campaign was determined from the stasrdar (S.E.) of the means
for the bins, which generally decreased with increa&i¢CO;] (Figure 3.1). The cutoff
was selected as the point at which S.B5'8x binned byA[*2CO;] decreased to 3 %o or
less. This approach resulted in minimulfC[O;] gradient ¥z = 0.65 m) thresholds of 1
pmol mol* for the nocturnal Corn Crop 2006 and Fall 2006 periods, andrios mol*

for the Spring 2007 measurement campaign. The use of theunmgradient thresholds
constrained the S.E. of the mean 30-minditiCr for each of the three measurement

campaigns to less than 2 %o.
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Figure 3.1 Average 30-minute stable C isotope ratio signature of st&syrespiration
(5°Cr) binned by meam\'JCO;] (+ 1 S.E.; n = 10) for three measurement
campaigns (top = nocturnal Corn Crop 2006; middle = Fall 20@6q1in = Spring
2007).

3.3.5.2 Patrtitioning Ecosystem Respiration Budgets During thon-growing Season
Continuous, multi-year net GOlux measurements from the other TDL (parameterized
for [CO;] and [NO]) at the research site were partitioned into GRIPR, and gap-filled
using a modified version of the standard Fluxnet-Canada qmiofomethods and data
processing were described in Chapter 2). Daily averagespefiligad R were used to
partition CRC and SOC sources from the two tillagetitneats during the non-growing

season periods (Fall 2006 and Spring 2007) with accepbalile measurements. Daily
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means of6*Cr were obtained from days with more than one 30-minutershton
meeting the minimum mixing ratio gradient thresholds oth tillage treatments. An
OLS regression was fit between the daily ave®d@r values and time for the Fall 2006
and Spring 2007 measurement campaigns. The fraction of Hadlye to oxidation of
CRC (Rro was determined from a two-memb®rC linear mixing model & **Cg - &
BCsoc/ 8 Cere - 83Cso0d), and that due to metabolism of SOG¢B as the difference
between total R anddrc. The error of the total cumulative RR) was estimated from
the S.E. of the mean R budgets obtained from the tdwidual plots of each tillage
treatment. The uncertainty associated wEifRcrc and ZRsoc for each tillage treatment
and period was estimated by propagating the fractionalsecamtributing to estimation
of the budgets (S.E. &R, S.E. ofd"*Cy for the period, and the S.E. of the slope and y-

intercept from the regression betweéfCg and time).

3.3.5.3 Statistical Tests

Differences among means of initi&°*Cso, values for the three sampling depths
were tested within each tillage treatment using one-ar@aflysis of variance with the
anoval function from MATLAB® (Verson 7.6.0, Statistics Toolbox 6.2 (R2008a), The
Mathworks Inc., Natick, Massachusetts, USA). Meanshibial 3**Csoy. values for each
sampling depth and total aboveground crop biomass were testigden the two tillage
treatments usindtest. P-values less than 0.05 were considered significantekis tof
5"*Csoi and aboveground biomass means. Sample medians of dailgtd°Cr from the
two tillage treatments were compared for the two gowing season periods with non-

parametric rank-sum tests, using trenksum function. Correlation coefficients and
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significance levels between dai/°Cr, air and soil temperatures were calculated with
corrcoef. P-values less than 0.1 were considered significant é&stst of the
micrometeorological flux (R and3Cg) medians and for correlations betwe®rCr and

variables.

3.4 Results

3.4.1 Environmental Conditions during the Non-growing Season Cangigns

The Fall 2006 (November 10 to December 10, 2006) and Spring 2007 12pal
May 8, 2007) measurement campaigns represented the tmnargiio autumn to winter
(decreasing air temperatures and freezing of subsoil)wantdr to spring (increasing air
temperatures and thawing of subsoil) seasons at theesouitanitoba site, respectively
(Figure 3.2). The average of the 30-minute means of air tampes measured at a
height of 2 m at the site during the Fall 2006 period wa8°€ and exhibited a range of
approximately 40°C, from -27.8°C to 12.2°C. The mean air testypex during the Fall
2006 period was similar to the 30-year normal (1971 — 2000) of -8.3 £5.D.)°C for
the region (Winnipeg, Manitoba, Canada) in November (Envissnin€anada, 2010).
The Spring 2007 period was warmer than the 30-year normadal for the (4.0 £
2.7°C), with a mean air temperature of 11.6°C, and simikxtreme as the Fall 2006
campaign, ranging 34.5°C, from -3.4°C to 31.1°C. The Fall 2006d¢evas relatively
dry, with 6.2 mm of precipitation measured on-site, coegpao the 30-year normal

(1971 — 2000) of 26 mm for November (Environment Canada, 2010). Hovpeigario
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the Fall 2006 measurement campaign, the site received 36.4frrecipitation during
October, which is normal. Unfortunately the precipitation gauge tla¢ site was
malfunctioning during the Spring 2007 campaign. The area (Mdvtanitoba, Canada)
received 27 mm of precipitation during the Spring 2007 measurepegiod (MAFRI,
2010), slightly less than the normal amount of 30 mm (BEnwrent Canada, 2010).

The average COmixing ratios ([CQ]) measured with the micrometeorological
system f ~ 1 m) at the site were 5 to8nol mol* higher during both measurement
campaigns (Table 3.1) than background levels for Alert, @&afdovember 2006: [CD
= 383.71umol mol* and April 2007: [CG| = 389.63umol mol*; Keeling et al., 2008).
The mean [C@ measured during Spring 2007 was fAr@ol mol* greater than the Fall
2006 (Table 3.1), similar to northern hemisphere backgroundigréor the period
(Keeling et al., 2008). The average stable C isotope oatize atmospheric surface layer
(5COy)) at the site was more depleted*iCO, during both measurement campaigns
(Table 3.1) relative to the backgrounds of -8.33 %0 and -8.67 %ldaember 2006 and
April 2007 at Alert, respectively (Keeling et al., 2010). Theame&alue during Spring
2007 was 0.7 %o lower than the Fall 2006 period at the sitecor@ance with the higher
overall average [C§). Keeling plots (OLS regression betwe&iCO,] and inverse of
[CO,] ) indicated a'C of approximately -25 %o (y-intercept) for G@ources at the site
and surrounding vicinity 8>CkeeLine) during the two measurement campaigns (Table

3.1).
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Table 3.1 Concentrations and stable C isotope ratio charactsrisfithe atmospheric
surface layer C® monitored at the site during the two post-harvest study
campaigns. Values represent the mga®@,] (+ 1 S.E.),5"[CO;] (+ 1 S.E.), and

CkeeLne (£ Y-intercept S.E.) values combined from upper and loweke
heights at the four measurement towers.

Period [COJ] d[COy] 33CkeeLne  [COzJrange N

(umol mol%) (%o0) (%o) (umol mol%)
Fall 2006  388.77+0.09 -8.80+0.01 -25.62 +0.39 53 1554
Spring 2007 395.66 + 0.33 -8.87 +0.01 -25.05 +0.21 149 1960

The initial stable C isotope signatures of S@ECsod determined from soils
collected in November 2005 (Table 3.2) were statisticattylar between the RT and IT
plots for the 0.0 - 0.1 m (P =0.77), 0.1 — 0.2 m (P = 0.53) and 0.2 m (P = 0.70)
depths. As well, thé"*Cso. values did not vary significantly (P > 0.05) with depth prio

to the establishment of the RT (P = 0.06) and IT plots QF09) at the site.

Table 3.2 Total organic C content and stable C isotope ratio sigestof soil samples
(mean 8Csoc + 1 S.E.) from the two tillage treatment plots cctés in
November 2005, 6 months prior to seeding of corn in spring 2006.

Date Treatment Soil Depth Total Organic C 3CsoL n
(m) (%) (%o)
November 2005 Intensive tillage 0.0 — 0.1 3.80+0.28 -25.34 £ 0.16
0.1-0.2 2.69 + 0.37 -24.92 £ 0.21 6
0.2-04 1.63+£0.22 -24.82 £ 0.11
Reduced tillage 0.0-0.1 3.68 £0.28 -25.26 £0.15
0.1-0.2 2.80 £ 0.26 -24.66 £ 0.21

0.2-04 1.94 +£0.20 -24.73 £ 0.17 6

89



The 3'3C signature of the soil respiration €€@ux in May 2006 (prior to seeding
of corn) determined with chamber measurements, IRMS agtingeplot analysis&-*Cx.
soi) was similar to the surfacd>Csoc values and did not vary with tillage treatment
(Table 3.3). The conservation 8F°Csocwith depth and relative concurrence of initial
5"¥Cr-soiL andd**Csoc (3°C ~ -25 %) at the site indicates that the isotopic diseoyitiin
between soil respiration and bulk SOM often reportedoiest ecosystems (Ehleringer et
al., 2000; Bostrom et al., 2007) was not a significant idsudghis mechanically and

naturally well-mixed vertisolic agricultural soil.

Table 3.3Stable C isotope ratio signatures of the soil reipiteflux (meand**Cr.soi *
1 S.E.) and ranges of [GPmeasured with chambers in the two tillage treatments
prior to seeding of corn in 2006 and during the summer of 2008 5F8x-soi
values were calculated as the mean y-intercept froambRrs with minimum
Keeling plot f values of 0.8.

Date Treatment 5"Cr-soiL [CO,] range n
(%o) (umol mol%)
May 6, 2006 Intensive tillage -25.61+0.21 2098 12
Reduced tillage -25.59 £ 0.42 1760 8
July 9, 2007 Intensive tillage -17.34 £0.28 3797 12
Reduced tillage -16.95 £0.48 6074 9

The total aboveground biomass at the end of the 2006 greeaspn (Table 3.4)

was not statistically different between the tillagjeatments (P = 0.19). The stable C
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isotope signature of the corn CRG™Ccro) determined from aboveground biomass

collected in October 2006 from the site wd2.70 £ 0.04 % (xS.E., n = 12).

Table 3.4Components of corn crop biomass C at the site atritleof the 2006 growing
season. The total aboveground corn biomass produced duringothiegyseason
was calculated from hand-clipped samples taken priorethanical harvesting in
October 2006. The amount of aboveground corn residue input twdpand in
each tillage treatment was taken as the differenceveleet total aboveground
biomass and the bulk grain removed (1230 kg & fapter 2) from the system.
Belowground biomass production was estimated assuming a teleatt ratio of
5.6 for grain corn (Bolinder et al., 2007). Total crop resiayait is the sum of
aboveground residue input and estimated belowground biomass pooducti

Treatment Aboveground Aboveground Belowground Totalcrop n
biomass residue input biomass residue input
(kg C ha) (kg C ha) (kg C ha) (kg C ha)
Intensive tillage 2760 + 180 1530 490 2020 12
Reduced tillage 3030 * 160 1800 540 2340 12

3.4.2 Trends in Soil Respiration and C Isotope Fluxes

The gap-filled mean daily ecosystem respiration (R) ndurihe Fall 2006
measurement campaign was 2.8 + 0.3 kg €day* (+ 1 S.E., n=30) and 4.3 +0.5kg C
ha® day* (+ 1 S.E., n = 30) for the RT and IT treatments, respelgt Mean daily R was
greater for both tillage treatments during Spring 2007 comparedali 2006, with
average values of 15.2 + 0.7 kg C'téay" (+ 1 S.E., n = 26) and 14.9 + 0.9 kg C'ha
day* (+ 1 S.E., n = 26) for the RT and IT plots at the sitspectively. The average stable
C isotope ratio of the R3°Cr) at the site was more enriched fCO, (5*°Ck less

negative) relative to the indigenous SOC (Table 3.2) duitl the Fall 2006 and Spring
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2007 measurement campaigns, for both tillage treatmertislg(T3.5), indicating that
recently fixed corn CRC¥3Ccre = -12.70 + 0.04 %0) was being oxidized. In comparison
to the 8'°Cr values for the post-harvest Fall 2006 and Spring 2007 measurement
campaigns (Table 3.5), the nighttime respiration signatfitiee maturing corn canopy in
September 2006 (plant and soil respiration) was moiehent (Corn Crop 2006*°Cr =
-17.02 + 0.6 %o (+ 1 S.E.), n = 38). The relative enrichmeht@®, was similar for the R

flux from the IT and RT plots during both Fall 2006 (P = 0.44)l Spring 2007 (P =
0.44) measurement campaigns (Table 3.5). The relative emitim-*CO, was greater

in Fall 2006 than Spring 2007 for the IT treatment (P = 0.03),namdinally but not
significantly greater (P = 0.56) for the RT plots betwelee respective periods (Table

3.5).

Table 3.5Stable C isotope ratio signatures of the ecosystspiragion (mead*>Cg+ 1
S.E.) and ranges of the vertical [g§@radients measured over the two tillage
treatments during the two post-harvest study periods.

