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Abstract

Agricultural soils under long-term no till managemhéiave been well
known to sequester atmospheric carbon in soil ecgaratter and to reduce
emissions of greenhouse gases. Our study aimedaattitying CQ and NO
emissions from Black Chernozems and Gray Luvisasaged under long-term
(~ 30 years) no till after tillage reversal. Ourdstuevealed that both GGand
N2O emissions were stimulated by tillage reversaim@arative studies showed
that the short-term rates of G@nd NO emissions after tillage reversal were
higher than the historical rates of sequestratiter ¢he adoption of long term no
till. Since the time scales for comparing the setpation and emission rates were
so different, these results are expected and rabganThese results indicate that
increased soil carbon storage resulting from chamgegricultural management
practices is reversible and that the potentiacBmbon sequestration is dependent

on the long-term trends of management practices.
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Chapter 1

1 Introduction
Conservation agriculture has been speculatedve geeater potential for

reducing greenhouse gas emission at a very low &esivell as to facilitate
sequestration of organic carbon in agriculturalss@ntle et al. 2001; FAO 2008;
Sanderman et al. 2010). Globally, adoption of coreten agriculture was
estimated to sequester soil organic carbon equitvateone-third of the current
global CQ emissions (i.e., 27 Pg G@r™) from burning fossil fuels (FAO 2008).
This rate can, however, vary in different partghed world due to environmental
constraints to crop production such as climateddaapes and crop varieties
(FAO 2008). Lal et al. (1998) estimated approxirya% of agricultural soil
carbon sequestration can be achieved by adoptingecegation or no tillage and
residue management. Reversion of conservation tavecdional tillage
management has a high risk of releasing the stoegdon in soils into the
atmosphere in the form of GQAntle et al. 2001). Currently there is much
uncertainty and debate about the total additiomghmic carbon sequestration
potential of agricultural soils, the rate of seqeggon, the permanence of the sink
and how to best monitor changes in soil organid@arstock for different
management practices (Sanderman et al. 2010).

Greenhouse gas emission trading and offset systaras currently
blooming as an effective and popular green busimets well-structured open
market exchange like the European Climate ExchdB@X) in the EU and the

Chicago Climate Exchange in the US (Mimi Lee, AtheAgriculture and Rural



Development). The Alberta emission trading systanCanada currently allows
large emitters (companies that emit more than @0, @nnes of greenhouse
gases in a year) to achieve emission reductiorubghasing carbon offsets at a
maximum price of CAD$ 15 per ton of G@quivalents (Alberta Environment
2007). The Alberta agricultural sector has welliposed itself for the potential
greenhouse gas offset market (Mimi Lee, Alberta iddture and Rural
Development). Agricultural soils are generally mgely managed and additional
soil carbon sequestration in these ecosystems eachieved by adopting no-till
(NT) practices and efficient fertilizer and residumanagements. The
Quantification Protocol for Tillage System Managemé@Alberta Environment
2009) creates carbon offsets by quantifying changegeenhouse gas removal
due to soil carbon sequestration and reductioné,{(d emissions and energy use
where there is a practice change from conventibitedie (CT) to NT or reduced
tillage (RT) (Alberta Environment 2012):

A]_c :]_CT _]_NT/RT [1.1]
WhereAJ. is the change in average carbon emissions (kge@@ivalent [CGQE]
ha' yr') resulting from in changing tillage managementrfr€T to NT or RT,
Jor is the average carbon emissions (kg.E®a' yr') from CT systems and
Jur/rr IS the average carbon emissions (kg,E®a" yr') from NT or RT
systems. In the Alberta tillage offset protocdie tchange in average carbon
emissions resulting from changing management isnattd with ecoregion-
specific emissions factors (coefficients). Forrapée,AJ. for changing from CT

(full tillage) to NT is estimated as:



i AJ, ‘A AJ, ‘A
AJ; = NT, = ]C,CTt;)lNT cr 4 ]C,RTt;)lNT RT [1.2]

WhereNT, is the net CQ coefficient for NT management (kg G®ha* yr?),
AJe.cr o nr 1S the average carbon sequestration potentia fivange from CT to
NT for a given ecoregion (kg GB ha® yr?), AJc rrto Nt 1S the average carbon
sequestration potential for a change from RT to fiTa given ecoregion (kg
CO,E ha' yr?), Ac; and g are the area of crop land under CT and RT in a
given ecoregion (ha), and A is the total area efdboregion (ha).

This approach of emission reduction calculation. (BQR]) targets only
tillage effects on soil carbon, but coefficients fatrous oxide reductions and
energy consumption can be calculated in a similanmer to Eq. [1.1] and [1.2]
(Alberta Environment 2009, 2012). It should be dotéhat the emissions
coefficient (Eq. [1.2]) depends very much on thiénestion of the average carbon
sequestration potential given a change in managepectices in a given
ecoregion. The average carbon sequestration pateistibased on the best
scientific evidence available, but it is still anesage so a specific field may have
a higher or lower sequestration potential sincentiagnitudes of C®emissions
can be largely affected by other agricultural pcesst i.e., fertilizer application,
residue management; and variability in environmlefatetors i.e., soil moisture
and soil temperature and inherent fertility of atisalar soil type (Nyborg et al.
1995, Lal and Kimble 1997).

To account for the risks of “one-off” tillage eventhat may occur to
control weed infestations or to incorporated heergp residues an assurance or

reserve factor (AF) for a given ecoregion is calted as:



AF =1 — (# of tillage events)

20 year period [1'3]
The net CQ coefficient NT, is then adjusted through multiplication by the
assurance factor (AF) which ranges between 0.8 8d5 depending on the
ecoregion.

Agricultural soils under CT were reported to emgher CQ than soils
under NT predominantly by changing the decompasigmvironment through
alteration of soil physical conditions and micrdlantact of substrates (Larney
et al. 1997; Campbell et al. 2001). CT induced, @@issions can be substantially
higher in agricultural soils under residue retempactices compared to residue
removal because of mixing of additional soil orgamiatter throughout the deeper
soil horizons hence facilitating higher substratailability for the microbes
(Malhi et al. 2006, 2011a,b; Malhi and Lemke 200Wjitrogen fertilizer
application can provide a boost to agriculturalpcigrowth and a consequent
increase in microbial activity in the rhizospheexifitated by the presence of
fresh carbon from increased root exudates (Hawlial.e1999). Increased plant
growth in fertilized agricultural soils can alsoopide the soil with higher
amounts of above and below ground residues (Malal.€2011a,b). Given these
facts, CT-induced CQemissions may vary depending on N fertilizatioagbices.
Tillage impacts on soil COemissions were reported to be enhanced in warmer
soils with 50-70% water filled porosity (Grant aRdchette 1994; Rochette et al.
1995; Lal and Kimble 1997). Indigenous fertility afparticular agricultural soil
was also reported to be an important control ¢dgé impact on C@emissions

from that soil. Relatively nutrient poor agriculiisoils were found to sequester



more carbon as a result of conversion from CT to tNdh nutrient rich soils
(Malhi et al. 2011a,b).

The Assurance Factor (Eq. [1.3]) which calculatesrage risk of reversal
events also relies upon the assumption that thee o&tCQ emissions due to
tillage reversal is equal to the rate of soil oigararbon sequestration due to
conversion from CT to NT (Alberta Environment 2008ijlage reversals on long
term no-till plots are expected to release largsifes of C@through triggering
the decomposition of accumulated light fraction sorface organic matter over
the years (Malhi et al. 2011a,b). This effect migata transient one provided that
the increased emissions rates are reduced in siveddlage events. The best
protocol to test the underlying assumption of Aasae Factor is to examine the
rates of soil CQ@ emissions after tillage reversals on long term pldts of
dominant Albertan soil types and to compare thoske tle historical soil carbon
sequestration rates after the adoption of NT orstimee soils. To our knowledge,
this assumption has not been tested yet.

The underlying mechanisms ob® emissions from agricultural soils are
far less understood than those of LCémissions. BO emissions from the
agricultural soils are primarily products of aemwland anaerobic microbial
denitrification as well as chemical denitrificatigiienterea and Rolston 2000;
Mdiller et al. 2006; Venterea 2007). When soil beesnwaterlogged and ;O
diffusion is inhibited within the soil, nitrifierebtain their @ from NG; with the
accompanying release ob® and N (Eq. [1.4]) through anaerobic denitrification.

2NO3 — 2NO; —» 2NO - N,O0T-> N, T [1.4]



These reactions can also occur in seemingly wedtad soil where biological O
demand within waterlogged microsites within soitjeggates may still exceed the
supply (Havlin et al. 1999). While producing NGrom NH,;" through aerobic
nitrification, nitrifying bacteria can simultanedysuse NQ as an alternate
electron acceptor and thereby producing@Nhrough aerobic denitrification. The
rate of ‘aerobic nitrifier denitrification’, howeveincreases with the increase in
soil anaerobicity and consequent depletion of €dil(Venterea and Rolston
2000). NQ accumulation from high rates of ammonium-basegén fertilizer
application may also favor & emissions from agricultural soils through
chemical denitrification.