Period Treatment 3Cr A[CO;] range n
(%o) (umol mol%)
Fall 2006 Intensive tillage -17.97+£1.71 16 13
Reduced tillage -19.82 £1.92 21 16
Spring 2007  Intensive tillage -22.25 +1.02 21 28
Reduced tillage -21.02+1.11 29 29

Daily average R values from both tillage treatmentsesponded with mean air

temperatures at the site for both field campaigns (Figwg In Fall 2006 the general
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trend was increasing daily R and air temperature from ihbee 10 to November 22,
peaking at approximately 8.6 kg C*hday'and 13.3 kg C haday* for the RT and IT
plots at the site, respectively. Following the maximuaiues for the Fall 2006 period,
mean air temperature and R declined for the remaindereofigld campaign, and the
subsoil began freezing progressively with depth (Figure 3.Zptmg 2007, mean daily
R oscillated with air temperatures for both tillage timents, and gradually increased
towards the end of the period with the thawing of suldagérs (Figure 3.2). Highest R
values for the RT plots were observed on April 20, 2007 4t 23.C ha day', a day
with similar fluxes from the IT plots (22.3 kg Chday"; Figure 3.2). Peak fluxes from
the IT plots occurred on the final day of the Spring 2007 measmt campaign, May 7,
the day on which the mean air temperature was alsgrdaest (Figure 3.2), and were
23.3 kg C ha day*, which is higher than R fluxes estimated from thep®its (20.5 kg
C ha' day) on that day. The results of non-parametric rank wsts of the daily R from
the treatments revealed a significant difference betvibe RT and IT treatment plots for
Fall 2006 (P = 0.02), and no significant difference for then§®007 period (P = 0.87).
Values of3**Cg, calculated from days with more than one 30-minute obsen
with sufficient vertical [CQ] gradients from both tillage treatments, exhibited dseof
increasing depletion dfCO; with **Cr becoming more negative over the duration of
both field campaigns (Figure 3.2). The relationship betws&#&k and time (day) was fit
with OLS linear regression for both measurement periblais.slope + S.E. indicated a
slight difference in the relative rate 6€0, depletion between the R&Cr = -0.26 (+
0.07) x day - 13.40 (+ 1.25) %¢ ¥ 0.94) and IT&3Cr =-0.07 (+ 0.11) x day - 15.33 (+

1.98) %o, f = 0.3) plots over the Fall 2006 period, however only thpesfrom the RT
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treatment linear relationship was significant (P = 0.D8ying the Spring 2007

campaign, the linear regressions of the relationstépsdendCr and time for the two

treatments were similar for RB'€Cr = -0.42 (+ 0.12) x day — 16.69 (+ 1.84) %z=r

0.66) and IT §3Cr = -0.56 (+ 0.13) x day — 14.05 (+ 1.97) %:=r0.77) plots at the site

(Figure 3.2), and both slopes were significant (P < 0.01dtr the RT and IT plots).
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Figure 3.2 Time series of the gap-filled, average daily soil regmn (R = 1 S.E.; top
panels), the stable C isotope ratio of soil respina(®>Cr + 1 S.E.; middle
panels), air (at 2 m height) and soil (at 0.1 m and 0.8epths) temperatures
(bottom panels) at the site during the Fall 2006 and Spring 206-Qnowing
season measurement campaigns.

The decliningd™*Cg values for both tillage treatments over time corredpdnto

decreasing air and soil temperatures during Fall 2006, anctisahy, increasing air and
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soil temperatures during the Spring 2007 measurement campaggme( 3.2). Positive
correlations between daily'*Cr and mean temperatures for the RT treatment were
significant (P < 0.1) for soil temperatures at 0.05 m{tGO; P = 0.04), 0.1 m (r = 1.00; P
= 0.07), and 0.2 m (r = 1.00; P = 0.06) depths during Fall 2006. |&wres between
daily 8**Cr and mean air and soil temperatures for the IT treatmerg not significant (P

> 0.1) during Fall 2006. Negative correlations between daf§Ckx and mean
temperatures for the RT treatment were not signifi(@r¢ 0.1) for air temperature at 2
m height (r = -0.56, P = 0.15) or soil temperature at0tbem depth (r = -0.63, P = 0.1),
but were significant (P < 0.1) for soil temperatures.@60n (r = -0.77; P = 0.03), 0.1 m
(r=-0.80; P =0.02), and 0.2 m (r =-0.82; P = 0.01) depths dSpnigpg 2007. Negative
correlations between dail$**Cr and mean temperatures for the IT treatment were
significant (P < 0.1) for air temperature at 2 m height (0.63; P = 0.09), and for soil
temperatures at 0.05 m (r = -0.84; P = 0.01), 0.1 m (r = -0.860P0G6), 0.2 m (r = -

0.89; P =0.003), and 0.5 m (r =-0.75; P = 0.03) depths during Spring 2007.

3.4.3 Component Soil Respiration Budgets

The cumulative total ecosystem respirati@iR) was three to four times higher
over Spring 2007 than during the Fall 2006 measurement camgaighpth tillage
treatments (Table 3.6; Figure 3.3). TXRR was higher for the IT compared to RT plots at
the site in Fall 2006, but the two treatments had a &ifBR over Spring 2007 (Figure
3.3) or for the two periods combined (Table 3.6). The ITisplad a higher cumulative
respiration derived from crop residue carb2Rd{rc) than the RT treatment (Figure 3.3;

Table 3.6), however, there was overlap between the praguhgator estimates around
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>Rcre (Table 3.6). The RT plots had a lower cumulative rasppn derived from native
SOC ERsod compared to the IT treatment during Fall 2006, and a higRepc over
Spring 2007 (Figure 3.3), however, there was overlap betweesrthr estimates around
>Rsoc as there was foERcrc, indicating that an effect of tillage was not deteaabl
(Table 3.6). Within the RT and IT treatmentRcrc and ZRsoc were different during
each measurement campaign (according to +1 S.E.), rasthe changes in the ratios of
2Rcre: ZRsoc between the Fall 2006 and Spring 2007 periods. For the RT &eatm
approximately 69 %, 24 %, and 32 % of taift was derived fronZRcrc for the Fall
2006, Spring 2007, and for the two periods combined, respectivaiythe IT treatment,
approximately 71 %, 29 %, and 40 % of ta¥&® was fromZRcrc for the Fall 2006,
Spring 2007, or for the two periods combined, respectively.

Over Fall 2006, the general trends2®, 2Rcrc, and 2ZRsoc displayed by both
tillage treatments was an increasing rate until NoverBBefollowed by a decrease with
the onset of colder temperatures and winter (Figure Bi3)ontrast, over Spring 2007,
2R continued to increase with air and soil temperatasa$fie season progressed towards
summer, however, the continued increase was drivebRgyc as there was a leveling
off of ZRcgc for both tillage treatments by the end of the measarg campaign (Figure
3.3). Estimates of the temporal trend of da¥Cr over Spring 2007 (Figure 3.2)
indicated no contribution of the corn CRC towaEd® (or ZR = ZRsod) after May 2 for

both the RT and IT plots (Figure 3.3).
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Table 3.6 Components of the cumulative ecosystem respirationfor the two tillage
treatments at the site during the two post-harvest gpadpds. The cumulative
ecosystem respiratio@R) was calculated from average daily values of R derived
from partitioned and gap-filled net GAux measurements at the site (shown for
stable C isotope study periods in the top panels of Figurar@asurements and
data analysis were described in Chapter 2). Daily valué5’6§ were estimated
from OLS linear regressions between means from days matte than one 30-
minute A"{CO,] / A¥[CO,] observation obtained when the miniméxtf{CO]
threshold was met for both tillage treatments and {imddle panels, Figure 3.2).
The CQ fluxes derived from crop residue carbdR{rc, middle panels) and
resident soil organic carboRRsoc, bottom panels) were calculated using a linear
two-member mixing model and the estimated temporal trendBs. Errors
given are the root-sum-square error of the variatl&s §°Cg, and3**Cgx time
regressions) utilized for partitioning soil respirationat®m 3.3.5.2).

Period Treatment >R 2Rcre 2Rsoc
(kg C ha) (kg C ha) (kg C ha)
Fall 2006 Intensive tillage 129 + 32 92 +29 37+12
Reduced tillage 84+1 58+9 26 +4
Spring 2007  Intensive tillage 388 £ 2 112 + 22 276 £ 55
Reduced tillage 396 + 40 93+19 303 +61
Fall & Spring Intensive tillage 517 £ 129 204 73 313 +£113

Reduced tillage 480 + 48 151 + 38 329+ 85
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Figure 3.3 Components of the cumulative ecosystem respirdhionfor the two tillage
treatments at the site during the Fall 2006 and Spring 2007 stuthdgpe
Cumulative ecosystem respiratiobR; top panels) was calculated by summing
average daily values of R derived from partitioned and digafnet CQ flux
measurements at the site (measurements and dataiane®e described in
Chapter 2). The COfluxes derived from crop residue carbdtRtrc, middle
panels) and resident soil organic carb@mdpoc bottom panels) were derived
from a temporal trend in the stable C isotope ratighef soil respiration flux

(5"%Cg; Figure 3.2).
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3.5 Discussion

The average daily R arkR were higher for the intensive tillage (IT) compared to
the reduced tillage (RT) treatment at the site during-##e2006 measurement campaign
(Section 3.4.2), perhaps due to enhanced decomposition of ongatier following
mechanical tillage and disking of the plots. Tillages Heeen shown to stimulate
decomposition and decay of organic matter due to fragnm@mtatd mixing of CRC with
the top-soil (Schnirer et al., 1985; Aulahk et al., 1991; Nektlgl., 1991; Beare et al.,
1992; Garnier et al., 2003). However, this difference in Rvéen tillage treatments was
short-lived and relatively insignificant for the long-te@rbudgets at the site, a8 was
three to four times higher over Spring 2007 than during thé 28816 measurement
campaign, and similar in magnitude for both tillage treaits (Table 3.6; Figure 3.3).

The majority of ecosystem respiration following autuharvest was due to the
decomposition of recently fixed corn CRE 70%) compared to native SOE 80%).
However, this trend did not persist into the following spradter winter, when a greater
proportion of the respiration flux originated from igdhous G-derived SOC substrates
(> 70%), with less originating from the, Gssue compared to the previous fall (Table 3.5;
Table 3.6; Figure 3.3). From a study in southern Minnesotangusimilar
micrometeorological methodology, the post-han®&3tx in the fall was dominated by a
signature similar to that of the previously grown soybé&an) crop (Griffis et al., 2004).
The following spring, the calculated*Cr values fluctuated between & Gignature
similar to that of the previously grown soybean croptéiatl of the ambient SOC (Griffis

et al., 2005), which was a juxtaposition of &1d G derived C and reflects the influence
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of historic G dry-land prairie and the contemporary corn-soybeanioatat the site. In a
field campaign conducted with the same measurement sysetime present study one
year earlier in southern Ontario, 57 % and 25 % of thesaned respiration flux during
the post-harvest autumn originated from corn CRC forwentional and no-tillage plots,
respectively (Drewitt et al.,, 2009). The following springe tamount of heterotrophic
respiration attributed to each substrate source for citveventional and no-tillage
treatments declined to 22 % and 0 %, respectively (Drewdt..e2009). In the current
study, there was no detectable difference between théiltage treatments, with similar
contributions of CRC to total respiration for both fedl 2006 (71% for the IT plots and
69% for RT plots) and Spring 2007 (29% for the IT plots and 2486Rf6 plots)
measurement campaigns. In this respect, both tillagénteats in the current study
behaved in a similar fashion as the conventionab#llplots reported on by Drewitt et al.
(2009). The similarity in the partitioning of heterotrophic piestion for the tillage
treatments reported herein is most likely due to thly,gaansitional stage of the recently
established RT plots in Manitoba (approximately one yé&habthe time of the study),
which contrasts with the no-tillage plots in southerrta@a, which were over 6 years old
whend"*Cr measurements were made.

Measurements of dail$'*Cr in both Fall 2006 and Spring 2007 indicated a
decline in the contribution of the;CRC to the respiration flux as the seasons progressed
(Figure 3.2). In Fall 2006, this trend coincided with decreasinteaiperatures and the
progressive freezing of the soil horizon with depthcaomtrast, during Spring 2007 the
trend was correlated with increasing temperatures angrtiggessive thawing of the soil

horizon with depth. The changing'®Ck values over both periods likely reflects
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differences in the depth distribution 0f-CRC and @-SOC sources contributing to total
soil R at the site, with the ;Gubstrates relatively concentrated near the soiaserfin
Fall 2006, the top layers of soil froze first which magvén caused the decrease in the
contribution of corn CRC to the total R over time.Spring 2007, the top layers of soll
thawed first, while the soil was frozen at greater dgpghadually thawing as the season
progressed, influencing daif°Cr values in a similar manner as Fall 2006, even though
the temporal trend in soil thermal regimes were oppoByehe end of the Spring 2007
period, prior to seedbed preparation and planting, 100 % ofem@ration flux was
apparently from native SOC sources, with no detectatodribution from the corn £
CRC (Figure 3.2; Figure 3.3), similar to spring measuremeves wo-tillage plots in
southern Ontario (Drewitt et al., 2009). Of course,dbwn residue left behind following
grain harvest (Table 3.4) had not been completely decaddmsMay 2007, but perhaps
the most labile fraction of the above and belowgrourmtareass had been exhausted as
an energy source. Corn stover (cobs, stalks, etc.stilggresent on the surface at the site
for the following two growing seasons (faba in 2007 andawle 2008) and the £C
would have further contributed to total ecosystem reSpiraduring those cropping
periods. Indeed, chamber soil respiration measurementsgdtire summer of 2007
indicated a shift in the C substrate contributingttCz compared to the final period of
micrometeorological measurements in early May 2007, wiy anfluence detectable
(Table 3.3).

The stable C isotope signature of atmospheric ;JG0urces at the site and
surrounding vicinity derived from the Keeling plot method dat detect a difference

between the Fall 2006 and Spring 2007 periods (Table 3.1). Theghscy between the
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Keeling plot method&>CxeeLing Table 3.1) and the flux-ratid{’Cg, Table 3.5) method
has been noted by other researchers (Griffis e2@05; Zhang et al., 2006; Drewitt et al.,
2009), as the former is based on concentrations which haveich larger footprint
contributing to point measurements than a flux based appr(Griffis et al., 2007). In
the current study, the footprint f8t*CyxeeLine would have overlapped between the tillage
treatments and extended beyond the area of the expéainfezid. In contrast, the

footprint for 8*Cg was constrained to each of the four (two intensivagél and two

reduced tillage) experimental plots of interest at tie. §he 3"*Creeine Signatures
(Table 3.1) did not reveal any influence of C fixed by then@vop on the ambient [GD
measured at the site during Fall 2006 or Spring 2007, but weyesiveitar to the value
for the indigenous SOC (Table 3.2). This suggests thataleelatedd*CyeeLne values
were mainly the cumulative result of soil respirativam the site, neighboring sC
croplands and nearby natural ecosystems, although anthrepa@genbustion sources in
the region may have also contributed to the Keeling sitpnatures and their influence

cannot be ruled out or distinguished.

3.6 Conclusions

Non-growing season ecosystem respiration rates ¥eemed to be higher from
intensive tillage than reduced tillage plots in the fdll2006 following corn harvest.
However, during the following spring respiration fluxesraveignificantly higher and

similar in magnitude for the two tillage treatments,utt#sg in equivalent cumulative
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CO, budgets over the non-growing season periods studied. Thee stakbkotope
signatures of ecosystem respiration from the twagdl treatments were similar in both
fall 2006 and spring 2007, indicating that the relative propomibC substrate sources
(CRC vs. SOC) contributing to the total respiratiarxflvere not significantly different.
Both tillage treatments had a higher amount of C ogdlthat was derived fromCRC
than G-SOC in fall 2006, whereas the stable C isotope signafigeosystem respiration
was dominated by the native SOC signal in the spring of ZDIig. indicates that the
most labile fraction of ECRC from the previously grown crop had turned over during
the six month period although corn residues remained isystem and contributed to the

total respiration flux during the following summer andcy@ars.
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4. NITROUS OXIDE EMISSIONS FROM AN ANNUAL CROP ROTAT ION IN

THE RED RIVER VALLEY, MANITOBA, CANADA

4.1 Abstract

Nitrous oxide (NO) emissions were measured using the flux-gradient
micrometeorological method over three years (2006—2008) mnanal (corn — faba -
spring wheat) crop rotation located within the Red RiveleyalManitoba, Canada. The
N,O vertical gradient was measured using tunable diode lbser@ion spectrometry to
estimate 30-min-average the netONflux sequentially over each of four 4-ha plots.
Measurements were used to determine reduced and intetisige treatment effects in
2006 and 2007 and continued for intensively tilled plots in 20@&termine cumulative
N,O flux over the three study years. Annual gap-fille®Nbudgets were 5.5, 1.4, and 4.3
kg N ha® in the corn, faba and spring wheat crop years, respéctizmissions from
fertilizer nitrogen addition and soil thaw the followirspring were responsible for the
greater cumulative flux in the corn and spring wheat yedarsecent conversion from
intensive tillage to a reduced tillage practice showed ffferdhce in NO emissions
because of relatively large variability among the expental plots. Using three
approaches to approximate the background cumulative anp@a¢idissions for the site
resulted in estimates of 3.5-3.8% and 1.4-1.8% of applied fertNzbeing emitted for
the corn and spring-wheat crop years, respectively. Hudtsandicate that the Red River
Valley may need revised coefficients for estimatingecti soil NO emissions from

fertilizer N compared to other soils on the Prairies.
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4.2 Introduction

Nitrous oxide (NO) is an important atmospheric pollutant that is argnease gas
(GHG) in the troposphere, and contributes to the ddgiruof ozone in the stratosphere
(Forster et al.,, 2007). With a long residency time in titegosphere, combined with
unique radiative properties of the;®l molecule, this trace gas has a global warming
potential (GWP) over 100-years that is approximately 300 titnasof carbon dioxide
(COy). The agricultural sector is estimated to be the largethropogenic source oL~
to the atmosphere, the majority of which is attributedhibgeochemical transformations
of nitrogen (N) added to cropland soils (Forster et al., 28@1th et al., 2007; Davidson,
2009). Projections of future human population dietary requingsneand trends
(increasing rate of meat consumption) indicate thg® Mmissions will increase as a
result of greater synthetic fertilizer and manure igppbn to soils, unless effort is
exerted to reduce this source (Smith et al., 2007; Davi@g8)9).

There are two major processes that contribute 10 Emissions from soils:
nitrification and denitrification (Focht and Verstrael®77). Nitrification is the aerobic
oxidation of ammonium (NH) to nitrite (NQ) and NQ to nitrate (NQ). Soil
nitrification is mostly carried out by chemoautotrophictbaa, although heterotrophic
nitrification is known to occur (Focht and Verstraet®77; Prosser, 1989; Robertson and
Groffman, 2007). Nitrifying bacteria have also been shtavproduce NO and XD, as
gaseous “losses” or side products from the nitrificatimtess (Prosser, 1989; Davidson,
1992). The major environmental factors known to influencefindtion are oxygen (&
availability and pH (Focht and Verstraete, 1977). Nitaifion is the result of microbial

aerobic respiration, therefore it only occurs under aefftly oxic conditions. The
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optimum soil pH for nitrification is between 6.6 and 8Rrgsser, 1989). During the
growing season in agroecosystems, much of the N@duced via nitrification is taken
up by the actively growing crop and microbial biomass (Faoiut Verstraete, 1977).
However, because NOis an anion, it is present in soil water unassociatéd soil
constituents, and can be readily lost out of theesyshrough leaching and denitrification
(Focht and Verstraete, 1977; Prosser, 1989; Robertson atitin@no 2007), especially
during shoulder seasons lacking crop cover, which has mdone implications for N
conservation in agricultural soils.

Denitrification is the reduction of oxidized forms of Al integral part of the
global biogeochemical N cycle as the primary mechangmnreturns dinitrogen @\ gas
to the atmosphere, and occurs via both physical-chemicdl kHological means.
Chemodenitrification is a non-enzymatic process where @ismutated to nitric oxide
(NO) and N (Robertson and Groffman, 2007). It can occur through akwadiotic
chemical pathways, however, chemodenitrification it eieved to play an important
role in net NO emissions from soils compared to biological denitriftoa(Beauchamp,
1997; Chapin et al., 2002; Robertson and Groffman, 2007). Tharityagpf biological
denitrification that takes place in agricultural soilghe result of facultative anaerobic
microbial metabolism. This type of denitrification ref@o the sequential dissimalatory
respiratory reduction of oxygen containing N compounds 3;(NRO,, NO, NO) via
electron transport phosphorylation whesni®limiting, and is carried out by many genera
of bacteria (Focht and Verstraete, 1977; Zumft, 1997). Digatiion is therefore
intrinsically linked to nitrification rates in soils whigitoduces the substrate BlQ~ocht
and Verstraete, 1977; Prosser, 1989). In anaerobic environndemig;ifiers generate

energy as adenosine tri-phosphate (ATP) by transfeetexjrons (¢ from an organic or
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inorganic source {a&lonor) through the cytochrome system tosN®O,, or gaseous N
oxides (& acceptor). There are four microbial enzymes utilizedha pirocess, each a
unique type of oxide reductase. The reductase enzymes actsioriom, decreasing the
oxidation state of a series of nitrogen intermediategeteentally. Most denitrifying
bacteria possess the ability to produce a suite of rezhgctnd are capable of completing
the entire reductive sequence, or any distinct portions (@umft, 1997), depending on
substrate availability and environmental conditions. Asesult of this biochemical
complexity, denitrification occurs to varying degrees afpletion in agricultural soils,
and the e acceptors of lower oxidation states often go unused by nileeobial
community and are released to the soil solution {N@&nd atmosphere (NO and®).
Although the potential exists for three gaseous denittiingoroducts to be released to
the atmosphere, J and N are regarded as the most substantial species releasegl dur
the process. There is considerable variation in the tegboelative amounts of & and
N, emitted during biological denitrification in soils (Aulalet al. 1992; Beauchamp,
1997), with the mole fraction of the gases varying from 0, tdepending on soil moisture
conditions (Q availability). With decreasing oxidation-reduction potential higher
proportion of soil denitrification proceeds completelyotigh to N gas. Other factors
that control the relative abundance of end products Boindenitrification are the ratio
of oxidant (nitrate) to reductant (organic or inorganidanor), soil pH, and temperature
(Chapin 11l et al., 2002).

For biological denitrification to occur in soils, amber of conditions must be
met. As Q is a superior terminal” eacceptor (yields more energy), denitrification is
restricted to sufficiently anoxic sites and a N oxide nigspresent to act as an oxidant

(Zumft, 1997). A reductant must also be present, such asrganic C source (for
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organotrophs), or S, HSand NH" for lithotrophic microorganisms (Richards, 1987).
Most denitrification in agricultural soils is carrieditdoy organotrophic microorganisms,
so the reaction is linked to decomposition processes, ardyhiependent on the
guantities and quality of soil organic C pools (Aulakh ket #991; Beauchamp, 1997;
Robertson and Groffman, 2007). Soil denitrification isimyaa function of the within-
site content or status of these essential factonmefabiosis and the presence of
appropriate ‘edonors and acceptors), as affected by process-regulimigcand biotic
controls (Beauchamp, 1997). Climate exerts a significdloteince on soil denitrification;
precipitation dictates soil moisture levels ang @ailability, while temperature affects
denitrification rates directly and indirectly. The direeffect of temperature on
denitrification is similar as for other biochemical reawgs, in that an exponential
relationship of increasing reaction rates with increasemgperature is found (Focht and
Verstraete, 1977). Increasing temperature also affectstrileaiion indirectly by
decreasing the solubility of & and Q in the soil agueous phase (Grant and Pattey,
2003). Another effect of climate on,® emissions that occurs in northern temperate
regions is the occurrence of substantial fluxes dusippgng snowmelt and soil thaw
(Nyborg et al.,, 1997; Wagner-Riddle and Thurtell, 1998; Grant Rattey, 1999; van
Bochove et al., 2000; Pattey et al., 2007; Wagner-Riddi,62007; Pattey et al., 2008),
a process that is currently not well understood or medelbut generally attributed to
biological denitrification (Rover et al., 1998; Wagner-R&ddt al., 2008; Tenuta, 2010).
An earlier hypothesis to explain this phenomenon parttyibated the significant
observed spring thaw burst to®l produced and accumulated at depth over the winter
being released as ice barriers in soil layers thaweddf®ad and Keeney, 1984; Burton

and Beauchamp, 1994). Recent studies have indicated that jwetymaf these NO
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fluxes are more likely due to enhanced denitrificatiorhanrtear surface layer of the soil
during thawing periods (Furon et al., 2008; Wagner-Riddle.e2@08; Tenuta, 2010).
Mechanisms proposed to explain the phenomenon include biration of factors that
increase the denitrification product ratio ofONN, (Tenuta, 2010), increase substrate (e
donor and acceptor) availability (van Bochove et al., 20@@&pe et al., 2001), and the
presence of water-saturated surface soil as snow madisfrazen subsoil impedes
drainage (Nyborg et al., 1997).

The Government of Canada ratified the United Nationm&veork Convention on
Climate Change (UNFCC) in 1992 and the Kyoto Protocol in 200%i{@& ment
Canada, 2008; UNFCC, 2009 and 2010). In compliance with Artiglaragraph 1 of the
Kyoto decisions (United Nations, 1998), which required Annex ki¢zardeveloped
countries) to have “a national system for the estonabf anthropogenic emissions by
sources and removals by sinks of all greenhouse gaseomoolied by the Montreal
Protocol” in place by 2007, Canada submits an annual invenfoa}l anthropogenic
GHG sources and sinks in the nation-state to the UNFQ@getseiat (Environment
Canada, 2008). Following recommendations from the Intergovemtal Panel on
Climate Change (IPCC, 2006) and permission from the UNKZ2@ada estimates direct
N>O emissions from cropland soils using a Tier Il (cogsspecific) approach instead of
using the original or revised default Tier | methodology @i — 1.25 % of applied N
released as XD-N on an annual basis). The Tier Il methodology es@mdirect soil AO
emissions at finer spatial and temporal scales thanlR@C default from baseline
regional emission-factor relationships between annuahutative NO flux and N
application rate, modified by climatic data (ratio ofegpitation to potential

evapotranspiration), topographic landscape positiond, tegture and management

113



practices (Environment Canada, 2008; Rochette et al., 20083n Mirect soil PO
emission estimates from 1990 — 2005 using the Tier Il approach found to be lower
and higher than the original and revised IPPC defaudt (Jimethodologies, respectively
(Rochette et al., 2008b). The Tier Il inventory indicated the application of fertilizer N
was the largest source of direct sod(Nemissions in Canada over the 15-year period,
and that emissions from the source have increased by 0wérsince 1990 (Environment
Canada, 2008; Rochette et al., 2008b). The emission0f fkbom cropland soils
accounted for approximately half of the GHG source froem& % contribution of the
agriculture sector to the national inventory (Environmenmtada, 2008).

Although the more detailed Tier Il approach is a giatovement on previously
used methodology for estimating the national sglDNemission inventory, emission-
factors are derived from a limited number of experimentss highlights the need for
more reliable measurements of the net flux g®Nrom agroecosystems, to help refine
and revise estimates for regional inventories, pa#digulfor contributions related to
hydrology, soil texture, climate, and management aawitiFor example, some
agricultural soils may sequester atmospheric carbonddioxth the implementation of
conservation tillage management (West and Post, 2002)it lbetnains unclear how
tillage practices devised to increase the C sink strerigibils may affect net YO fluxes.
Recent studies report both increased (Six et al., 2004; RecB808; Kong et al., 2009;
Tan et al., 2009) and decreased (Wagner-Riddle et al., 20@heRe, 2008; Ussiri et al.,
20009) rates of bD emissions with adoption of conservation tillage pcasti with various
explanations provided for observations. The Canadian Wienethodology for the
estimation of direct pD emissions from agricultural soils uses a corradiactor related

to tillage practices. The tillage ratio factor resutt higher and lower rates ob® flux
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for eastern Canada (provinces of Ontario and Quebechanddstern Prairies (provinces
of Alberta, Saskatchewan and Manitoba), respectivelynwieetill and reduced tillage
techniques are used on cropland (Environment Canada, 2008;tfRoehal., 2008a).
More field studies with robust measurements could leadletter understanding of the
role of tillage intensity and other management ac#igsitn the regulating controls os®l
fluxes and the coupling to organic C cycling in croplandssaithich is required for
complete elucidation of net GHG budgets and predicting itapat global change
phenomena and land-use decisions.