In cool, temperate regions,® emission comprises the majority of
greenhouse gas emission associated with crop produy&obertson et al. 2000).
Climatic factors that regulate,® emission include temperature, precipitation and
freezing and thawing regimes (Burton and Beauchd®®4). Many management
factors, including tillage, legume cropping, cra@sidue management, and type
and rate of mineral N fertilizer application, alsontribute to NO emission.
There is a large uncertainty associated with ctirestimates of the influence of
tillage practice on BD emissions. Many studies have indicated incress&sO
emissions under no-tillage (Ball et al. 199kiba et al. 2002/inten et al. 2002).
The greater BD emissions under no-tillage have been attribuberetiuced gas
diffusivity and air-filled porosity, often caused tigh rainfall, and having the

greatest effects on ) emissions after fertilizer application. There aso



indications that this effect of tillage on,® emissions diminishes after long-term
practice of no tillage (Six et al. 2004).

Short term studies of tillage impacts opCNemissions from agricultural
soils revealed reverse trends for different expents and soil types. Few studies
reported NT favoring higher soil & emissions than CT (Omonode et al. 2011)
while the others found no significant differenceNgO emissions for CT vs NT
(Lemke et al. 1999; Baggs et al. 2001; Boeckx €2@11). To our knowledge, no
study so far has reported the quantification, magei and mechanism of,8
emissions after tillage reversal on long term Nilssdillage reversal on a long
term NT soil can cause rapid mineralization of swjanic matter accumulated
over the years of NT practice through soil distadeand residue mixing. This
may result in an increase in soil Bli@oncentrations exceeding crop demand
through rapid nitrification and might end up withcireased PpD production
through denitrification (Eq. [1.4]). Tillage revatsmight also improve soil
drainage and facilitate aeration thereby reduciody anaerobicity that might
partially or fully offset the additional D production through higher substrate
availability. So, the net impact of tillage revdrsan N,O emissions from
agricultural soils should also be accounted fothim existing tillage management
guantification protocol (Eg. [1.2]).

Given the potential significance and research s@sdliscussed above our
study focused on the following broad objectives:

1. To quantify CQ and NO emissions after tillage reversal on two major

soil types in Alberta (i.e., Black Chernozems amdyd_uvisols) managed



under long term (~ 30 years) NT with residue retentfor different
nitrogen fertilizer applications and weather coiodis i.e., soil
temperature and soil moisture

. To compare the rates of G@missions after tillage reversal with those of
historical soil carbon sequestration after the &dapof long term NT
over those two soil types so as to test the unohgylgssumption of “the
rates of CQ emissions after tillage reversal = the rates of sarbon
sequestration resultant of adoption of NT” in drigt Quantification

Protocol for Tillage System Management of Governnoérlberta.
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Chapter 2

2 CO, emissions from a Black Chernozem and a
Gray Luvisol under long term no till management
after tillage reversal

2.1 Introduction
The concentration of carbon dioxide (§0n the atmosphere has been

increasing during the last few decades at an aatete rate. Its contribution to
increased atmospheric radiative forcing and itduerfce on decreasing upper
atmospheric ozone levels have raised interest atuating its sources and sinks
(Perdomo et al. 2009). Soil is considered to be léingest terrestrial organic
carbon stock which currently contains as much asetthe amount of carbon as
atmospheric C® and three times that of global above-ground vdigeta
(Powlson et al. 2011). This large carbon pool isafy influenced by soil
management (Baker et al. 2007). Agricultural sailks intensely managed and are
subjected to different practices like tillage, dabai of fertilizers, manure and
variable cropping intensity (Ellert and Janzen 199%illage may have a
measurable influence on soil carbon storage throsgh disturbance which
stimulates soil carbon losses due to enhanced marogrowth and
decomposition (Larney et al. 1997; Campbell et2801). Such effects may be
reflected both in immediate changes in soil,GlOxes (within 7 days of tillage)
as well as in the longer term (after ~50 years d¢ibge) alteration of
decomposition environment (Kucharik et al. 2001¢n€krvation tillage or no-
tilage has been proposed as a means of increasrgon sequestration in

agricultural soils (Six et al. 2004). Comparativeld studies hypothesized no-
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tillage or conservation tillage to favor accumudatiof organic matter in surface
soils (Kern and Johnson 1993). Many soils have beparted to lose 30-50% of
the carbon that they contained prior to cultivatiture to tillage and tilled soils are
viewed as a depleted carbon reservoir (Kucharilalet2001; Reicosky 2003;
Baker et al. 2007). But uncertainties remain ahbetloss of soil organic carbon
following tillage because a few field studies haeported slightly higher CO
emissions from no-tilled plots compared to conwamily tilled ones (Hendrix et
al. 1988). Hence quantitative research is neededunderstand these
discrepancies. Further, nutrient management suclierddizer application is
reported to substantially improve soil organic carldepending upon indigenous
fertility of the soils (Nyborg et al. 1995; Janzetal. 1998). The decomposition
environment (e.g. soil moisture and soil tempegtualso influences soil
microbial activities and soil respiration (GrandaRochette 1994; Rochette et al.
1995; Lal and Kimble 1997). Therefore, various camfiding factors such as
nutrient management, soil types and key environat@aintrols of soil respiration
(e.g. soil temperature and moisture) should alsadequately addressed while
guantifying the change in soil carbon storage stted by tillage practices.

Long term monitoring of soil carbon stocks on ribmianaged
agricultural soils is a well-recognized practicenad at evaluating the real impact
of no tillage or conservation tillage on soil canbgequestration (Six et al. 2004).
Quantifying the loss of soil organic carbon updlagie reversal on a long term
non-tilled soil could therefore be a good measuréhe loss of sequestered soil

organic carbon. Measurement of change in soil cadtorage over time usually
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provides a good estimate of long term soil carbassés following tillage but
unfortunately this technique often fails to captlage but fleeting C@effluxes
as a result of episodic tillage events (Ellert aaghzen, 1999). Moreover, soil
carbon losses may be very high right after a @layent and these additional
carbon losses might disappear with time followitigde or consecutive tillage
events in the following years (Fortin et al. 1996gasonal variations in soil
moisture and temperature might also exert sigmfigafluences on soil carbon
emissions that could obscure tillage-generated otardbsses. Nondestructive,
continuous in-situ C®flux measurements throughout the growing seasaifdco
thus be a good estimate of short term carbon losses long term non tilled
agricultural soils upon tillage reversal that mdgoaprovide more insightful
information on the mechanisms involved (Ellert dadzen 1999; Six et al. 2004).
The government of Alberta has recently created @masion Agriculture
Protocols for Greenhouse Gas Offsets which allosgelandustrial emitters of
greenhouse gases to offset their emissions by psiradp offset credits (Goddard
et al. 2009). With this protocol, there is an Assure Factor to account for “one-
off” tillage operations that a farmer might exectdgecontrol weeds or because of
crop failure, etc. This Assurance Factor assummatsthe rate of carbon loss from
tillage of a conservation tillage soil is the saasethe sequestration rate following
conversion from conventional to conservation télagHowever, this assumption
has not been tested. A big question is whethe&srat carbon loss following
tillage reversal are the same as rates of carbques&ation when zero tillage

management was established on conventionally titeld
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The present study was conducted on two contragaigtypes (Black
Chernozems and Gray Luvisols) located at Ellersiel Breton respectively
which were established as research plots by Untyerd Alberta in 1979
(Nyborg et al. 1995). The experiment was designégtd eombinations of straw
retention/removal, nitrogen fertilizer rates andnwentional tillage/no-till
treatments. Both treatments were managed undél meanagement since their
establishment with straw retained and two fertikza.e., unfertilized and
fertilized @ 100 kg N Ha yr? since establishment. We aimed to quantify the
short term impact of tillage on GOemissions from fertilized (100N) and
unfertilized (ON) organic matter rich black Cheraorc and relatively organic
matter poor Gray Luvisolic soils. For this study wetially formulated the
following hypotheses:

1. CO, emissions are greater following tillage reversainf both Black
Chernozemic and Gray Luvisolic soils managed ufatey term no-till. The
emissions decrease with consecutive tillage evenngl the following year.

2. Nitrogen fertilizer application stimulates higheO£emissions following
tillage reversal on both of the above mentionetltgpes.

3. Tillage reversal causes greater £€@missions from organic matter-rich
Chernozemic soils than that from relatively orgamatter poor Luvisolic

soils.
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2.2 Methods and Materials

2.2.1 Soils and experimental set up

The study was conducted on two soils: an OrthicyGmavisol (Typic
Cryoboralf) of the Breton loam series located ie tiolling landscape of the
vicinity of Breton, Alberta, and an Orthic Black €&inozem (Typic Cryoboroll) of
the Malmo loam series common to the flat lacusttan@scape near Ellerslie,
Alberta. These two soils are only ~70 km apart aggrasent two major and
distinctly different soil types found in north-ceait Alberta. Descriptive data of
both soil types are given in Table 2.1 (Plantd.e2@L10).

Parallel long-term experiments were establisheceath site in 1979
(Nyborg et al. 1995) and consist of 10 treatmeatslomized in 4 blocks for a
total of 40 plots (Figure 2.1). The dimension ofleamall plot is 6.85 m x 2.74
m. For this investigation the tillage reversal veapressed as pre-seeding tillage
for two consecutive growing seasons and was caoigcn subplots on two of
the original treatments: 1) no-till, 0 kg N havith straw retained (treatment 4);
and 2) no-till, 100 kg N hAwith straw retained (treatment.6). The dimensiohs
the subplots were 1.37 x 6.85 m (i.e., the origplat was split lengthwise into a
tilled or no-till subplots). For the purpose ofstlpresent study then, these two
treatments from the original randomized block desigere split into split plots
with tillage regimes (referred to as no-till ancheentional tillage from now on)
as a main plots and nitrogen fertilizer rates (@98 kg N ha yr') as subplots.
There are four replications of each of the subpldtdf of each of the no-till with
straw plots (ON and 100N) were subjected to tillegyeersal on June 3, 2009 and

June 3, 2010 for the Black Chernozems and on Jyn20#0 for the Gray
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Luvisols. Tillage reversal after ~30 years (1972089-10) was done by using
rototiller up to 5 cm depth to mimic “one-off” @fe event by the farmer for weed
controls, crop failures etc. G@nd NO emissions were then measured on those
sub-plots during the growing seasons of 2009 ad® 20

Soil temperature (°C) and Soil moisture content*(cnt) data were
collected from the official website of Agriculturand Rural development,

Government of Albertahftp://www.agric.gov.ab.ca/appll6/stationview)jsmd

from the micrometeorological station set in theeHElie Research Station,

Edmonton.