The majority of direct measurements ot(N exchange between agricultural
ecosystems and the atmosphere have been conducted withhamber or cover
(enclosure) techniques. For example, time-dependent paad-samples obtained from
chambers (with a syringe) can be readily analyzedNf@ concentrations with electron
capture detector gas-chromatography (Aulakh et al., 1992)et#ywthere is significant
spatial-temporal variability in measured fluxes under field conditions (Rover et al.,
1999; Pattey et al., 2007; Dunmola et al., 2010) that is diffioutapture with chambers
due to limited replication. Furthermore, using chamber tecksigan physically disrupt
and alter the micro-climate around the experimentd and within the enclosed volume,
potentially introducing biases and artifacts to studiesntleas are challenging to deploy
and sample during the winter and early spring in tempelahates, so there is limited
dgtu field measurements of spring thaw,ON emissions. Lastly, recent studies have
indicated that plants can also be a source eD,Neither through physiological
mechanisms or as the result of soil-generate@ Keleased to the atmosphere via the
transpiration stream (Pihlatie et al., 2005a), indicatimat soil chamber measurements

may underestimate true ecosystem emissions.
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Tower-based micrometeorological methods provide arrnaliee method for
obtaining the net exchange ot®l between the surface and the atmosphere (Denmead,
2008). Micrometeorological techniqgues enable the continuous ificaimn of net
cropland-atmosphere,® exchange, integrated over the landscape scale. Suchdweth
can enable workers to overcome two of the greateskealgals to accurately estimating
N,O fluxes at meaningful landscape and regional scalgstiab and temporal
heterogeneity. In recent decades, the net flux gD Metween the surface and lower
atmosphere has been evaluated with a variety of micemmogical techniques (eg.
flux-gradient, eddy covariance, relaxed eddy accumulatimtturnal boundary layer
methods) in agricultural (Christensen et al., 1996; Wa&nmddile et al., 1997; Grant and
Pattey, 1999; Laville et al., 1999; Kelliher et al., 2002; Gearat Pattey, 2003; Pattey et
al., 2007; Phillips et al., 2007; Wagner-Riddle et al., 2007; yattal., 2008; Denmead
et al., 2010; Desjardins et al., 2010), natural (Pihlatid. e2@05b), and urban (Famulari
et al., 2010) environments.

The emission-factors derived for the Canadian Tiarventory are mainly based
on growing season chamber (small-enclosure) flux campalmut do consider data from
a few continuous tower-based micrometeorological studmsducted in southern
Ontario. Like most Annex | Parties, there are a &hihumber of continuous, field-scale
N2O flux measurements in Canada, particularly fromRharies (agricultural regions in
the provinces of Alberta, Saskatchewan, and Manitoba)eaer emission-factors were
developed entirely from chamber studies. There is algeagraphical bias in the flux
measurements used to derive the Prairie region emitsitors, because the majority of
experiments used were conducted in Alberta and Saskatchestbnimited available

data from Manitoba. With a relatively small populatiamddow industrial emissions,
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Manitoba is unique in the Canadian context, in that aljmi@irivals the transportation
sector and is the second largest GHG source, accountiray festimated 33.3 % of the
2007 provincial inventory, the majority of which is attributed soil NbO emissions
(Manitoba Agriculture, Food and Rural Initiatives, 2010).edtly more field-scale data
will benefit policy-makers and GHG inventories in Manit@val Canada.

In the present study, the net flux ofNbetween the surface and atmosphere was
independently evaluated from separate micrometeorologicalers in the same
agricultural field, over a period of three crop seasdhg net flux of CQ between the
surface and atmosphere for the same field and period epasted in Chapter 2. This
chapter reports on findings from the first tower-basadrameteorological RO flux
study conducted in western Canada, and the only field-sicadstigation to examine
freeze-thaw MO emissions from the vertisolic clay soil of the dRRiver Valley
floodplain of southern Manitoba. Research queries addresseet what effect does
reduced tillage practices have omp(N fluxes during a transition from intensive
cultivation? What is the influence of crop managementcfgpegrown and production
inputs used) and climate on field scalgONemissions during the growing season in the
region? How significant are spring thaw emissions £ Nor this soil and climatic zone
and how are they modulated by substrate availabilityamd soil temperature? How do
annual cumulative pO emissions compare to estimates used for national GHG
inventories? And how much do the®lemissions offset the net @@uxes measured at

the site when expressed as global warming potential dgote@
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4.3 Materials and Methods

4.3.1 Site Description
The experimental field (49.64°N, 97.16°W; 235 m a.s.l.) whep® Nux

measurements were performed was located at the Univesitylanitoba Glenlea
Research Station, approximately 16 km south of Winnipeg, thlaai Canada. The
research site was situated in the Red River Valleyagalegel to very gently sloping (O
to < 2 % slope, typically < 1 m Kf), glaciolacustrine clay floodplain. The soils at the
site were of the Red River association, consisting odbmbination of Osborne clay and
Red River clay soil series depending on local drainkgeacteristics and the micro-relief
of the landscape (Ehrlich et al., 1953; Michalyna etl&i71). The hydrology ranges from
poorly (micro-lows, Osborne clay series) to impetfe¢micro-highs, Red River clay
series) drained soils. The Red River clay soil seseslassified as a Gleyed Humic
Vertisol (Canadian system) or a fine smectitic @&idiypic Epiaquert (USDA system),
while the Osborne clay series is classified as a $8ley Humic Vertisol (Canadian
system) or a fine smectitic frigid Typic Endoaquert (ASBystem). The average bulk
density and soil organic carbon content of the surface® m) layer of soil when the
study was initiated were approximately 1.2 Mg and 3.2 %, respectively. The pH was
6.2 and there was an absence of carbonate minerals sutface layer. The particle size

distribution was 60 % clay, 35 % silt and 5 % sand.

4.3.2 Agronomic History
Details of the agronomic history and management pextt the site during the

study period were given in Chapter 2, Section 2.3.2. An alalteel version follows
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herein. After a fallowear that included weed management by tillage and chemézaisn
in 2005, different soil management treatments were irdtiaiehe spring of 2006 with
the establishment of four 200 m by 200 m (4 ha each, or 16ehat@tal) experimental
treatment plots inside of a larger 30 ha field. Two plodseamanaged as intensive tillage
(IT) treatments and two plots were managed as redudagket(RT) treatments. The IT
plots were tilled in April 2006 and all plots were sowrctsn Zea mays L. cv 'DKC27-
12 (Roundup Ready, DEKALB ®) on May 16. A granular fertilizer blend (32-25-10-10,
N-P-K-S; Viterra Inc.) was side-banded with the seeplaiting at a rate of 185 kg ha
(60 kg N h&). Granular urea (46-0-0) was broadcast applied at 110 k¢58ekg N hd)

on May 17 and lightly tine-harrowed to incorporate inte soil on all plots; herbicide
was applied on June 13, 2006. Grain was harvested fronotdlgn October 6, and on
October 25, 2006 standing aboveground corn biomass (stalksaaes)l®n all plots was
shredded with a flail-mower. The IT plots were doubleellson October 27 and tilled on
October 28, 2006. After cultivating the IT treatment anddwang all plots on May 9,
2007, fabaVicea faba minor L. cv 'CDC Blitz', Crop Development Centre, Univeysuf
Saskatchewan) was planted to all plots on May 11. {Aasklering peat-powder inoculant
(Becker Underwood Canada Ltd., Saskatoon, Saskatchewarhjand applied as the faba
bean was being augered into the seeder. No fertilizeenticide was applied to the faba
crop. The faba crop was harvested on August 27, post-h&erstide was applied to all
plots on September 6, and the IT plots were double-dme&dctober 25, 2007. In spring
2008, the tillage treatment comparison was discontinudteaite. Only the two IT plots
remaining in annual crop production during 2008 were consideretdqurposes of this
study. On May 16, 2008 the plots were cultivaéed tine-harrowed. WhedTriticum

aestivum L. cv '5602 RS - Hard Red Spring’, Viterra (Pro¥eseed) Inc.) was sown to the
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annual plots on May 21, and a granular fertilizer blend (60;19-P-K) was side-banded
with the seed at planting at a rate of 165 k§##0 kg N hd). Herbicide was applied on
June 23 and grain was harvested on September 16, 2008. Strawh&ocrop was

subsequently baled and the plots were cultivareNovember 3, 2008.

4.3.3 Nitrous Oxide Flux Measurements

Micrometeorological equipment to measure ngDMNluxes from the four plots
was deployed at the site beginning in August 2005. A tunable-thsde-based trace gas
analyzer (Model TGA100A, Campbell Scientific Inc., Logaitah, USA) was installed
inside a grid-powered instrumentation trailer located in t®ntre of the four
experimental plots. The air temperature inside théetraias kept at approximately 20°C
for the duration of monitoring with electric heat andanditioning as required. The
laser and associated optical hardware and electroniahdotrace gas analyzer (TGA)
were further housed within an insulated, temperature-ctedrehclosure. The lead-salt
tunable-diode-laser of the TGA (Model IR-N20/CO2, Lasesmponents GmbH.,
Olching, Germany) was operated at a cryo-cooled temperatu8®.15°C in a dual-
ramp, jump-scanning mode (eg. Fried et al., 1993) and parazeetéor the concurrent
measurement of atmospheric concentrations,0f &hd CQ at a frequency of 10 Hz.

The flux gradient (FG) micrometeorological techniques waed to determine the
net exchange of XD between the soil-crop system and the lower atmospdwer 30-
minute intervals. Using the FG method, the flux gONbetween a crop system and the

lower atmosphereH,) can be represented as:

4[N O]

F =-K
N Az
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where,K is the turbulent transfer coefficient or "eddy dsffeity” for N.O, A[N,O] is the
concentration gradient of R in the surface layer, am is the vertical distance between
N2O concentration observation heights (0.65 m).

The eddy diffusivity K) term was estimated using a similarity theory, eddy
covariance based aerodynamic method (Monteith and Utisw@008). A three-
dimensional sonic anemometer-thermometer (CSAT-3,pbathScientific Inc., Logan,
Utah, USA) was mounted within the surface laj@ran instrumentation tower in each
tilage treatment and used to calculate the covarganeguired to estimatk (friction
velocity () and vertical sonic temperature flux). Integrated sintylaiunctions were
applied to correctK calculations for dynamically stable and unstable osheric
conditions based on the Obukhov length (Denmead, 2008)ar_iegressions between
the sonic anemometer-thermometer from each managetreatiment indicated no
significant difference (slope = 1 £ 10 %) in 30-minltesalues over the course of the
study (Appendix A), so the average value was used for #ilcutations. Equality in the
turbulent transport of momentum, heat, and mass wasassisnow depth, stubble and
crop height i) were measured manually with a ruler or a tape twieekly to weekly
during the course of the study. These surface parametgdsavere used to estimate the
zero-plane displacement heigld) @nd calculate the effective observation heightsd)
to be used in the evaluation of stability correctiors determination oK. For periods of
snow coverd was assumed to be equal to the depth of snow, duringshefrthe year it
was assumed to be OIg6(Garratt, 1992; Denmead, 2008) and interpolated between

periods when manual surface observations were made.
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For the calculation o[ N,QO], two stainless steel gas sample intakes (12.5 mm
internal diameter (i.d.)) were mounted at differengh&s within the atmospheric surface
layer to a triangular, aluminum instrumentation toveeated at the approximate centre of
each experimental plot. Care was taken to ensureaadmbetween measuring gradients
far enough above the surface to minimize roughness seb-dfects but low enough to
contain the flux footprint to each experimental ploirdérest. Because of the large size
of the experimental plots (4 ha) and location of Hi towers in the centre, fetch to
effective observation height ratios of approximately19@ 100:1 were generally
maintained for all plots, in all cardinal directionsrthg monitoring. Further details of the
sampling and control system utilized, and additional th@aleconsiderations noted were

reported in Chapter 2.

4.3.4 Supporting Environmental Measurements

A weather station was located at the site near ¢iére of the four plots on an
undisturbed, grassed area. The following is a descriptionthef meteorological
instruments used in this study. Air temperature and reldmimidity were measured with
a combined probe (Model HMP45C, Vaisala Inc., Woburn, Mdmsetts, USA)
mounted within a radiation shield (Model 41003-5 10-Plate Gilli&n Shield, R.M.
Young Company, Traverse City, Michigan, USA) 2 m abovegiemund surface to a
tripod stand (Model CM110 Tripod and Grounding Kit, Campbele&dfic Inc., Logan,
Utah, USA). A cumulative precipitation gauge (Model T-200Bri€& Precipitation
Gauge, Geonor Inc., Milford, Pennsylvania, USA), was iredadipproximately 3 m away

from the main weather station tripod on an indepengeakestal. A soil temperature
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profile consisting of 6 thermistors (Model 107B Soil/Walemperature Probe, Campbell
Scientific Inc., Logan, Utah, USA) with measurement.82 m, 0.05 m, 0.1 m, 0.2 m,
0.5 m and 1 m depths was placed into the solum. Stati@sypewas measured with a
barometric pressure sensor (Model 61205, R.M. Young Companyerse City,
Michigan, USA) that was mounted within a fibreglass eswnle housing a datalogger,
with the pressure port vented to the outside environmetht avpiece of PVC tubing.
Weather station data were recorded by a programmed datal@ggelel CR1000,
Campbell Scientific Inc., Logan, Utah, USA) at a freaqmeof 0.1 Hz.