2.2.2 Gas flux measurements
A non-steady state chamber system, described ailsléty Rochette and

Bertrand (2008) was used to measure soi} fl@es. The chambers (Figure 2.2)
were rectangular (65 cm x 16cm x 15cm) each of wbhansisted of a detachable
chamber lids and collar. The whole chamber systece® the bottom 5 cm of
the collar was made opaque by wrapping it with bedblaluminum foil and / or
reflective tape so as to prevent penetration ofligiin during chamber
deployment. The collars were inserted 5 cm intogiweind leaving 10 cm above
ground. The collars were kept inserted into theugdoon each of the sub plots
throughout the growing season. The chamber lid atteched to the collar with
four rubber bands during gas flux measurementsmallsfan operated with a
battery was mounted under the chamber lid to miairdantinuous air mixing
inside the chamber between gas concentration nexasuats. Gas concentrations
were monitored by portable, photoacoustic multi-gasnitor (Innova model
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1312;www.innova.dR (Figure 2.3) which was connected to the chambgra m

long plastic tubing during flux measurements. Carlaboxide (CQ), nitrous
oxide (NO) and water vapor (#.)) were measured by the gas monitor. The
instrument is calibrated on an annual basis suahititerference between GO
N2O and HO) and ambient temperature are compensated for.gase@nalyzer
was transported from chamber to chamber in a wadouring a concentration
measurement, the gas analyzer was connected toht#maber with the plastic
tubing for a 1 minute period. The gases in thendlexr head space were
circulated within the chamber and the gas analyldee. digital reading of the gas
(COy,) concentration inside the chamber was recorded fiee gas analyzer. The
whole chamber deployment procedure like chambercteh, timing of opening
and closing of lids, activation of gas analyzer &mals was operated manually.
Gas fluxes were measured in sets of 4 chambertalygexing the lid attachment
to the collars and gas concentration measuremetiténchambers (2 minutes
apart). Gas concentrations were measured at @018nd 30 minutes after the lid
was placed on the collar. G@ux measurements were carried out once a week
throughout the growing season on each of the exgeetial sites (at Ellerslie and
Breton) in 2010 and at Ellerslie in 2009. The dasg fvas then calculated using
the rate of change of its concentration with respgectime (dG/dt) inside the
chamber during deployment (Rochette and Hutchi296b):

F = (dG/dt) * VIA [2.1]
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Where, F = Gas flux (mg fimin™), dG/dt = change in gas concentration with
time (mg m® min?), V = volume of chambers ({n A = area covered by

chambers ().

2.2.3 Statistical analyses
Data from two sites were analyzed separately sineanain goal was to

evaluate the differences in gas fluxes due to ifftmanagement regimes in two
contrasting soil types. Within and between eachtgpe, the difference between
treatments were tested by repeated measures kpligmalysis using the Mixed
Model function of SAS version 9.2 (SAS Institute1P) with Kolmogorov-
Smirnov and Levene’s tests being used to checkdomality and homogeneity
of variances. All data were log-normally distribdite

Repeated measures ANOVA on the weekly mean €fux rates were
used to determine whether there was a significiatteon the rate of soil CO
fluxes for the different tillage treatments, thdéfetient Nitrogen treatments, the
different soil types and for the different dry oetigrowing seasons. We collected
daily precipitation and soil temperature measurdémein the Chernozems and
Luvisols sites along with daily soil water conteatdhe Luvisols site to study the
likelihood of any soil physical environmental effecon NO emissions. We
performed linear correlation analyses for soil moes and exponential growth
correlation for temperature effects on soil nissions from both soil types for
different tillage treatments and N fertilizer agpliions. For all the analyses we
assumed little or no microsite differences in swimperature and moisture

contents. Since we did not have soil moisture aggntaeasurements for the
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Chernozems, we assumed changes in precipitatianaegous to fluctuations in

soil moisture condition.

2.3 Results

2.3.1 Effects of tillage reversal on growing season soil CO,
emission

Tillage reversal after ~30 years caused greates €@@issions from the
Black Chernozemic and Gray Luvisolic soils investegl invariably for different
fertilizer treatments and weather conditions. Hogvewvthe magnitude of the
increase in soil Cfluxes following tillage reversal from the conviemtal tillage
(CT) plots compared to those from no-till contrdbtp (NT) was not always
consistent throughout the growing season or aatiffsent fertilizer treatments,
weather conditions and soil types.

The very first tillage event after 30 years on theertilized (ON) Black
Chernozems during 2009 did not show an observdidage in weekly averaged
hourly soil CQ effluxes with respect to those from NT plots ugilub™ week
following the tillage event. After 5 weeks, grea@0O, emissions were measured
for the 4 following weeks (Figure 2.4a). The fexeld Chernozems (100N),
however, showed higher G@missions upon tillage reversal from the verytfirs
week following the tillage event and gradually eesed up until 8 week after
tillage before decreasing to levels similar to tlodill treatment by the end of the
growing season (Figure 2.4b). The increases in lyeakeraged hourly CO
effluxes in the CT treatment peaked, irrespectiveitmogen fertilizer treatments,
between the ® and &' weeks after the tillage reversal during 2009. tSpbt

repeated measures analyses showed no statissaiiijicant difference between
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the fluxes from the CT and NT Chernozems for bdté fertilizer treatments
throughout the growing season (Table 2.2) excepsehduring 8 week after
tillage (P < 0.05. Although weekly averaged hourly soil €fuxes did not show
statistically significant differences upon tillageversal throughout the growing
season, total estimates of growing season (June@bpr) CQ effluxes from
CT plots showed an increase over NT plots of 1.84d@ 3.565 t hafor 0 N
(P=0.52 Table 2.2) and 100 NPE0.20 Table 2.2) treatments respectively
(Table 2.3 and 2.4).

After the second tillage event on the Black Cheemoz in 2010, higher
weekly averaged hourly Cffluxes were observed both for the unfertilized (0
N) and fertilized (100 N) treatments from th& zhrough &' weeks following
tillage (Figure 2.4 a, b). The 0 N plots yieldedadmost similar increase in GO
fluxes after tillage throughout the period mentidrearlier while the 100 N plots
showed a peak increase in C€ifluxes at the 7 week following tillage (Figure
2.4 a, b). Total growing season £@missions from the CT plots following the
second tillage event on the Chernozems during 204i@ greater than the NT
plots by 2.221 and 2.433 thdor 0 N and 100 N respectively (Table 2.3, 2.4),
but these differences were not statistically sigarit (P=0.07 for O N; P=0.17
for 100N; Table 2.2).

The first tillage event following 31 years of nd-tion the Gray Luvisols
during 2010 significantlyR < 0.05 Table 2.2) stimulated CCemissions from
the unfertilized plots throughout the growing seagleigure 2.6). The increased

emissions following tillage reversal started by #feweek after tillage and lasted
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up until 13" week before it decreased at the end of the groweagon (Figure
2.6). Total growing season G@ux estimates in CT plots were higher than the
NT plots by 2.453 t Ha(Table 2.3, 2.4).

Unlike the unfertilized plots, the fertilized plotsly showed a marginal
increase in C® emissions following tillage reversal throughout tgrowing
season except durind'8veek after tillage when there was a two-fold imsein
soil CO, fluxes in the conventional tillage plots comparedthe notill plots
(Figure 2.6). Increases in weekly, averaged hdilukes after tillage on fertilized
plots were not statistically significanP£0.45, Table 2.2) but there was still an
estimated whole growing season (June-September) €Xidssion increase of

1.067 t h# in fertilized CT plots compared to fertilized NTops (Table 2.3, 2.4).

2.3.2 Soil CO, emissions due to two consecutive tillage events
after tillage reversal

At the onset of our study we expected and accghglihypothesized that
the possible acceleration in @@missions upon tillage reversal would diminish
with consecutive tillage events. Even though thedi100N plots on the Black
Chernozems had higher weekly average, @xes in 2010 compared to 2009
(Figure 2.4b), the difference between total gronsegson Coflux in tilled and
notill plots decreased from 3.565 to 2.433 T tiem 2009 to 2010 (Table 2.4).
The unfertilized (0 N) Chernozems, however, showedopposite trend since it
yielded higher C@effluxes following the second tillage event in Rthan those
during the first tillage event in 2009 (Figure 2.4ad consequently the difference
between CT and NT whole growing season estimat2471t ha in 2009
compared to 2.221 t Han 2010 (Table 2.4a).
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These reversing trends between fertilized andrtilifed plots indicate a

fertilizer treatment effect on G@missions as well.