Six soil samples from the 0 to 0.3 m depth were taken &ach of the four plots
at bi-weekly to monthly intervals between April and Naneer of each study year. The
six benchmark sample locations were randomly selectiihvthe flux footprint of each
plot, and repeatedly sampled for the duration of the stadsples were kept on ice in an
insulated chest while in the field and during transportrpddhe laboratory. The samples
were dried at 4T for 48 to 72 hours in a drying room before being ground and ghasse
through a 2 mm mesh screen. The air-dried and screeneshsgiles were extracted with
a 2 M KCl solution at a 5:1 extractant to soil rationGentrations of Nif-N and NQ-N
in the extract were determined by the automated phenatec@mokrized cadmium
reduction to nitrite methods, respectively, with a TechmitoAutoanalyzer Il (Pulse
Instrumentation Ltd., Saskatoon, SK, Canada). The obrat®ns of mineral N were
expressed as mg kodry soil after correcting the air-dried moisture conteased on

oven-dried sub-samples.
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4.3.5 Data Analysis

4.3.5.1 Data Filtering and ProcessindMissing TGA and sonic data occurred during
periods of field operations (tillage, seeding, and harvesystem maintenance,
mechanical malfunction and power disruptions. Signifi@agoing systematic gaps that
caused data removal were system maintenance and a tdbtiteeshold based an. A
liquid nitrogen dewar cooled the laser and required redilbwice per week. The data
recorded during re-filling episodes and for the followingiiwere discarded from further
analysis due to the influence of resulting vibrations amdperature perturbations inside
the enclosure on gas concentration determinations.r @¢ss frequent examples of
system maintenance introducing gaps to the flux timeesdncluded: changing the
atmospheric sample pump oil and parts, replacing the Té&#ferece gas cylinder; raising
sample intakes; performing gradient and timing tests; drahging air filters. After
discarding data due to system maintenance and mecharatfainations, average 30-
minute [NO] data coverage from the TGA was approximately 75 %Herduration of
the three-year study. When including quality turbulence filata the sonic anemometer-
thermometers (complete high-frequency half-hour timesgno diagnostic warnings),
data available for the calculation of netONfluxes was approximately 66 % of possible
half-hours.

Filters were applied to the half-hourly time seress$sure the XD flux data was
of high quality. Trace gas concentration data,(JN were rejected when the TGA
operating temperature and pressure were outside of accemables (+0.5C and £2
kPa, respectively). The concentration gradiedfN¢O]) data were rejected if the

difference in the internal operating system pressurenwdwitching between upper and
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lower intakes was greater than 5 Pa. Aerodynamic $luxere rejected if the standard
deviation of the 30-minute mean upper or lower intakgONwvas greater than 20 ppb,
and when the meam was less than thresholds previously determined accetalil,
fluxes at the site (Chapter 2). It was not possibledependently determine thresholds
for Fy due to the episodic and short-lived nature of eventd, the log-normal
distribution of fluxes during the years where the s#teeived synthetic fertilizer (2006
and 2008), although visual inspection of the faba year (2007)rathtatied ai threshold
close to 0.1 m§ (data not shown) was appropriate. Similarity was assufor the
surface-layer behavior of G@nd NO, therefore ther threshold filters determined for
the former were deemed adequate and applied to the ldtisrafproach resulted un
thresholds of: 0.15 m’sand 0.12 m &for the corn growing season and non-growing
season respectively; 0.18 and 0.12 hfas the faba growing and non-growing seasons
respectively; and 0.15 and 0.12 f fer the spring wheat growing and non-growing
seasons respectively. After application of the filters, the total data coverage of
acceptable measurde, utilized in this study was approximately 50 % of possible 30-
minute periods. The acceptable measufiggd data coverage for the individual
experimental plots monitored was approximately 12.5 % dofiples30-minutes periods.

In contrast to the growing body of work on gap-fillingcnoimeteorological net
ecosystem C@exchange (NEE) data, no procedures have been developethdardized
for 30-minute NO fluxes. This is likely due to the high spatial-temporatiability of
N2O fluxes, the relatively few number of continuous mmebdeorological studies
monitoring this trace gas, and a lack of known ecosystate relationships with
commonly measured meteorological variables that couldsee to model and fill the

time-series. Therefore, presented are the 30-minutesflémoen each of the individual
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four plots at the site averaged separately for eaclofithe study when available. Daily
fluxes were then estimated for the site as the nagahstandard error of the average
values obtained for the individual plots. For comparisbtilage treatments over the first
two years of the study (corn and faba), the means andastd error of the average daily
30-minute fluxes from the intensive-tillage and reducddg plots were calculated.
Using this approach, data coverage of deifymeans for the entire site or the two tillage
treatments was approximately 70 % of possible days duringtuls.

Seasonal and annual micrometeorologicaDM flux budgets for the site and
tillage treatments were estimated by summing the daignswavith both no interpolation
of missing data, and with gap-filling the daily time-series limgar interpolation of
missing periods. The uncertainty of theONN flux budgets were estimated as the
standard error of budgets obtained from the integratialaihf mean flux values from the
individual plots measured. Crop years were defined as tihedgeom May 1 of the year
the crop was planted to April 30 the following calendaary¢he corn year was May 1,
2006 to April 30, 2007, the faba year was May 1, 2007 to April 30, 20@8the spring
wheat year considered for annualONN budgets was May 1, 2008 to April 30, 2009.
Crops were seeded and fertilizer was applied within tis¢ tiiree weeks of the start of

the study year (the specific dates are noted in Sedtdg).

4.3.5.2 Relationships between Nitrous Oxide Flux and Tempure Non-linear
regressions folF\-temperature response relationships were performed Wwéthmlinfit
function from MATLAB® (Verson 7.6.0, Statistics Toolbox 6.2 (R2008a), The
Mathworks Inc., Natick, Massachusetts, USA) with murids placed on the ordinary

least-squares (Gauss-Newton with the Levenberg-Marquaodiifioation) parameter

126



estimates. The 95 % confidence intervals for parametéanaes were calculated from
the residuals and estimated coefficient covariance xnaging thenlparci function.
Correlation coefficients and significance levels be&mwey, air and soil temperatures

were calculated withorrcoef.

4.4 Results

4.4.1 Weather and Environmental Conditions

The average daily air temperature at the site was 33l 1.8C for the crop
years 2006, 2007 and 2008, respectively. During 2006, air temperatsirieighar than
the 30-year normal (average being®2)for the area (Environment Canada, 2010), while
the air temperature in 2007 was lower and closer to ncanth2008 was a cooler year
than the long term average. Total precipitation atsiteewas 306, 669, and 740 mm for
the 2006, 2007, and 2008 crop years, respectively. Total preicipitaas only 60 % of
the normal annual (average of 514 mm) amount (Environmanada, 2010) over the
2006 crop year, and above average during the 2007 and 2008 cropyesg.the 2006
corn growing season (seeding to harvest), the sitereogived 150 mm of precipitation.
The precipitation in the corn growing season wastless half as much as either the 2007
faba or 2008 spring wheat crops, which received 390 mm and 365wemgmwing
season periods that were approximately 8 and 6 weeks rsinaditeation, respectively.

Soil extractable mineral N (ammonium and nitrite plugatef) was highest
following fertilizer application for the corn crop spring 2006 (Figure 4.1). Extractable

ammonium declined with crop growth and remained less than@®® kg dry soil for
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the remainder of the crop year. In contrast, the; NOncentration initially decreased
rapidly but increased later in the growing seasomvad by a decline of approximately
20 mg N kg' (=70 kg N h& to 0.3 m depth) between October 1, 2006 and April 18, 2007
(Figure 4.1). For the remainder of the study, the conagoitr of both extractable forms
of mineral N were approximately 20 mgkgr less, with slight increases of 15 mg‘kg
(=60 kg N hd) and 6 mg kg (=20 kg N h&) following faba harvest in August 2007 and

fertilizer application to the spring wheat crop in V2308, respectively.

0 77—

Soil Mineral N (mg kg'1 dry soil)

2006-05-01 2007-05-01 2008-05-01 2009-05-01
Date

Figure 4.1 Time series of the mineral nitrogen (N) content & thto 0.3 m soil depth
over the course of the experiment. Open circles reprédd, -N concentrations;
closed circles correspond to BN concentrations. Values represent the mean
and error bars are the standard deviation (n = 24 in 200QG0W n = 12 for
2008 and 2009).

4.4.2 Nitrous Oxide Emission Episodes

The NO flux (Fn) measured at the site over the three crop years pissdec in

nature and predominately a net source from the crop syistenthe atmosphere. The
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averageFy was essentially neutral (0 + 10 g N'aor approximately 90 % of days
measured during the triennium, with emissions greater@danN h& occurring on only

5 % of the days having observations (Figure 4.2). The stmdeor ofFy scaled with the
magnitude of the average daily values, with higher spdietiveen plots) and temporal
variability observed during periods with high emissions. Pleeiods with the most
significant NO emissions followed N fertilizer application in latéay and early June
2006 (peaking at 740 + 170 g N*han June 6, 2006), the subsequent spring thaw in
April 2007 (peaking at 230 + 50 g N ‘han April 18, 2007), and in mid-June 2008
following fertilizer application (peaking at 440 + 180 g N*'t@n June 10, 2008; Figure

4.2).

1000
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Fy @N,O-Nha'' day™)

200 A

Figure 4.2 Time series of the average dailyQ\ flux (Fy) at the site. Error bars are
shown in the positive direction only, and correspondrie standard error of the
daily mean values from the four plots in 2006-2007 and theplots in annual
production in 2008-2009. Fertilizer applications (F) are denotidu doewnward
arrows.
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The post-fertilizer BNO emissions in the late spring of 2006 and 2008 occurred
within two to three weeks after application, followinigrsficant rain events. In 2006,
there were two emission peaks; one in late May androearly June (Figure 4.2; Figure
4.3). The first episode began the afternoon of May 28,o0xppately 12 days after
fertilizer N application, and lasted through to June gyfe 4.3). The site had received
18 mm of rain in a one hour period on the morning of May 2@ Jecond pD peak in
2006 began on June 5 following an additional 16 mm of rain amcithission period
lasted until June 8. In 2008, the post-fertilizer emissiarel began 16 days following
application, starting June 7 and lasting until June 14 (FigiBe The 2008 event began
after 42 mm of rain on June 6, continuing with an addali@ mm of rain on June 9 and
16 mm on June 11. THey events in 2006 and 2008 both showed positive correlations

with air temperature, with exponential relationships piing the best regression fits

(Figure 4.4).
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Figure 4.3 Time series of the filtered 30-min., @ flux (F\) calculated at the site
showing periods of nitrogen fertilizer induced emissiors@ges during the early
growing seasons of 2006 and 2008.
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Figure 4.4 Bin-averaged (2°C bins) temperature-response curves ofgrtktation N,O

fluxes in 2006 (closed circles) and 2008 (open circles). The 2Q8&daesponds

to an emission event from 12:00 pm on May 28 through 12:00 pruoe 1

aggregated with a second event June 6 through June 9 (FigUiee43008 data

corresponds to the R flux from 12:00 pm on June 10 to 12:00 pm on June 13

(Figure 4). Error bars represent the standard errorafcr binned average (n =7 —

71 for 2006; n = 7 — 15 for 2008). Lines are fitted non-linear ssige curves {r

= 0.89 for 2006;7= 0.94 for 2008).

Mean daily NO emissions were lower during the faba crop year (May 2007 t
May 2008) at the site (Figure 4.2). Peak daily emissions dtinengaba crop year (70 %
40 g N h& on May 22, 2007) occurred approximately two weeks after seetlrgsite
received 20 mm of rain between May 10 and May 20 and mone5thanm on May 21
into May 22, prior to this pD efflux event. There were only six days with mea®N
fluxes greater than 20 g N haonsidering the entire 2007 growing season, while there
was a consecutive week of average daily emissions gteate20 g N haduring April

2008, during the spring thaw period following the faba crop.

4.4.3 Cumulative Nitrous Oxide Flux and Greenhouse Gas Budtge
Over the three crop years studied, the annual plotseatite were a cumulative

source of 8.8 kg PO-N ha' to the atmosphere (Table 4.1), when only considering days
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with accepted measurements from all plots (Figure 4.2) nannterpolation of the time-
series. Approximately 57% of the.® was released during the corn crop year (5.0 kg
N2O-N ha'), 14% during the faba crop year (1.2 kgONN ha') and 30% during the
spring wheat crop year (2.6 kg®FN ha', Table 4.1). Nearly half of the cumulative
emissions during the 2006 and 2008 crop years occurred during theetmigsion
episodes following N fertilizer application and signifitgorecipitation events (Figure
4.2; Figure 4.3). Over the three crop years, tb® Bmissions within two to three weeks
of N fertilizer applications in 2006 and 2008 accounted for nioaea 40% of the total
cumulative flux. The spring thaw flux at the end of ttorn crop year (Figure 4.2; Figure
4.5) comprised approximately 35% and 20% of the cumulative aandafriennial NO
emissions at the site, respectively. This contrasietie spring thaw flux following the
faba crop year, which accounted for approximately 12% andf2fle @umulative annual
and three-year JO flux, respecitively.

Table 4.1Measured ecosystem nitrogen and carbon flux comporiéréstilizer applied
(Fn-rermiLIZER), cumulative net PO flux (XFy), gap-filled cumulative net JO flux
(ZFnN-GF), gap-filled cumulative net G@cosystem exchangERc nee), and C
removed by harvesE¢.narvesr) for each of the three crop years (May 1 to April
30). Negative fluxes represent ecosystem N and C gaitivpdhixes are loss.
Error values given are = 1 S.E.

2006 2007 2008 Net Study Period
Fnrertiizer, kg N hat 110 n/a -100 -210
>Fn, kg N hat 50+06 1.2+0.2 2.6 +0.5 8.8+0.1
>Fn-GF, kg N hd 55+0.7 1.4+0.4 43+0.8 11.2+1.3
>Fcnes kg C hd -720£170 70+30 -2400£430  -3050 + 1400

Fcnarvest, kg C hd 1230 +90 3070+90 1920+250 6220 +930

Fc.ecosystems kg C ht';[1 510 £ 130 3140 +1100-480 + 110 3170 + 1520
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Figure 4.5 Cumulative NO flux (top panel) and thawing degree days (growing degree
days > 0°C) for air and soil temperatures (bottom paneinglgpring thaw in
2007.
With interpolation of the average daily fluxes andweion to C@-equivalents

based on the commonly used IPCC Second Assessment Repgmar GWP of 310, the

N2O emissions at the site significantly offset the @€k uptake (negative NEE) by the
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crop canopy during the corn (2006) and spring wheat (2008) crop {e@ure 4.6).
Based on the interpolated flux, the site was estithtiebe a MO source of 2.7 and 2 t
CO,-eq. hd for the corn and spring wheat crop years, respectifély cumulative NEE
for the corn and spring wheat crop years was -2.6 andt-88, ha’, respectively.
Therefore, the percentage net GHG offset due 0 &imissions was approximately 110
% in 2006 and 23 % in 2008; or around 40 % of the total NEE cdirtheal crops over
the three years studied (Figure 4.6). The cumulata@ &missions during the faba year
(= 0.7 t CQ-eq. hd), when NEE was essentially G®eutral (Chapter 2), contributed to
the site being a net GHG source during the field produgigsiod of the crop's life cycle

in 2007.
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Figure 4.6 Cumulative NO, CQ and net GHG (C&o+ N,O) exchange between the site
and the atmosphere for the three-years of annualpomction studied. The net
CO;, balance represents cumulative daily sums of gap-fiétihourly fluxes
(gap-filling procedure described in Chapter 2). Th® Mudget was constructed
by summing interpolated daily average values and was codver@Q-
equivalents assuming the IPCC Second Assessment Rep&toGSIL0X.
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4.4.4 Influence of Tillage Regime on Nitrous Oxide Emissions

There was no detectable difference in episodic omdatne Fy between the two
tillage treatments over the first two years of thedg. Landscape-scale spatial variability
between plots for the two treatments was greater thif@rences between treatments,
similar to findings for net COflux measurements at the site (Chapter 2). Peak flux
episodes and cumulative totals showed greater varialityhe reduced tillage (RT)
treatment than for the intensively tilled (IT) ploitighest daily meafy occurred during
the corn crop year on June 6, 2006, approximately a fortpigsttfertilization for both
the RT and IT treatments, and were 840 + 360 g Ndiaand 650 + 140 g N Had™,
respectively. During the following spring thaw,Mlemissions peaked for the IT plots on
April 18, 2007 at 230 + 100 g N ha™ and for the RT plots the following day (April 19)
at 220 + 30 g N had™.The cumulative BO flux over the two-year study of the reduced
tillage transition at the site was 6.3 + 1.7 kg N bad 6.2 + 0.4 kg N ha for the RT and
IT treatments. This two-year,® flux was comprised of 5.0 + 1.2 kg N*hand 5.0 + 0.1
kg N ha® during the corn crop-year, and 1.4 + 0.5 kg N had 1.2 + 0.3 kg N Rafor

the faba year, from the RT and IT plots, respectively.

4.5 Discussion

4.5.1 Agronomic and Environmental Controls of NO Emissions
The largest DD fluxes during monitoring occurred shortly after synthe\i
fertilizer application in 2006 and 2008 (Figure 4.2; Figure 4.3),falimving significant

precipitation events. The timing of the fertilizer-anivemission episodes, allowing for
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differences in the timing and amount of precipitatioergs and the transformation of
different forms of synthetic N (entirely ammoniatased versus N{Qcontaining
product), was similar to other agricultural field studiemducted with soil chambers
(MacKenzie et al., 1997; Smith et al., 1998; Tan et al., 2R068g et al., 2009; Ussiri et
al., 2009) and micrometeorological techniques (Laville et1#899; Grant and Pattey,
2003; Wagner-Riddle et al., 2007; Denmead et al., 2010). Howbeemagnitudes of the
peak fluxes observed in the present study (740 + 170 g*ha 2006 and 440 + 200 g
N ha! d*in 2008) were generally greater than previous reported valoes €anada
based on similar instrumentation and methodology. Famele, peak daily pO fluxes
from a clay-loam near Ottawa, Ontario, Canada foltgafertilizer application (155 kg N
ha' urea) for a corn crop were between 200 and 500 g'NfhéGrant and Pattey, 2003).
On a silt-loam near Guelph in southwestern Ontario, \&agmdle and co-workers
(2007) reported peak daily averageONfluxes between 100 and 150 g N*hd®
following fertilizer application to corn crops and similamounts of precipitation as
reported herein. A greater amount of fertilizer N wasliagpo their conventional corn
plots (150 kg N hd as broadcast granular urea), than to the corn (110 kg totad with
60 kg N h& banded with the seed and 50 kg N lemoadcast applied) and spring wheat
crops (100 kg N Habanded with the seed) studied herein. The differenceak NgO
fluxes between the two sites was most likely relavedifferences in soil properties, with
the fine-textured soil of the Red River Valley, Manitde® % clay compared to 19 %
clay for the Guelph silt-loam) having a greater organicoGtent and poorer drainage,
which may have contributed to the higher daily averagessans observed in 2006 and

2008.
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A strong positive relationship betweenON fluxes and air temperature was
observed during the fertilizer driven events in 2006 and 2008 \abgregated into 2°C
bins (Figure 4.4). This suggests that substrates (N and C) asdiraavere not limiting,
and temperature was the primary environmental controled-$cale emissions during
these periods. Both nitrification and denitrificatiorvéddeen shown to be dependent on
temperature when substrates are not limiting (Fochtvamdtraete, 1977). However, the
temperature fits are confounded by diurnal trends (that ialslode solar radiation,
photosynthesis, plant water uptake and transpiration) raay also be the result of
degassing of pO from the soil matrix with declining gaseous solubilftgrant and
Pattey, 2003) and decreasing water-filled pore-space duengatytime hours (Denmead
et al., 2010). The D fluxes observed following fertilizer application wdieely the
result of both nitrification and denitrification, withetltoupling of the latter to the former.
In 2006, both extractable NHN and NQ™-N in the top 0.3 m of the soil increased
between May 10 and June 15 during the period of peak flux (M&y 28ne 9; Figure 4.2
and Figure 4.3) to levels that were much greater tharatimgunt of fertilizer applied
(Figure 4.1). This indicates that the net mineralizatmin soil organic N and a
considerable amount of nitrification took place over thisigge despite the actively
growing crop sink for available N. The enhanced decompositimh mineralization of
soil organic matter following fertilizer application whisely a result of the prior fallow
year (2005) and absence of crop residue inputs to the $eiladditional available soil
mineral N (é acceptor) and available organic Cdenor) due the relatively high organic
content of the soil at the site would have contributethe intensity of MO emissions
due to denitrification in 2006. In 2008, extractable soilsNN and NQ™-N decreased

between May 15 and June 20 during the period of peak flux in 2008 {{uto June 13;
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Figure 4.2 and Figure 4.3) following fertilizer application. sThvas likely due to a
mixture of plant and microbial uptake of available N, asllvas, nitrification and
denitrification. A much greater amount of precipitation sweeceived at the site
subsequent to N fertilization in 2008 (92 mm compared to 34m2006), available soil
NOsz-N decreased more than WEN, and the emission episode was sustained over a
longer temporal period than the two peaks in 2006. For tleeseons, perhaps a larger
proportion of the post-fertilizer flux was due to denitation than nitrification in 2008
than in 2006.

The second most important temporal period e©Nemissions occurred during
spring-thaw at the end of the corn crop year, in April 20®dgure 4.2; Figure 4.5). The
spring-thaw emissions in 2006 (after the 2005 summer-fallow, gada not shown) and
2008 (following the legume faba crop; Figure 2) were detectdi, minor in
comparison. The timing, duration and intensity of thessian episodes during the 2007
spring-thaw were similar to significant,@ flux events observed at other northern
temperate agricultural sites (Nyborg et al., 1997; WagneédiRiand Thurtell, 1998;
Grant and Pattey, 1999; Pattey et al., 2007; Wagner-Riddle 007).

The spring-thaw pD flux in the present study following the 2006 corn crofelhs
approximately two weeks (Figure 4.5), peaking at 230 + 50 g'\dhan April 18, 2007
(Figure 4.2). In comparison, the peak flux reported from $igeing periods monitored
using the flux-gradient technique in southern Ontarioya@a (43.7°N latitude) occurred
on a conventional-tilled plot following a winter-wheabp and was approximately 320 g
N ha’d® (Wagner-Riddle et al., 2007). The duration and magnitude @fséns during
that particular thaw flux period were significantly highttan any other reported by

Wagner-Riddle et al. (2007) for their corn-soybean-whetation, and were attributed to
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the relatively high intensity of soil freezing on thengentionally-tilled plots the previous
winter. For a field slightly further north in Ontarid5.3°N latitude), located near Ottawa,
Grant and Pattey (1999) measured peak spring-thaw emissiond #eea N ha d™,
following a barley crop (70 kg N Haapplied) using the flux-gradient method. At the
same site the next year following a corn crop (138 kg N &pplied), peak pO
emissions were approximately 110 g N'li' and occurred slightly later in the spring
(Pattey et al., 2007).

The degree of over-winter cropland solil freezing has lsé®wn to influence the
intensity and amount of spring-thaw@® emissions in southern Ontario, especially when
residual autumn soil N©ON concentrations are less than 10 mg N K¢/agner-Riddle et
al., 2007). During the experiment reported here, the ctnal freezing degree-days <
0°C (FDD) at the 0.05 m soil depth were nearly thrichigh over the post-corn winter
(2006/2007; FDD= 520) than over the winter following the faba crop (2007/2008) E
180). Although the accumulated FDD may have contributetidantensity and amount
of NoO emissions in April 2007 (Figure 4.2; Figure 4.5), it was hefyia limiting factor
or responsible for the differences observed betwearsy&here was approximately twice
as much N@-N (oxidant) present in the soil in fall 2006 (33 mg N'kghan in fall 2007
(17 mg N kg Figure 4.1), which was likely the most significant cimittor to
differences in observed emissions during the two springsthas has been found in other
studies examining freeze-thaw,®l flux events (Wagner-Riddle and Thurtell, 1998;
Tenuta, 2010). As well, a much greater amount of crop residieductant) was present
following the corn crop, which was harvested for gréhan after the faba crop grown in
2007, which was harvested for animal feed silage (virtuallyaladveground biomass

removed from the system). This difference in availahidstrates (edonors and ‘e
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acceptors) is the most likely explanation for the @sting intensity and duration ot®
emissions between years monitored in this study.

The 2007 spring thaw J0 emission event (Figure 4.2) was closely linked to air
and shallow soil temperature, with fluxes declining whieper soil layers (from 0.05 m
to 0.2 m) thawed (Figure 4.5). The® flux during the period of emissions 50 g Nt
! or greater (April 12 to 24, 2007) exhibited significant positierelations with air (r =
0.83, p = 0.002) and 0.02 m soil temperature (r = 0.72, p = 0.02) agggrgated into
2°C bins. The correlation betwe&) and 0.05 m soil temperature was positive but not
significant (r = 0.77, p = 0.2), while relationships wakver soil depth temperatures were
negative and insignificant. As there was no burst or @aaddit intensity of emissions
observed following thawing of the lower soil layersgdaes not appear that the thaw flux
event in the present study was the result g [droduced at depth over the winter being
trapped by frozen soil and then suddenly released with tigawti also does not support
the hypothesis of substantial production gfONduring thawing of soil at deeper layers
being emitted at the soil surface. Perhaps tb@® Nroduced in deeper soil layers was
completely reduced to N\before being released to the atmosphere (Wagner-Ritldle e
2008). As well, the deeper soil layers at the site likedye a lower denitrification
intensity and potential for producing® due to less conducive physical (eg. higher bulk
density) and biochemical (eg. lower organic C contentyacheristics than the near
surface horizon (Cho et al., 1979; Tenuta, 2010).

The data suggests that the 2007 spring tha® Murst was a near-surface
denitrification phenomenon of biological origin. Theptsoil was saturated following
snow-melt, there was measured nocturnal warming of thsphere by the surface

(positive sensible heat flux), and standing water obsgeoxger portions of the field
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because of drainage impeded by the frozen sub-soil, thaidwoave induced
denitrification. Residual soil NN was high the previous fall, and the freezing and
thawing cycle could have further enhanced denitrificationnduthe period by lyzing
bacterial cells, disrupting soil aggregates and fragmgntrop residues, as has been
noted by other investigators (van Bochove et al., 2000pde¢ al., 2001). The rapid
decomposition and mineralization of labile organic poolsltesn the production of CO
and a reduction in Olevels due to accelerated aerobic respiration, fuititoeeeasing the
demand for N@ as an alternate electron acceptor. Relatively high flt®es (compared
to the other two years with spring thaw measurements camsidering soil profile
temperatures during the period) were observed in the praseiyt concurrently with the
2007 spring thaw pO flux event (data not shown), which is indicative ajthrates of
microbial activity in the form of both aerobic (withsagiated @ consumption) and
anaerobic (denitrification) respiration. Simultaneou® Nfrom reduction) and supporting
CO, (oxidation of C) fluxes have been noted in other stueli@snining the freeze-thaw
emission episodes (Grant and Pattey, 1999; van Bochale 2000; Teepe et al., 2001;
Furon et al., 2008). Furthermore, low temperatures hava beewn to increase the
denitrification product ratio of dD:N;, by inhibiting the reduction of the former to the
latter (Tenuta, 2010), which may have also contributed tor¢teively large NO

emissions observed during the thaw period in April 2007 optasent experiment.