2.3.3 Effects of nitrogen fertilizer on accelerated soil CO,
emission upon tillage reversal

Nitrogen fertilization had varying impacts on thmagnitude of soil C®
emissions from both soil types upon tillage reviersader different weather
conditions. Although greater G@&missions were observed on the 100 N plots
compared to O N irrespective of tillage treatme(figure 2.5a), they were not
statistically significant (P > 0.05; Table 2.2) fibbe Chernozems. Even so, an
estimated additional 3.110 t h&June-September) GQvas emitted over the
growing season from fertilized CT plots comparedutdertilized CT plots in
2009 on the Chernozems (Table 2.3 and 2.4 b). d@trdertilization appeared to
stimulate CQ emissions from the NT plots in the Chernozems atsadditional
0.993 t h& emitted from 100N NT plots over ON NT plots.

The second tillage event in 2010 on the Chernozesidted in an almost
identical increase in weekly averaged hourly,@&missions from both fertilized
and unfertilized plots in betweerf Zind &' week after the tillage event, but with
no difference observed during the other weeks (€igusb). The second tillage
event during 2010 was estimated to cause an irenlegwing season total of
CO, emissions by 2.407 and 2.196 t'HET and NT, respectively) from fertilized
plots over unfertilized plots (Table 2.3 and 2.6j the weekly averaged hourly
fluxes showed no statistically significant diffecess between the two fertilizer

treatments irrespective of tillage treatmeifts>(0.05 Table 2.2).
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The increases of COemissions from the fertilized NT plots over the
unfertilized NT plots represent the fertilizer coimtitions to increased soil GO
emissions. The increased £€@missions from the fertilized CT plots over the
unfertilized CT plots represents the contributiasfstillage and fertilizer to
increase soil C®emissions. Subtracting the difference betweetilifed and
unfertilized NT plot CQ emissions from the difference between fertilized a
unfertilized CT plot CQ@ emissions gives an estimate of the increased CO
emission due to tillage alone (assuming there issigaificant fertilization by
tillage interactions). Therefore, in the Chernosean additional 2.117 t G@a*

was emitted due to tillage in 2009, but only 0.2TIO, ha' in 2010 (Table 2.4b).

The Gray Luvisols, unlike the Chernozems, had aifsognt increase in
weekly averaged hourly GCemissions stimulated by nitrogen fertilization for
both CT £<0.05 and NT P<0.0]) treatments throughout the growing season
(Table 2.2, Figure 2.6) during 2010. Consequertitey growing season estimates
of increased C®emissions of the 100N plots over the ON plots was® high
i.e., 4.003 and 5.389 t flaespectively for CT and NT treatments (Table 18 a
2.4b). However, unlike the Chernozems, the appariérdgen fertilization effect
(100 N) was greater in the NT plots than the CTigpl&igure 2.6) during 2010
and showed a reduction of 1.386 t'H&0,in the CT compared to N(Table 2.4).
This reduction in additional CQemissions upon tillage reversal does not suggest

an emission reduction due to nitrogen fertilizatiather it likely happened due to
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increases in emissions from non-tilled (NT) fexeld plots at higher rates than

those from tilled (CT) fertilized plots. The medsm for this is unclear.

2.3.4 Effects of indigenous soil fertility on accelerated soil CO,
emission upon tillage reversal

The organic matter-rich unfertilized Chernozemsldgd significantly
higher P£<0.01) (Table 2.2) CQ fluxes throughout the 2010 growing season
(Figure 2.7a) than those from relatively organidterapoor unfertilized Luvisols
irrespective of tillage treatments (Table 2.3 andl).2 However, nitrogen
fertilization (LOON) appeared to significantly reguthe flux differences between
these two soil types in terms of both hourly flu€sgure 2.7b) and growing
season estimates (from a range of 4.904 - 5.138 fdr 0 N to a range of 1.942 -
3.308 t hd for 100N) for both the tillage treatments (Tabl2, 2.3 and 2.4d).

Nitrogen fertilization (100N) further stimulated @Cmissions upon
tillage due to the higher inherent fertility statisthe Chernozems on a weekly
basis (Figure 2.7) and on a growing season bagi$.@86 t hd; Table 2.4). This,
however, was due to reduced flux differences batw@&& and NT treatments
apparently resulting from nitrogen fertilization a@fie Luvisols rather than
increased emissions from fertilizing the ChernozdRigure 2.7, Table 2.3 and
2.4). The unfertilized (ON) Luvisols, however, ylel a marginally higher (by
0.232 t h#d on a whole growing season basis) additional inerems CQ
emissions than those from relatively fertile unfeed (ON) Chernozems

following tillage (Table 2.4d).
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2.3.5 Soil carbon sequestration from long term no-till practice
and the underlying assumption of “Assurance Factor”

We have done a gross estimation exercise so destothe idea in
formulating Assurance Factor that assumes carbassems from tillage of a
conservation tillage land are equal to the amowftsarbon sequestered as a
result of conversion from conventional to conseorator no tillage. For that
purpose we calculated long term soil carbon stocigage rates from Nyborg et
al. (1999) and Malhi et al. (2011a,b) for 28 ye&i®79-2007) since the
establishments of the long term no-till Chernozeand Luvisols plots for two
different N application rates like 0 N and 100 NheTlong term estimates showed
a trend of additional soil carbon sequestratiomltast of the adoption of no-till
practice in both soil types under both fertilizezatments except in unfertilized
Luvisols that showed a deterioration of soil carstmrage due to long term no-till
(Table 2.5). Gross growing season estimates fromstudy showed additional
carbon emissions enhanced by tillage reversal &h Ithe soil types and the
fertilizer applications (Table 2.6). We found ageaable agreement between the
rates of soil carbon emission and sequestratioohdy unfertilized Chernozems
(Table 2.5). For unfertilized Luvisols and fertdiz Chernozems and Luvisols we
found the emission rates due to tillage reversatewmuch larger than the
sequestration rates as a result of conversion f@@mto NT (Table 2.5).
Relatively nutrient poor fertilized and unfertilcdong term NT Luvisols showed
greater emission vs sequestration ratio than ocgaaiter rich Chernozems after
tillage reversal (Table 2.5). However, carbon sstpation estimates and carbon
loss estimates following tillage were assessed dwer very different time
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periods. Initial rates of carbon loss over thstfiew tillage events are likely to be
greater than the long-term average, just as thi@linates of carbon sequestration

following implementation of no-till are likely gréar than the long-term average.

2.4 Discussions
Pre-seeding soil CCfluxes ranged from 1 — 3 kg hié™ in our study for

different tillage and fertilizer treatments as wall across soil types which is
higher than other studies that reported a typiesd of CQ emissions from
croplands ranging between 0.1 and 2.0 k{ i (Raich and Schlesinger 1992;
Ellert and Janzen 1999). We found an average 4kg1#*h™ CO, fluxes during
mid-growing season for different tillage and fexgr treatments across two
different soil types which are slightly lower thtre results of 15 — 25 kg ha™
around the middle of the growing season from a pe@a soil for different tillage
treatments across sites (Regina and Alakukku 20®se differences might be
attributable to climate and management historyedéfiices between sites.
Weekly, average hourly fluxes throughout both griyvéeasons showed
that conventional tillage (CT) stimulated higheil €60, emissions with respect
to those from non-tilled (NT) plots for differenitmogen fertilizer applications on
two different soil types (Figures 2.4 and 2.6). Thagnitude of those increases,
however, varied as the growing season progressgdlan with different nitrogen
treatments and soil types. We found a very sma#l Q06 kg h# h™) flush of CQ
release within the first week of the tillage evét different nitrogen treatments
and soil types. Ellert and Janzen (1999) report&@Daflush of ~3.3 kg ha h'

within 6 hours of tillage which is higher than witair study indicated. This might
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be due to the fact that we had to install a largenber of chambers on the field
after the tillage event which delayed the first swwament to 48 hours following
the tillage event. As a result, the initial tilagduced flush of COstimulated by
physical alteration of soil structure was likelyssed. But this does not hinder the
importance and purpose of our study since the phlselease of COfrom
recently tilled soils likely has a minimal influemon atmospheric GOThis is
because most of the immediate Ciux following tillage is from atmospheric
CO, that was incorporated into the soil during tilldgdert and Janzen 1999). On
the other hand, the biological release of,@® the stimulation of heterotrophic
decomposition upon tillage is considered to be tacnatributor to atmospheric
CO; (Ellert and Janzen 1999). Therefore, soil Gl0x studies during the whole
growing season are recommended to examine thetffdctillage on soil
heterotrophic C@ production stimulated by tillage-induced changes sbil
architecture and environment (Ellert and Janzen9)l9¢hich strengthens the
importance of our methodology. Moreover, Regina Afakukku (2010) did not
find any significant fresh tillage induced @@ush from a European soil.

Instead of a tillage-induced initial G@lush our results indicated a trend
of increased soil COemissions during the middle of the growing season
stimulated by tillage for different nitrogen appglions. This may be due to
facilitated soil aeration and nutrient status tlgtoumixing of residues which
enhanced microbial activity in the rhizosphere antk soil. Repeated measures
split-plot statistical analyses, however, showed significant tillage induced

increase in C@ emissions on a weekly basis throughout the grovéegson
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(Table 2.2) except for the unfertilized (ON) Luviso plots. The lack of
statistically significant difference between houiGO, fluxes from different
tillage treatments were mainly due to inter-refgbceariability being higher than
inter-treatment variability as apparent by the déargtandard error bars (Figures
2.4-2.7). Despite subtle differences in hourly @axan increased 1.067 — 3.565 t
ha' growing seasoft of tillage induced-increased G@missions were estimated
(Table 2.4). This can be corroborated by the ebes® in light fraction organic
matter (LFOM) in long-term (>20 years) conventiotilhge treatments, which
reflects a balance between crop residues input theadt decomposition and
persistence. The LFOM is readily degradable andcéheama more sensitive to
management practices (Malhi et al. 2011a).

Profile distributions of soil organic matter accuation in different
studies showed a higher accumulation of soil oanatter at the soil surface
and a gradual decrease in carbon accumulation a@gth in long term no till
plots (Machado et al. 2003; Malhi et al. 2011a) tluéhe absence of soil mixing
by tillage. This information gave rise to our fitsgpothesis of a substantial €O
flush after the tillage reversal on long term plagsder no-till management
stimulated by a disturbance of potentially highegy $oil carbon pool accumulated
over the years which will gradually decrease wibnsecutive tillage events. Our
results, however, did not confirm a substantial,@Osh immediately after the
inaugural tillage events during 2009 on the Cheenuz This might be due to the
fact that 2009 had a drier growing season withoytsagnificant rainfall until the

end of June (B week after tillage) (Figure 2.8). Following sificant rainfall,
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differences in C@emissions between the tilled and notill subplasadme more
apparent. In the wetter spring of 2010, we foundrerease in tillage induced
CO, flush during the second tillage event from O N plathich might be
attributable to favorable soil moisture statuslfeted by higher rainfall in 2010
while soil temperature of the two growing seasomsenalmost identical (Table
2.3, Figures 2.8, 2.10). In order to reconcile thet we performed linear
correlations of hourly C®fluxes vs precipitation and curvilinear correlasoof
the same vs soil temperatures for both of the yetltage and nitrogen
treatments. Surprisingly we found no significantretations between CCiluxes
and precipitation whereas there were strong expg@egrowth responses of
fluxes to changes in soil temperatures (Figure&,2112). This suggests that the
seasonal changes in soil moisture content had littpbact on soil C®emissions
and the interannual variability of GG@luxes were predominantly governed by the
interannual variations in precipitation and henc# moisture between 2009 and
2010. Instead of directly affecting GQemissions, soil moisture variations
influenced temperature responses of microbial #égtsince we found a stronger
temperature dependence of fluxes in wetter sollsxd2010 with respect to those
from relatively drier soils during 2009 (Figured. 2. 2.12). The idea was further
corroborated by a similar trend of temperature ddpace of soil C@emissions
that was found in Luvisolic soils irrespective dfagge and nitrogen treatments
during 2010 when the soil water content was weblvabfield capacity throughout
the growing season and hence seasonal variationSQn fluxes were less

sensitive to changes in soil water content (Fig@r8s2.13).
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The magnitudes and directions of tillage-inducedngfes of soil C®
emissions over the growing seasons were, howegandfto vary widely with
nitrogen applications, weather conditions and smeés. In fact, we found greater
statistically significant differences in soil G@missions when we took nitrogen
applications, weather conditions and soil type® inbnsideration rather than
considering the tillage treatments alone (Table).2This provided us with
additional opportunities to have greater insighmt® ithe processes affected by
tillage reversal on a long term non-tilled plot.eBtwally we ended up having the
guestions of how different nitrogen fertilizer aigptions, soil types and weather
conditions actually did affect the magnitudes ameations of tillage induced
CO, emissions. Moreover, all of our experimental pluse been managed under
residue retention practices which have an additiomde in soil carbon
sequestration. Since all these factors have a wergh additive effect on soil
carbon sequestration we've tried to explain theiteractive effects on the
magnitudes of soil COemissions as we progress hereatfter.

Tillage reversal after ~30 years on an unfertiliZ€dN) Chernozems
during 2009 vyielded higher soil GOemissions (Table 2.4a; Figure 2.4a)
compared to the notill plots which might be atttduli to the mixing of surface
residue in tilled soils and increased soil aeratidrich facilitates mineralization,
root respiration, and root exudation (Malhi et2011a). Nitrogen-fertilized (100
N) plots, however, showed a higher soil {sh than that from 0 N plots (Table
2.4b; Figure 2.4b) since the 100 N plots might hpxeduced higher above and

below ground biomass over the years which accumdilahd was available for
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microbial decomposition following tillage reversgMalhi et al. 2011a).
Moreover, increased soil temperature is a resuthiock surface residue removal
through mixing after tillage reversal (Havlin et d999) and might have an
additive effect on facilitating microbial decompomn on 100 N Chernozems
plots. The additive effect of nitrogen applicatioos tillage-induced C®
emissions drastically reduced following the sectihage event during 2010 on
the Chernozems (Table 2.4b; Figure 2.4) and thaghimbe attributed to the
absence of thick surface residue layer which cdetite difference after the first
tillage reversal.

The inaugural tillage event after ~31 years of hatl 2010 on an
unfertilized (ON) Luvisols stimulated higher @@missions compared to that from
Chernozems (Table 2.4a; Figure 2.6). Tillage mipghve facilitated residue
mixing and aeration within the soil in the Luvisokoils, which are generally
known to be very compact, and hence had an addffeet on above mentioned
nutrient status induced GCmissions. Reduction of soil compactness through
tillage may have also facilitated root growth anente root exudation and
microbial activity in the rhizosphere. Our findingad explanations are further
corroborated by a long term study on the samesbére an increase in soll
organic matter is reported under no-till (NT) traant (Malhi et al. 2011a,b).

Conventional tillage (CT) increases oxidation ofil sarganic matter,
mixing of surface residues and hence increasehbialrcontact to the substrates
thereby improves microbial growth and decomposigarironment (Malhi et al.

2011a), especially in soils with relatively low igdnous fertility status (Thomson
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et al. 2006). This might cause an additional,@@sh after tillage on unfertilized
(ON) relatively nutrient poor Luvisolic soils wittespect to that from unfertilized
(0 N) Chernozems (Table 2.4d; Figure 2.7a) durif@02 Nitrogen application
(100N), however, reversed the situation (Table 2.Bgjure 2.7b) since it
diminished the nutrient status difference betwelédtand non-tilled soils due to
residue mixing by providing the non-tilled geneyailutrient poor Luvisolic soils
with an alternative source of nutrient.

While testing the underlying assumption of Assueaf@ctor to account
for average risks of tillage reversal on greenhog@s®& emissions, our exercise
could not confirm that the sequestration ratesodfcarbon due to the adoption of
long term NT practice equates the carbon emissitesrafter tillage reversal on a
long term NT soil. Our findings showed that theesabf CQ emissions after
tilage reversal were higher than the rates of estjation resultant from the
adoption of long term NT. Rapid decomposition a@fhti fraction soil organic
matter accumulated in the top soils over the yealeng term NT might have
produced a higher rate of G@mission after tillage reversal on a long term NT
soil than the rate of sequestration after the adoptf long term NT (Havlin et al.
1999). The ratio of rates of G@missions after tillage reversal to the rates of
sequestration after the adoption of long term N& laigher for Gray Luvisols
with relatively poor indigenous fertility than nignt rich Black Chernozems.
This trend is consistent with other findings wherey reported greater impacts of
adoption of long term NT management on soil carbeguestration of relatively

low indigenous fertility soils than highly fertieoils (Malhi et al. 2011a,b).
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2.5 Conclusions

Inaugural tillage events on long term notill femdd (100 N) and
unfertilized (0 N) Chernozems and Luvisols after y8@rs caused considerably
higher CQ emissions. Our study was unable to report a htgirflush of CQ
emissions immediately after the tillage reversalwas proposed in our initial
hypothesis. In fact, nitrogen fertilization, wettil and indigenous soil fertility
had more impact on soil GOemissions than tillage as single factors.
Considerable augmentation of tillage induced addii CQ emissions was
found by nitrogen fertilization (100 N) and wettsoil physical environment.
Unfertilized Luvisolic soils with relatively lesso$ organic matter enhanced
tilage induced additional COemissions than unfertilized Chernozems with
higher soil organic matter content in our shorimeifux study. Comparative
estimation of emission and sequestration ratesdicdconfirm the underlying idea
of Assurance Factor that assumes the rate of adiloo emission after tillage
reversal on a long term notill soil equates the rait soil carbon sequestration
after the conversion of a conventionally tilledlgoino till soil. Instead we found
rates of CQ emissions after tillage reversal on a long term $¢il were higher
than that of sequestration after the adoption 0§ lterm NT. Moreover, emission
VS sequestration rates are very different for diffié soil types with generally
nutrient poor soils having a higher average ridiaddlitional CQ emissions after
tillage reversal. Nitrogen fertilized soils gengrahowed higher C®emissions
to sequestration ratio after tillage reversal fothbthe type of soils under study.
The higher CQemission rates in the second consecutive tillagateafter tillage

reversal than the inaugural tillage event on Bl@tlkernozems indicated that this
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trend of the rates of GOemissions after tillage reversal being higher tkzn

rates of sequestration after the adoption of lagrgntNT was not a transient
effect. Though we presented a gross estimationceseerand included only
growing season fluxes into account, our study fo first time indicates the
importance of reconsidering the underlying assuomptf Assurance Factor in
existing quantification protocol of tillage managam system of Government of
Alberta as well as provides a general structurdudher in depth studies in this

sector.
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Table 2.1 : Descriptive characteristics (mean * stalard error) of surface
soils (0-15 cm) of two study sites [source: Plan&t al. 2010]