4.5.2 Relevance of Cumulative pO Flux to N Management and GHG Budgets

During the 2006 corn crop year (May 1, 2006 to April 30, 2007) theutative

N2O-N emissionsXFy) represent approximately 4.5 % of applied fertilizer [d{€ 4.1).
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To put this in perspective for the cropping system N budgebg us crude protein
estimate of 10 % for corn grain the N (assuming 160 g N kg pjatmoved at harvest

in fall 2006 & 44 kg N h#) was approximately 40 % of the N fertilizer applied the
previous June (110 kg N fa Therefore, the accumulated N emissions releaseheto
atmosphere as over the year from the crop system correspond tedbesalent of 10

% of the fertilizer N applied that was not harvestedgeain. The remaining input N
unaccounted for by grain harvest aRg, was left in the ecosystem as plant litter,
potentially immobilized by clay particles, organic mateergd microbes, and lost from the
system in run-off water and to the atmosphere as (Mélatilization), NO (nitrification
and denitrification), and N(denitrification). The equivalent of 2.6 % of appliedtifeer

N was accounted for by cumulatif/ during the spring wheat crop year (May 1, 2008 to
April 30, 2009). In contrast to the corn year where a subata@mount of applied N was
left unaccounted for byFy and grain harvest, the estimated crude protein N in
aboveground biomass removed from the spring wheat crgpaas (71 kg N ha) and
straw bales (11 kg N Hjin September 2008 was approximately 80 % of the amount of
synthetic N applied the previous June (100 kg N)hahe cropland supported a
significant cumulativeFy in the early stages of crop growth that was mostiKrom
fertilizer N, and additional mechanisms of retentagond loss from the system discussed
previously in relation to the corn year, would have o@uito varying degrees in 2008,
as well. The spring wheat crop would have incorporated additid from the soil
system, provided by the mineralization of faba residue fileenprevious year and soil
organic matter. Of course real-world N dynamics are dexpmnd even though it is
important to compare cumulatiVg, and harvested biomass protein to amounts of applied

synthetic fertilizer for estimations of agroeconomiticegncy and potential impacts of
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excessive N in the environment, the ratios reported rhatei not necessarily imply
substrate origins.

Although the amounts of measuredONN lost from the annual agroecosystem
during production of the corn and spring wheat crops are insignif from an
agroeconomic perspective, commonly assuming fertilizeis&tefficiency to be: 50 %,
they are significant for GHG accounting purposes. ThéNg@temissions over the course
of the three-year study offset nearly half of the @&, uptake by the annual crops grown
at the site (Figure 4.6). With accounting for C removednfithe agroecosystem during
harvest episodes (Table 4.1), the cumulatiy® N:missions exacerbate the net global
warming potential of the annual cropping system

As the measurements &f in the present study represent the totaD Nlux,
which could originate from fertilizer N or soil orgamuatter, an estimated “background”
flux must be subtracted from the annual cumulativelgdiafore comparing to Tier | or
Tier 1l emission-factors. As there were no contpddts (no N fertilizer application)
during the corn and spring wheat crop years in the presemly, three possible
background levels were used, to estimate a range relagngmiount of N fertilizer
applied directly to MO emissions. The three estimates of the percentagefeftihizer
applied being released asMwere derived by: applying the global background flux level
for soils originally proposed by Bouwman (1996) and used foCIF@r | methods of 1
kg NbO-N ha' yr?, using the cumulative flux during the faba crop year (1.2 ¥§-N ha
L yr': Table 4.1), and the emissions at 0 kg applied N derived by Redteal. (2008a)
for Quebec-Ontario (y-intercept of their Figure 1 or 0.8 NgD-N ha' yr). The
emission-factor for Quebec-Ontario was used in thig,cas the regression between N

fertilizer rate and cumulative J® emissions was only significant for that region, ams w
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not for the Prairie soil zones (Figure 1 from Rochettal., 2008a). Using these three
approaches for approximating the background (soil organic magteved)2ZFy for the
site results in estimates of 3.5 — 3.8 % and 1.4 — 1.8 % diedpiertilizer N being
emitted as MO for the corn and spring wheat crop years, respectively

TheZFy for the 2006 corn year (Table 4.1) was approximately twibree times
greater than what would be predicted by the original (1.26f%pplied fertilizer N
emitted as BO-N) and revised (1 % of applied fertilizer N emitted a®©NN) default
IPCC Tier | emission-factors, respectively. During 2088 spring wheat crop yeaty,
was also greater than the Tier | default factors, lmly the emission-factor estimate
using the lowest background flux level (from Rochettale2008a) was greater than one
standard error (Table 4.1) . Using the Tier Il (regiomales) approach, Rochette et al.
(2008b) estimated mean annual totaDNemissions between 1.5 and 2 kg N fiar the
Red River Valley of southern Manitoba from 1990 — 2005. TheSmates are less than
half of theZFy measured during the corn crop year, and slightly less ttiea total flux
observed during the spring wheat year in the present stuéye3timated amounts of
synthetic N applied emitted as® during both the corn (3.5 — 3.8 %) and spring wheat
(1.4 — 1.8 %) crop years are higher than the effectmesson-factors estimated for
Manitoba for the years 1990 through 2005 (mean: 1 %, minimuwGr%0.maximum: 1.3
%) using the Canadian Tier Il approach (Rochette e2@08b). The fertilizer derived
N2O flux during the corn and spring wheat crop years areetag high and similar,
respectively, than would be predicted with Ontario-Quebemission-factors
(Environment Canada, 2008; Rochette et al., 2008a) assumingcipitation (P) to

potential evapotranspiration (PET) ratio of 1 (1.7 % mblied fertilizer N released as
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N2O-N). It should be noted that the annuajONemissions reported here did not
necessarily increase as a function of P:PET. Withean annual PET in the Winnipeg
area of approximately 550 mm (Natural Resources Canada, 18§ 4atio of P:PET was
about 0.6 during the corn crop year, and greater than 1 dinenfalba (1.2) and spring
wheat (1.4) years. Although the corn crop year had theekiglry (Table 1), it had a
P:PET ratio that was half or less than the otherdnep years.

The higherZFy during the corn year compared to the faba year was due to
fertilizer N application and the greater availabilityNH," and NQ" in the soil (Figure
4.1). HigherZFy during corn vs. spring wheat crop production in this study haase
been partially due to a greater amount of fertilizéndp@pplied (10 kg N hamore), and
the relative performance of the two crops under theaténregimes of the growing
seasons. The spring wheat crop had a cumulative NERv#saapproximately three times
greater than the corn (Table 4.1), a higher photosyntluetpacity (Chapter 2), and
similar grain mass harvest (Chapter 2). Perhaps countetively, low precipitation
during the corn growing season may have caused higher aNa@alemissions by
enhancing the subsequent spring thaw flux because of popr pgdormance and
associated limited uptake of available N leaving a largewabsoil NQ™ pool in the fall
of 2006.

Mean daily NO emissions were significantly lower during the faba crepry
(May 2007 to May 2008) than the prior and subsequent annualyeanrg at the site
(Table 4.1; Figure 4.2) which received fertilizer N. Peakydathissions during the faba
crop year occurred approximately two weeks after seedidgvare therefore most likely

sourced from residual N in the soil, not biological fikation. Between planting of the
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faba crop and the JO emission episode (less than two weeks) the sigavet more than
70 mm of rain. These environmental conditions would haveibited seedling
emergence, plant growth and symbiotic N fixation, but whalde promoted nitrification
and denitrification. The cumulative,@® flux during the faba crop year in this study was
similar to previously reported values for annual legumeappfoximately 1 kg bO-N
ha' yr', and supports the proposal of Rochette and Janzen (200%mmve the
biological N fixation process from the default IPCC rTiemethodology and country-
specific GHG inventories (Environment Canada, 2008; Rochetik, 2008a). The total
annual NO emission during the faba crop year (1.2 kDM ha') was similar in
magnitude to the error estimate (+ 0.9 kgDNN ha') for the three-year budget at the site
(Table 4.1), and to the estimated global background fluxdefor agricultural soils of 1

kg N,O-N ha' yr* (Bouwman, 1996) used in IPCC Tier | estimates.

4.5.3 Underestimation of Nitrous Oxide Fluxes

Although the mean daily JO fluxes measured in the current study were higher
than many previously reported values, and cumulative anmewaiksions were
significantly greater than IPCC Tier | and Canadiagr Ti emission-factors, the net®
flux between the crop system and atmosphere was likelgrestimated due to missing
data and potential methodological shortcomings. The syst@snnot operational during
April 2009 due to emergency flood preparations in the Red Rigdey, and the spring
thaw flux following the spring wheat crop is missing frahee cumulative budget.
Although residual soil N@ levels were much lower in the autumn of 2008 following the
spring wheat than in fall 2006 after the corn crop (Figui¢, 4he accumulated freezing

degree-days at 0.05 m soil depth over the winter of 2008-200%whassantially higher
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(FDD = 850) than the previous two years (2006/2007 FD&20 and 2007/2008 FDB
180) which suggests a significant spring-thayDNemission episode is missing from the
cumulative annual and triennial flux budgets reported headtimugh the magnitude is a
mystery. Another contributing factor to likely undemmtion of ZFy budgets is the
treatment and consideration of days with missing data (8D%w0ssible days over the
three-years). Although, with the unknown exceptiorpfil 2009, the periods with the
most significant emission episodes (post-fertilizer2006 and 2008, and spring thaw
2007) were adequately captured, a linearly interpolated (dadymshdudget results in a
>Fn higher (about 20 % higher for the three-year budget) thah used to estimate
fertilizer emission-factors (Table 4.1). Lastly, theONfluxes reported from this study
may have been underestimated due to theoretical underdainherent to the flux-
gradient micrometeorological technique. Two factors thay nhave caused an
underestimation of the net,@ flux were possible roughness sublayer effects when the
corn canopy was at peak height, and the assumptionnofasty in K values for
momentum, energy and mass (Denmead, 2008). Theoreticedf-ease “correction”
factors were applied to the,@ flux time-series in a manner similar to those used to
estimate uncertainty due to potential underestimatioB@f fluxes at the site (Chapter
2). An enhancement factor of 2X was appliedrtdfor the period during the corn crop in
2006 when the lower [C intake was mounted at h2 and all eddy diffusivity K)
values for the three crop years were increased by arfaftl.4X to account for the
possible difference between the turbulent transfemomentum and mass. Possible
roughness sublayer effects during peak corn crop heigbtJUdy to harvest) were found

to be insignificant (solely applying an enhancement facfo2X during that period
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increased the non-gap-filled cumulative annual and triennial éstimates by 4 % and 2
%, respectively), as noteworthy® flux episodes during the study occurred during non-
cropping (spring-thaw) or low crop height periods (post-Niieation). However,
potential violation of the similarity assumption betweemmentum and mass was
important as MO fluxes from the present study were generally unidweel] unlike the
bidirectional nature of COfluxes reported in Chapter 2. Applying both factors (2X
enhancement to compensate for roughness sublayer effeicts the corn crop year, and
1.4X to account for the potential difference betweentangulent transfer of momentum
and mass) to the flux time series increasEd for the corn, faba, spring wheat crop years
by 2.3 kg NO-N hat, 0.5 kg NO-N ha', and 1.1 kg BO-N ha', respectively. Therefore,
assuming equivaler coefficients for momentum and mass may have resultetia
underestimation of cumulative annual and triennigDNemissions from the cropping

system to the atmosphere (Table 1) by more than 40 %.

4.6 Conclusions

The results from this study indicate that the ReceRWalley shared by Canada
and the United States may need revised coefficiemtedomating soil BO emissions
from applied fertilizer N in keeping with the unique topagghy of the landscape and fine-
textured vertisolic soils compared to other soils inRha&ries and Northern Great Plains.
The spring thaw BO flux following the corn crop in spring 2007 highlights teed to

have continuous whole-year measurements when estintatmglative annual emissions
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in the Red River Valley, and likely for all of weste@anada, which is currently
neglected in the Canadian Tier Il methodology (spriveyvt flux is included for Eastern
Canada). This requires additional consideration fg® Mventories for the Red River
Valley region, in light of the propensity for overthflooding and poor field drainage,
prior and during spring soil thaw periods. Furthermore, mohdit micrometeorological
measurements ¢y at different fields and soil zones in Canada (anccatjural regions

elsewhere) will aid in improving and revising emission-festderived primarily from

chamber studies.
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5. SYNTHESIS

5.1 Important Findings and Implications

This dissertation reported and analyzed the findings fitbnee years of
continuous measurements of biogenic ,C&hd NO fluxes from a northern prairie
cropping system in the Red River Valley of southern Maaitdbanada. As the first
multi-year micrometeorological assessment of net, @dd NO exchange for the
Canadian Prairies, it is a valuable contribution te turrently limited but expanding
international literature on seasonal and annual dyrsamwictrace gas fluxes between
agroecosystems and the atmosphere. These intensiveafiypagns complement long-
term soil C and N inventory research by filling the tempfiesuency gap and capturing
the short-term influence of agronomic management idesisand inter-annual variability
in crop performance against the backdrop of global chageg.

The net C balance (NEE + harvested C) at the sitetér 2) exhibited large
inter-annual variability that was mainly dependent orp@pecies and growing season
environmental conditions. The site was, on averagaenanal source of CQ~= 1000 kg
C ha'yr) which differs from the commonly assumed C equilibriohmature croplands.
This research highlights the importance of directly maag or doing an adequate job
modelling ecosystem respiration when estimating naidgéts of crop production. Plant
and soil respiration are inevitable C costs requiredddyce and maintain crop tissues to
maturity and have been neglected or poorly representedebmalority of agricultural
GHG inventories. As well, crop rotations and the amountladve-ground biomass
harvested have a large impact and legacy on the malti-geosystem C balance. For

example, in 2007 when this agroecosystem was the largesti€e (> 3000 kg C Hj
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virtually all of the aboveground faba biomass was haedekir animal feed silage. The
NEE of the faba year was essentially C neutral, atdig that that there was a balance
between photosynthesis and respiration in this crop lyefore accounting for harvest
biomass removal. Larger rates of respiration may leen a combination of the legacy
of plant litter from the previously grown corn crop2006, which was harvested for grain
only, and a potentially higher rate of plant and niab respiration associated with
legume production. In contrast, the following crop year (20083 the only year out of
the three in which the annual cropping system was a €nalhk after accounting for
harvest, and may be attributable to a combination dkebetverall crop performance
(higher rates of photosynthesis), and lower rategsgiration because of cooler air and
soil temperatures and a relatively small amount ahipkesidue substrate left in the
system following faba harvest.