Breton Ellerslie

Location Lat. 53°5°22N, Long Lat53°25°12 N, Long
114°26°33 W 113°32°50 W

MAT 2.1°C 1.7°C

MAP 547 mm 452 mm

Soil Classification

Orthic Gray Luvisol

Orthic Bla€hernozem

Clay content 220 g clay Kosoil 360 g clay kg soil
Total Organic Carbon (g| 91 51+1

C kg* soil)

Total Nitrogen (g N kg | 0.9+0.03 4.5+0.09

soil)

C:N ratio 9.6x0.5 11.4+0.2
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Table 2.2: Split plot repeated measures statistiasf weekly averaged soil CQ
effluxes (kg CO ha* h) from the Black Chernozemic and Gray Luvisolic
soils under different tillage treatments, nitrogenfertilizer treatments and
weather conditions

Conventional tillage (CT) vs No tillage (NT)
. N-fertilizer
Soil types treatment Year n SE P value
ON 2009 48 0.68388 0.5226
Chernoze 100 N 48 0.92592 0.2040
ON 2010 56 0.30312 0.0722
100 N 56 0.58056 0.1701
. ON 56 0.27048 0.0150*
Luvisol 100 N 2010 56 045780 0.4496
Unfertilized (0 N) vs N-fertilized (100 N)
. Tillage
Soil types treatment Year n SE P value
NT 2009 48 0.76254 0.6560
Chernoze CT 48 0.49686 0.0894
NT 2010 56 0.28530 0.0644
CT 56 0.29994 0.0583
. NT 56 0.40152] 0.0025**
Luvisol CT 2010 56 0.40788  0.0355*
2009 (total annual precipitation 171 mm) vs 2010dtal annual precipitation
558 mm)
. N-fertilizer Tillage
Soil type | '\ iment | treatment " SE P value
ON NT 48 0.32622 0.0181*
Chernoze 100 N 48 0.4236(0 0.0123*
ON cT 48 0.70866 0.0202*
100 N 48 0.7044Q 0.0257*
Chernozems (higher SOM) vs Luvisols (lower SOM)
Year N-fertilizer Tillage n SE P value
treatment | treatment
ON NT 56 0.22344|  0.0034**
2010 100 N 56 0.62292 0.2902
ON cT 56 0.19908] 0.0027**
100 N 56 0.53166 0.0600

*Significant at p < 0.05 **Significant at p < 0.01
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Table 2.3: Estimated growing season (June-Septembesoil CO, effluxes
from Black Chernozemic and Gray Luvisolic soils uner different tillage
treatments, nitrogen fertilizer treatments and weaher conditions

Avergge Growing
Growing growing _ N- season
Year season season soil Solil type Tillage fertilizer CO
precipitation| temperature treatment
treatment efflux
(mm) at5cm (t hat) *
depth ¢C)
ON 11.12
CT
2009 171 15.11 100 N 14.43
NT ON 9.88
Chernoze 100 N 10.87
CT —ioon | 1661
2010 558 14.10 - N 11.98
100 N 14.17
cT 180NN fés??o
2010 378 16.12 Luvisol '
NT ON 6.84
100 N 12.23

*Growing season C®flux (t ha') = Average measured G@lux throughout the

growing season (kg Hah™)x number of hours within the growing season (June —
September)/1000

45



Table 2.4: Estimated changes in growing season (JedSeptember) soil CQ
effluxes from Black Chernozemic and Gray Luvisolicsoils due to different
tillage treatments, nitrogen fertilizer treatmentsand weather conditions

(a) Change due to tillage (+/-)

Change in growing season soil
Soil type Year N-fertilizer treatment CO; efflux (t ha')
(CT = NT)
ON 1.247
Chernozem 2009 100 N 3.565
2010 ON 2.221
100 N 2.433
. ON 2.453
Luvisol 2010 100 N 1067
(b) Change due to N fertilization (+/-)
Change in Additional growing season soil
Tillage growing season| CO, efflux upon tillage due to N
Soil type Year treatrr%ent soil CG; efflux (t fertilization (t ha")
ha®) (CT = NT)
(1000N—-0N)
2009 N 20 2.117
Chernozem 2010 cT 5207 ot
NT 2.196 '
. CT 4.003
Luvisol 2010 NT 5 389 -1.386
c ange due to wetter weather condition in ith respect to that in +/-
Ch d h dition in 201@ith hat in 2009 (+/
ch . Additional growing season soil
rowiﬁngsee:anson CQO, efflux following tillage due
Soil type Tillage N-fertilizer zoil CC?Z efflux to wet weather condition
P treatment | treatment 1 in 2010 (t ha)
(tha’) (CT —NT)
(2010 - 2009)
cT ON 3.078 0.975
Chernozem 100 N 2.174 (for O N plots)
NT ON 2.103 -1.132
100 N 3.306 (for 100 N plots)
ange due to higher inherent fertility statuso ernozemic soils than that of Luviso
d) Ch d higher inh fertili f Ch i ils than that of Luvisol
(+1-)
Change in Additional growing season soil
N- growing season| CO, efflux following tillage due
. o soil CG; efflux (t | to higher indigenous fertility of
Year | Tillage treatment tfrigt“rﬁ:qt ha) Chernozem (t Y (CT - NT)
(Chernozem —
Luvisol)
cT ON 4.904 -0.232
2010 100 N 3.308 (for O N plots)
NT ON 5.136 1.336
100 N 1.942 (for 100 N plots)
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Table 2.5: Estimated soil carbon sequestration rate (1979-2007) due to
adoption of long term no-till practice and emissionrates (2009/2010) after
tillage reversal on Black Chernozemic and Gray Luwsolic soils

N Carbon emission rate | Carbon sequestration rate
Soil tvoe | fertilizer after tillage reversal due

yp reatment| (€ ha' growing season|  to the adoption of long
Y term no-till (t C hayr})*

Chernozem ON 0.473* 0.411

100 N 0.818* 0.462

ON 0.669 -0.125

Luvisol
100 N 0.291 0.125

* average of 2009 and 2010
* Calculated from values using as described in Nytmdrgl. (1995); Malhi et al.

(2011a,b)
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Ellerslie and Breton TSN (Malhi) Plot i

R1 R2 R3 R4
T6) Notill, Straw, 100N

(T4) Notill, Straw, No N (T6) Naotill, Straw, 100N

(T6) Notill, Straw, 100N

iTGi Notill, Straw, 100N iT4i Notill, Straw, No N 27.4m

(T4) Notill, Straw, No N

iT4i Notill, Straw, No N !
N

< 274 m .
_ N--Ellerslie
Plot size —6.85 m x 2.74 m e W--Breton

v

Figure 2.1: Experimental setup of TSN (Malhi) Plotsat Ellerslie and Breton.
The plots highlighted in gray were the subjects afhe investigation. The
dark gray side were tilled.

48



Figure 2.2: An active chamber in situ
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Figure 2.3: Photoacoustic multi gas analyzer connea to the active chamber
through tubing
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Figure 2.4: CO, fluxes from non-tilled (NT) and conventionally tilled (CT) (a)
unfertilized and (b) fertilized Black Chernozem sdis during 2009 (closed
symbols) and 2010 (open symbols). Each dot represemn average of four
replicates and bars represent + standard errors

51



e e e
oON DO

oOnN B~ O

—— CT —A—

1, -1
CO, flux (kg ha™ h*)
BE B

[EY
o

oON O

=

T
oj1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Tillage, nitrogen Week
application and seeding
on June 03

Figure 2.5: CO, fluxes from conventionally tilled (CT) and non-tilled (NT)
regimes of unfertilized (open symbols) and fertilied plots (closed symbols)
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Chernozemic soils during 2010. Each dot represengn average of four
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Figure 2.8: Weekly precipitation in Black Chernozemsoils in 2009 and in
2010
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Figure 2.10: Daily soil temperature at Black Chernaems during 2009 (open
triangles) and 2010 (closed triangles) and Gray Lusolic soils in 2010 at 5 cm

depths
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Figure 2.11: Relationships between weekly averagdéuburly soil CO, fluxes
and daily soil temperature at 5 cm depth over BlackChernozems during
2009. Each dot represents an average of four repéites and bars represent +
standard errors
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Chapter 3

3 NO emissions from a Black Chernozem and a
Gray Luvisol under long term no till management
after tillage reversal

3.1 Introduction
Nitrous oxide is an important greenhouse gas becalligs contribution to

radiative forcing and its detrimental effects om thzone layer (Boeckx et al.
2011). Though atmospheric concentration g®Ns much less than that of G®
has a greenhouse gas potential of about 310 tindes(@monode et al. 2011).
Unlike CQ,, NoO does not have a prominent atmospheric sink othan
deposition which makes it more difficult to mitigabnce in the atmosphere.
Agriculture is a big player in atmospheric,O emission dynamics since
agricultural soils were estimated to constitute lab88% of the total global
anthropogenic PbD emissions (IPCC 2007). .8 from agricultural soils is
primarily a product of aerobic nitrifier denitristion and anaerobic microbial
denitrification as well as chemical denitrificatigiienterea and Rolston 2000;
Mdller et al. 2006; Venterea 2007). Agriculturaagtices such as tillage, mineral
N fertilizer applications and crop residue managameither individually or by
interactions, may have a substantial impact on tdgeoation in different
magnitudes and directions (Boeckx et al. 2011)] Saracteristics including
texture, degree of compaction and water filled pityoinfluence the magnitude
and variability of denitrification mediated,® emissions (MacKenzie et al. 1997;

Baggs et al. 2003).
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Theoretically conventional tillage (CT) can impros@l aeration that may
lead to suppression of ;0 emissions by reducing anaerobicity required for
denitrifiers. On the other hand, aerobic nitrifyibgcteria can also utilize NCas
an alternate electron acceptor and this aerobtdftar denitrification’ proceeds
readily under improved soil Qevels as facilitated by CT (Remde and Conrad
1990). Moreover, increased aerobic decompositiosodforganic matter through
nitrification enhanced by tillage adds to the ;N@ soil solutions, the substrate
for denitrification, thereby facilitating XD emissions (Davidson et al. 2000).
Some experiments noted reducegDNemissions under conventional tillage (Ball
et al. 1999; Skiba et al. 2002; Vinten et al. 2002) others reported reduced
emissions under no-tillage (Lemke et al. 1999; 6likh and Olesen 2007,
Gregorich et al. 2007). Some studies showed necefof tillage on MNO
emissions (Grandy et al. 2006; Boeckx et al. 20%1ch contrasting findings of
how tillage affects denitrification makes it diffic to attribute tillage as a sole
factor of either increased or decrease®Mmissions from agricultural soils and
suggests that the effects are either site- or gammespecific.

Conservation tillage or no-tilage has been prodoss a means of
increased carbon sequestration in agriculturalssathich is gaining popularity
within Western Canadian farming communities (Sixakt2004). Reduced GO
emissions or increased soil carbon sequestratibe\zed by no-tillage, however,
might be offset by an increase in@Iemission (Li et al. 2005; Xu et al. 2008)
from the same. This is not an obvious fact thougbessome studies revealed that

the increase in YD emissions as a result of adoption of no-till nbidie
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minimized in the long term (Gregorich et al. 2068 chette et al. 2008). The
government of Alberta has recently created a Ceasen Tillage Protocol for
Greenhouse Gas Offsets which allows large emittegseenhouse gases to offset
their emissions by purchasing offset credits fajuestering carbon (Goddard et
al. 2009). With this protocol, there is an Assum@ctor to account for “one-
off” tillage operations that a farmer might exectdgecontrol weeds or because of
crop failure, etc. This Assurance Factor assummatsthe rate of carbon loss from
tillage of a conservation tillage soil is the saasethe sequestration rate following
conversion from conventional to conservation téagiowever, existing tillage
management quantification protocol does not takepatential risks or gains of
additional NO emissions after tillage reversal on long term $bils. Hence,
studying the impact of tillage reversal oaONemissions from a long term no-till
plot could provide us with an excellent opporturityexamine whether there are
any potential risks of additional ., emissions or any potential gains inQN
emission reduction after tillage reversal on losgrt NT soils.

Tillage often changes soil moisture regimes and aiation that largely
govern the production of NOthrough nitrification in soils and subsequent &sss
in the form of NO through denitrification. Saturated conditions gatly
facilitate flushes of BD losses through rapid denitrification in warm and
biologically active arable soils. R loss can however continue on a longer term
basis in seemingly well aerated soils where bi@algioxygen demand in
microsites within soil aggregates may still excéwea supply (Havlin et al. 1999).

Based on this assumption, adoption of no-till pcactn warmer, humid regions
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has a higher potential of.® losses through denitrification over tilled, amtdnd
(Grant et al. 2004) and it might not have the samdffect under drier climates as
we have in Western Canada. On the contrary, hi¢dweg term soil carbon
sequestration in no-tilled plots may suggest lowegrees of microbiological
activity that supress soil NOproduction through nitrification which eventually
hinders denitrification (Janzen et al. 1998). F&tlddies examining the net impact
of tillage on soil NO emissions from long term no-tilled plots wouldwever,
have been more insightful in this regard.

Nitrogen fertilizer application and crop residue magement may also
affect soil NO emissions (Bavin et al. 2009; Synder et al. 200%yeased BO
emissions have been observed with the applicatiomN-fertilizer, assuming
conditions are suitable for denitrification (Syn@g¢rmal. 2009; van Groenigen et al.
2010; Pelster et al. 2011). In dry Western Canadals, plant uptake of mineral
N applied is sometimes minimal due to low availi&pibf water, thus leaving
more mineral N available for chemical denitrificati (Grant et al. 2004).
However, mineral N application is positively reldtevith carbon sequestration
that is also influenced by tillage and consequeap cesidue incorporation and
mixing (Pelster et al. 2011). SoiL®& emission is, therefore, worthy to be studied
as a function of multiple controls — tillage, nigen fertilizer application, crop
residue mixing and soil drainage so as to reveafjtiverning factors of it.

Our study aims at studying soib® emissions after tillage reversal on two
dominant Western Canadian soils like Black Chernzand Gray Luvisols.

These soils differ from each other in terms of swijanic matter content and
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drainage status and managed under long term (~ a@s)yao-till with crop
residue retention practices and different minerahpylication rates at Ellerslie
and Breton plots of University of Alberta. We hypesized:

1) No tillage (NT) facilitates higher XD emissions than conventionally
tillage (CT) for different mineral N applicationtes across soil types.

2) Mineral N application @ 100 kg Ha(100 N) stimulates higher 49
emissions than no nitrogen fertilizer applicatiOn\) for both CT and NT
across soil types.

3) Luvisols with denser subsoil and consequent lowatew permeability
emit higher NO than Chernozems for both unfertilized (0 N) and

fertilized (100 N) CT and NT.

3.2 Methodology

Field sites and gas flux measurement methods danetical to those in

Section 2.2.

3.3 Results

3.3.1 Effects of tillage reversal on soil N,O emissions
Tillage reversal after ~ 30 years had been foundaase consistently

higher soil NO emissions throughout the growing season fronuttfertilized (0

N) Black Chernozems (Figure 3.1). Split-plot repeéatmeasures analyses,
however, could not detect a statistically significaifference between weekly
average hourly fluxes from unfertilized (0 N) CTdaNT plots throughout the

growing season except those ifi Week after tillage (Figure 3.1, Table 3.1).
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Despite no statistically significant flux differess; the growing season estimates
suggested that CT was responsible to emit an additi1.792 kg of MD ha'
(1.14 kg N hd) from the unfertilized Chernozems that appearedéonon-
negligible (Tables 3.2 and 3.3). Like the unfezgll (O N) Chernozems, the
fertilized Chernozems (100 N) showed a similar drai slightly higher MO
emissions from NT than CT plots, but this trendersed after the second week
after the tillage event (Figure 3.1). Again, thevas no statistical significance
between fertilized CT and NT ChernozemgONfluxes except during”‘?week
(Table 3.1). The growing season estimates @) Bmissions, however, showed an
additional NO emission of 2.514 kg #0 ha' (1.59 kg N h#) from the fertilized
(100 N) Chernozems in response to CT (Tables 323a8B). Overall soil MO
fluxes were, therefore, found to be stimulated bg tillage reversal in both
fertilized and unfertilized Chernozems.

Tillage reversal after ~ 31 years on the unfeddiZ0 N) Gray Luvisols
stimulated significantly® < 0.01) higher NO emissions throughout the growing
season (Figure 3.2, Table 3.1). Consequently antiawolal growing season
emission of 2.658 kg 4D ha® (1.69 kg N h#) was attributed to the CT treatment
(Tables 3.2 and 3.3). The fertilized (100 N) Lu¥ssshowed more of an
inconsistent response to tillage reversal withigtaally non-significant higher
weekly averaged hourly J fluxes in most of the weeks (Figure 3.2, TablB).3.
In some weeks, NT showed highefONemissions than CT. This can be explained
by higher intra-treatment differences among repdisahat are apparent in large

standard error bars of these fluxes (Figure 3.2sdile the noise in fluxes,
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growing season estimates in the ON plots showediaal N,O emissions of
2.757 kg NO ha' (1.75 kg N h#d) in response to CT over fertilized Luvisols
(Tables 3.2 and 3.3). Our findings, therefore, mevan impression that both
fertilized and unfertilized Luvisols showed a higleenission of MO in response

to tillage reversal.

3.3.2 Effects of nitrogen application on soil N,O emissions
The 100 kg N Hafertilizer treatments on both CT and NT showechkig

N,O emissions than the 0 kg N*hareatments (Figure 3.1). Overall differences in
weekly averaged hourly fluxes were not statistycalgnificant except those
during the middle of the growing season i.& aBid 9" week after N fertilization
(Table 3.1). An additional 2.361 kg® ha' (1.50 kg N h&) was estimated to be
emitted in response to N fertilizer application oI Chernozems (Tables 3.2
and 3.3). N fertilizer application, however, wasirid to significantly P < 0.05
stimulate NO emissions from tilled (CT) Chernozems throughthwé growing
season (Figure 3.1, Table 3.1). An additional gngavseason pO emission of
3.083 kg NO ha' (1.96 kg N hd) was estimated as a result of N fertilizer
application (100 N) over CT Chernozems (TablesaB@ 3.3).

Weekly averaged hourly fluxes showed significaritigher P < 0.095
N2O emissions resulted from N fertilizer applicatih00 N) over NT Gray
Luvisols throughout the growing season (Figure J.&ble 3.1). CT Luvisols
subplots showed an even higher level of signifieaffc< 0.01) in N,O emission
stimulation by N fertilization (Figure 3.2, Tablel} Substantial additional &)

emissions of 13.785 and 13.884 kgdN ha' (8.8 kg N h&) were observed on the
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fertilized subplots on the NT and CT treatmentspeetively (Tables 3.2 and 3.3).
Our results thus inferred N application (100 N)aasignificant booster of soil

N>O emissions from Gray Luvisols regardless of télaiggatments.