An influence on total rates of soil respiration betweenservation tillage and
intensive tillage practices employed at the site wasctied in the autumn of 2006
following corn harvest (Chapter 3). Although total segpiration rates were different in
fall 2006, the relative proportion of different C sowteing metabolized (CRC vs. SOC)
was similar between the treatments indicating thidwoabh reduced tillage had slowed
down overall cycling, it was not compartment specifitisTdifference in total soil
respiration rates between treatments did not penssthe following spring of 2007. As
soil respiration rates were much higher during the spriegsarement campaign, this
negated any reduction in the non-growing season €fiissions observed the previous
fall due to the conservation tillage practices at thee sk much higher proportion of total
respiration originated from corn residues in the falk@06 & 70 %) than the following

spring (< 30 %) for both tillage treatments, indicatandgirly fast (months to < 1 year)
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rate of turnover for the most labile fractions of #i@ove and below-ground biomass.
Although the most easily decomposable C from the carp okidized over the period of
stable C isotope measurements, it represents a smadimpof the necromass left in the
system and the more recalcitrant tissues will contioudecay over time. Interestingly,
the sources of C contributing to the respiration sighahged over time from being CRC
to SOC dominated during both the fall 2006 and spring 2007 intestsilsée C isotope
measurement campaigns. This finding coincided with itianal seasonal thermal
regimes in the soil profile (freeze-up in the fall, whan the spring), and conceptual
sources of C that would be contributing to the respirat@y $Ignal at different depths.

In addition to the continuous monitoring of net {{Dxes at the Red River Valley
site, NO emissions were simultaneously measured using equivalerdmeteorological
techniques and annual budgets were constructed for the tbpegears comprising the
field data obtained in this thesis study (Chapter 4). sagmt NbO emissions measured at
the site were episodic in nature, occurring after militeer application and during spring-
thaw periods, similar to results obtained from other sgidionducted in northern
temperate agricultural regions (Wagner-Riddle et al., 189@nt and Pattey, 1999; Grant
and Pattey, 2003; Wagner-Riddle et al., 2007). The cumuldti@ebudgets estimated for
the corn and spring wheat crop years, in which N fertilizas applied, were substantially
greater than would be predicted using default Tier | IPCQegion specific Tier Il
Environment Canada emission factors. The post-N-fentigzents in the spring and early
summer exhibited diurnal trends and were correlated witi@perature, illustrating the
importance and relevance of the continuoy® Nlux measurements obtained during
emission episodes in the present study compared to @stisidased on intermittent

measurements. Such diurnal trends highlight the uncertamtyhe majority of
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agricultural soil NO budgets reported thus far, which are most commonlytrcmbed
from the linear interpolation of snapshot (usually weekl bi-weekly, sometimes twice-
weekly or daily) chamber measurement campaigns. Spraw-#dmissions measured in
April 2007 following a corn crop the previous year were sufbsta and closely related
to air and surface soil temperatures, but not deeperaseit temperatures. This data set
therefore supports the hypothesis that freeze-tha@ Bimission episodes are a near
surface biological process, not due to the physical eelefgas trapped by ice. Perhaps
spring-thaw NO emissions are the product of facultative denitrifiepydations that
comprise an energetic ecological niche in agriculturalk sduring these seemingly
inhospitable periods. Relatively large €@uxes were concurrently measured with the
spring-thaw NO emission event in April 2006, compared to other yearsawfitoring at
the site (Chapter 2) suggesting that both aerobic and ameefdenitrification)
respiration may have contributed to the net flux. Stable C isotope signature of the
ecosystem respiration flux (Chapter 3) during the peradciding with the large spring-
thaw NO flux episode was approximately -20 %o, indicating thatigture of recently
fixed corn CRC (40 %) and SOC (60 %) were substrates éoa¢hobic and anaerobic
respiration processes. However, it is not possibledigtinguish between the GO
produced by aerobic respiration and that originating fromitdgcation during the
spring-thaw period in April 2007, nor whether C substrateszeitili by the two
biochemical pathways differed.

On an annual basis, the years where N fertilizer wabeap(2006 for corn and
2008 for spring wheat) had cumulativeNemissions three to four times higher than the
year in which a legume (faba in 2007) was grown and noifertivas applied. Assessing

the global warming potential (GWP) of this agroecosydtesed on bBD emissions alone

159



would lead to the conclusion that annual legume crops reay significant mitigation
option or beneficial management practice (BMP) for theea. However, with
consideration of the concurrent NEE of £é&hd accounting for harvested C in biomass
removed from the agroecosystem, the faba year actuadiythe highest GWP. The NEE
during the faba year was essentially C neutral, howdwermajority of aboveground
biomass was harvested for animal feed silage. This singteest episode in 2007
removed a C®C amount from the ecosystem that is twice the egemtah cumulative
N>O emissions for the corn and spring wheat years combameldrepresents 66 % of the
three-year GWP (net GQand NO) of the site. For the corn crop year in 2006, the
cumulative NO emissions completely offset the NEE of £Qnd harvested C
contributed to the site being a significant GHG sourc0®8, the cumulative JO flux
during spring wheat production only offset the NEE by approxind4 %; however, a
substantial grain and straw harvest contributed to an annd& Gudget that was
essentially GWP neutral. It is notable that the prodhatsested from this site have a
significantly higher GWP than that reported for the tang@ processes reported in this
dissertation. A full life cycle analysis would incluteth upstream (e.g. manufacture and
transport of fertilizers, pesticides, peat powder inmayletc.) and the downstream usage
of the harvested biomass. For example, a significarmgoption of the harvested crops in
the present study were processed through an additiorlidréevel that would have
produced significant amounts of gGCH, and NO, before eventually being consumed
by the human population.

Anthropogenic production, harvest, and consumption of agmi@ll products
exert a dominating influence on the net GWP of establishegdlands such as the site

studied. The net C and N budgets resulting from such landiersseions are therefore
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significantly different from those encountered in unmadagetural ecosystems. These
findings demonstrate the value of having accurate assatsoféhe net balance between
photosynthesis and respiration during the growing seasbuostraneasurements of soil
respiration during the non-growing season, and accountibgpmass harvest in order to
recommend GHG emission reduction and mitigation stragegmat are holistically

effective. It was not possible to distinguish net Glfiikes between the conservation
tillage treatment recently implemented at this sitenfa more intensive tillage practice
(“management-as-usual’ for the Red River Valley) during $hisly. Despite numerous
advantages of the high-frequency micrometeorological lfluctgets obtained from this
study, it is not without practical experimental limitats compared to long-term soil
inventory or intermittent chamber studies for investigathe influence of reduced or no-
tilage on ecosystem C and N budgets. In an ideal wohld, micrometeorological

campaign and reduced tillage treatment at the site wwaud continued for a decade at
least, and perhaps over time a difference in the &t &d NO fluxes between the

treatments would manifest. However, this is an unté&alscenario given the costs
associated and level of expertise required to operath miastructure, changing

research funding priorities, and the need to immediaéglyce GHG emissions. In order
to offset the GWP of this Red River Valley cropland sigmy tillage treatment

implemented would need to consistently (temporally antadlya sequester and stabilize
organic C at a rate twice that of the most optimistgorted in the often-cited West and
Post (2002) study. Clearly such rates are unachievabléndosite in the present study
given the short length of the growing season in sontManitoba, even with a possible
climate change induced extension, biomass harvest requirgnaadt variability in crop

physiology and environmental conditions. Although the redudiede treatment was
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admittedly dissimilar from a more mature conservatitlage cropland, the inability to
detect a difference over the two-years of that ph&sheostudy was apparently due to
landscape-scale heterogeneity in net @ad NO fluxes, likely because of variability in
topography and hydrology (drainage). Only recently haverameteorological theory
and methods been developed to address such landscape wariaifihiin natural
ecosystems (Hollinger and Richardson, 2005) and between iregpéal plots or
treatments in agricultural settings (Davis et al., 20lenGet al., 2010), even though the
importance is intuitive and evident.

It is anticipated that the data obtained during the courdéi® thesis will be
valuable to the scientific community to calibrate andda&it remote-sensing products
and computational models. Such models of cropland GHG egehaay be coupled to
general circulation models at time steps of decadesmtuges and used to identify
practices and climatic conditions that are conduciMever or higher GHG emissions in
the long-term, as well as, to predict the effects lobal change on cropland C and N
cycling. In particular, then situ measurements of net G@ux from this study will help
fill the void in available data on crop photosynthesisnipénd soil respiration under the
field conditions encountered on the Canadian Prairig® data obtained from the
micrometeorological stable C isotope campaigns may heama for modelling and
testing hypotheses on the rates of turnover for difteogganic matter fractions in the
soil. The NO flux data-set is a valuable contribution to the clanahange research
community as there is a lack of such continuous mongocampaigns, and this data
gives a more complete accounting of the emissiorodpss in the field than common
static chamber-based approaches, particularly for flakesg spring-thaw periods in

temperate regions. In a broader sense, this work as ke wdmresents a move towards
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understanding the integration of multi-elemental cyclewgd energy flows within
ecosystems (Allen and Gillooly, 2009), with the need foudianeous study of C and N

cycling interactions being identified as a top researdripyi(Gardenas et al., 2010).

5.2 Ongoing and Future Research

Ongoing and future research at the Red River Valleyused in this study will
address such issues as the net methang) (fikt of the solil, the influence on the net
GHG balance of including perennial legume-based forage standsop rotation
compared to continuous annual species, the influencelofstaspring application of N
fertilizer on net NO emissions, and life-cycle assessments. While itaenmonly
assumed that agricultural soils represent a small §lkk, little is known about the
magnitude of fluxes, and in the case of the Red Riveteyalvhere soils are often
saturated and subjected to overland flooding, it may be hgpiattd that the system is a
source of CH Inclusion of CH flux studies at the site is required to better estiriage
true net GHG budget and C balance of the ecosystenusehef perennial legumes in the
cropping rotation is anticipated to provide a significadiution and possible mitigation
of GHG emissions compared to continuous production of drspegies by: providing a
longer season of net GQuptake, greater belowground biomass production, and a
reduction in NO emissions in the absence of N fertilization. Hogvevt is unknown
whether or not such benefits will be sustained afterstystem is ploughed under and the
cropping system re-planted to annual species. Understandingflirence of the timing
of N fertilizer application on PD emissions will be a very important and practical
research question to address with the site infrastrudtutée current study, N fertilizer

was applied in the spring at the time of planting ohcand spring wheat crops, which
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may be considered a BMP on the Prairies. However, #igyrén Manitoba is that most
farmers apply N fertilizer the previous fall prior to isirplanting for economic (fertilizer
is cheaper in the fall compared to the spring) and sebdaision of labour (less field
work to do and more time to do it) reasons, and is patBnsubject to greater loss
through leaching and denitrification. A comparison betwla#rand spring application of
fertilizer N would be useful for testing such hypothes#gsyeloping MO emission
reduction strategies and incentives, and for modifying samsfactors if necessary.
Lastly, the crops produced at the site during and subsequtni$ &iudy require varying
amounts of inputs, non-renewable energy-use, and haveredhff fates post-harvest
(human food, animal feed, and biofuel) that could be aceduot in full GHG life-cycle
assessment (LCA) of the agroecosystem. The net bio@&niand NO fluxes during the
field production of the crops are one of the most chglley portions of a LCA to reliably
estimate, and this study and subsequent data from thdillsitthat knowledge gap.
Furthermore, much of the harvested biomass is cycletllyoat the experimental farm
through livestock, and the manure is applied to the saihemesearch station land. Other
research teams at the station study the diets and Ghi&siens from livestock and
excreta, so there is capacity for a broader multiglisary, collaborative synthesis of
data at the site.

Of course, ongoing and future research campaigns, and tdellimgp efforts
based on the data obtained from this study will takeepthaing an era on the Earth
undergoing unprecedented change, with agricultural productioraplands facing
numerous challenges and unknowns such as climate warmiegatesl CQ
concentrations, and increasing rates of N deposition. riRdeelings on the potential

influence of asymmetric diurnal warming (nocturnal terapses are increasing at a

164



greater rate than daytime temperatures in the NortHemisphere) on photosynthesis
and respiration (Wan et al., 2009; Xia et al., 2009), aadeffect of elevated [Con
crop N uptake (Bloom et al, 2010) illustrate some unc#m®sa associated with
conducting scientific research in a changing world andehassumptions. However, it is
often said that modelling efforts will only be as goodhesdata they are based on, and
this highlights the importance of robust micrometeorigligstudies under contemporary
and increasing forcing to better elucidate underlying mecharasm patterns associated

with biogeochemical trace gas fluxes and coupling viiehdiimate system.
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APPENDIX A

Table A.1 Geometric mean (model I1) regressions between the eiffiigivities (m s')
calculated from sonic anemometers located on sepaxatte (bl and RT) at the
site for each calendar year of the study.

Year slope = S.E. y-intercept + S.E. r n
2006 0.9967 £ 0.0014  0.0004 + 0.0002 0.9789 10,839
2007 1.0581 + 0.0020 -0.0035 + 0.0003 0.9585 11,109

2008 1.0190 + 0.0026 -0.0014 + 0.0003 0.9263 11,519
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