3.3.3 Effects of soil type on soil N,O emissions
The unfertilized (0 N) organic matter-rich Blackh&nozems and

relatively organic matter-poor Gray Luvisols witerger subsoil horizon and
consequent lower water permeability emitted alnsastilar amount of MO up
until 4™ week of tillage and N fertilizer application footh the tillage treatments
after which the Black Chernozems started to prodnoee NO than the Luvisols
(Figure 3.3a). The increased soibON emissions from the unfertilized (0 N)
Chernozems was not statistically significant fog tT plots whereas they were
significant P < 0.05 in the case of CT plots (Table 3.1). The unfezed
Chernozems was, however, estimated to produceiaaaitN;O of 3.333 and
4.199 kg h& on the growing season basis for CT and NT (TaBlésand 3.3)
over the emissions from the Luvisols. Our study rallesuggested that
unfertilized, organic matter rich Chernozems wéslji to emit more MO than
the unfertilized organic matter poor Luvisols ipestive of tillage.

In the early part of the growing season (from rigfter the tillage and N
application up to <} week), the fertilized Luvisols showed a flush giONhigher
than the Chernozems for both CT and NT (Figure)3.Bbese differences were
not observed after thé"8veek of tillage on both N fertilization treatme(i&gure
3.3b). Analyses showed a highly significant diffeze P < 0.01) between weekly

averaged hourly pO fluxes throughout the growing season over NTiieet
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Chernozems vs Luvisols (Table 3.1). CT fertilizele€hozems and Luvisols
were, however, not statistically significantly @ifént in terms of weekly averaged
hourly NbO fluxes except during the™3and 4" weeks after tillage and N
fertilization (Table 3.1). Growing season, estimates revealed substantial
emissions from the fertilized Luvisols in compando the fertilized Chernozems
by the amounts of 7.468 and 7.225 kgohha' for CT and NT plots respectively
(Tables 3.2 and 3.3). We thereby infer from ouditngs that organic matter poor
fertilized Luvisols might lead to increased@emissions with respect to organic

matter rich fertilized Chernozems regardless tdd#.

3.3.4 Interactive effects of tillage reversal, N fertilizer
application and soil types on soil N,O emissions

Interactive statistical analyses of tillage x Ntifezer application, tillage x
soil type and tillage x N fertilizer application seil type showed no significant
differences among weekly averaged hourbONluxes throughout the growing
season. We thus found a meagre augmentation ofti@tilated NO emissions
by 0.722 kg ha growing seasohfrom Chernozems with the addition of 100 N
(Table 3.3). The Luvisols showed even lower tillag®l fertilizer interaction as
only 0.099 kg ha N,O emission was estimated from the 100 N (Table. 3.8
Luvisols showed a small increase inON emissions by 0.866 kg tafor
unfertilized plots (0 N) and 0.243 kg héor fertilized (100 N) plots over the

Chernozems (Table 3.3).
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3.3.5 Effects of soil physical environment on N,O emissions
Our analyses found no significant correlations leetv NO fluxes and

soil temperature at 5 cm depth in the Chernozegerdéess of N fertilization and
tillage. Fluxes from both unfertilized (0 N) andtfized (100 N) NT Chernozems
were found to be significantly positively correldtéR ~ 0.70, P < 0.0l with
precipitation (Figure 3.6). Multiple correlationsuggested no significant
interactive effects of precipitation and soil temrgiare on soil MO emissions in

the Chernozems for both of the tillage and feeiliZzreatments. Unlike the
Chernozems, the Luvisols showed significant exptakemcreasesRK ~ 0.90, P

< 0.01) in NoO emissions with increases in soil temperature am5depth for
fertilized CT and NT plots (Figure 3.7). We, howewdid not find any significant
correlation between the fluxes and soil water aoiné 5 cm depth in the Luvisols
for both of the tillage and fertilizer treatmentscept for unfertilized CT Luvisols
where we found a significant increage £ 0.76, P < 0.01in N,O fluxes with an
increase in soil water content (Figure 3.8). Nosigant soil moisture content x
soil temperature interaction effects on soi)ONwas indicated by multiple
correlations regardless of tillage and fertilizepplcation. These sorts of
correlation analyses are inadequate to draw firmferémces about soil
environmental impact on J0 emissions due to the inadequacy of measured data
and consequent various underlying assumptions,they provide us with an
excellent opportunity in explaining our major hypeses of tillage, N fertilizer
and solil type effects on soil,® emissions to at least some degree of confidence

rather than merely speculating the processes.
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3.4 Discussions

Increased bulk density, decreased air-filled poypdow O, diffusion
through soil and consequent low microbigl @ailability had been attributed to
higher soil NO emissions from no-tilled agricultural soils in myaprevious
studies (Smith et al. 2001; Grant et al. 2004; &ial. 2004; Grandy et al. 2006).
This underlying idea drove our first hypothesisiméreased MO emissions in
response to the adoption of long term (~ 30 yeacsillage (NT) instead of
conventional tillage (CT) on both unfertilized amidtrogen applied Black
Chernozems and Gray Luvisols. Our findings appéretid not confirm this
hypothesis. Rather we found opposite responsesggbehNO emissions on CT
over NT for both soil types and N fertilizer applion rates. Microbial ©
demand in the waterlogged microsites exceedingtipgly might have been still
producing NO through N@ mediated denitrification in apparently well draine
conventionally tilled soils (Havlin et al. 1999).0N mediated aerobic ‘nitrifier
denitrification’ might also have been taking plateultaneously to cause higher
N>O emissions from better aerated CT soils (VentarehRolston 2000). In two
long term soil carbon and nitrogen storage changgies over the same two soil
types under our study, Malhi et al. (2011a,b) reggbincreases in mineralizable
and light fraction top soil organic nitrogen in pesse to NT adoption. This sort
of accumulation was attributed to the absence dase residue mixing and less
rapid mineralization through soil disturbancesasponse to the adoption of NT.
Our results of higher YD emissions after tillage reversal thus can beobomated
by the absence of top soil accumulation of mineeddlie nitrogen in CT plots and

consequent higher soil NOconcentrations that ensured frequent substratg YNO
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availability for denitrification (Malhi et al. 2006 Similar observations of JO
emission stimulations under CT were reported ifeddint studies on drier
Western Canadian soils (Lemke et al. 1999; Malhalet2006) and also on a
Danish soil (Chatskikh and Olesen 2007). Accumalabf topsoil mineralizable
and light fraction organic nitrogen is often acc@amigd by an accumulation of
similar forms of carbon (Malhi et al. 2006, 201)aleeping that in mind, one
would expect CT to give a fair boost to £@missions as well as,8. Higher
N.O emissions stimulated by CT as found in our sthdwce can further be
corroborated by simultaneous increases in, €@issions in response to tillage
reversal as described in our £fux studies in Chapter 2. Our findings, therefore
strongly suggest that tillage reversal on long tewtill Black Chernozems and
Gray Luvisols stimulates soil X emissions regardless of N fertilization rates.
This might be because of rapid mineralization aigthdr substrate availability of
organic C and N built up from previous decades dffdllowing tillage.

Mineral nitrogen application was reported, in matydies, to stimulate
N>O emissions by raising the level of soil pj® and hence fueling denitrification
(Baggs et al. 2003; MacKenzie et al. 1997; Malhalet2006, 2011a,b; Pelster et
al. 2011). Increased soil NN level was found in same soil types under present
study as reported by Malhi et al. (2006, 2011a,dbjing years of high N
fertilization. This might cause increasedONemissions from the fertilized (100
N) Chernozems and Luvisols in comparison to urieetl (O N) plots. This
suggests that there is extra N in the soil abowee cequirements or an inability

for the crop to efficiently take up mineral N bedat is denitrified. Local N@
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accumulation through nitrification followed by Nrféizer application might also
be another cause of highep®l emissions resultant of NOmediated biological
and chemical denitrification from fertilized (100) kChernozems and Luvisols
(Venterea and Rolston 2000). Our findings, howewevealed different degrees
of NoO emission response over two different soil typEse Gray Luvisols
showed more than a 4-fold increase yONemissions over the Black Chernozems
for the 100N treatments. The soil physical envirenmmcomes into play in
explaining such variations. ;@ emissions from the fertilized (100 N) Black
Chernozems was governed by soil moisture conteherdahan soil temperature
as indicated by the significant correlations betwemil NO emissions and
precipitation (Figure 3.6) and non-significant eations between the emissions
and soil temperature. Since the Chernozems haver lbulk densities, the excess
water after heavy precipitation might have draimapidly through macropores
and that created fewer anaerobic microsites tharitivisols for a given amount
of precipitation. Moreover, characteristic denséssil horizon of Luvisols
generally has low water permeability which can eaestended periods of water
logging in wet years like 2010 (Dyck et al. 2018)p, even if the fertilized
Chernozem had higher NN levels, it had lower degree of anaerobicity to
facilitate denitrification (Figure 3.6). On the ethhand, the volumetric water
content of the Luvisols was much higher than fiedgbacity during most of the
2010 growing season (Figure 3.4) and consequeh#yseasonal changes in
denitrification rate from fertilized (100 N) Luviso was almost completely

independent of soil moisture variation. Insteae ldny other chemical reaction,

73



N>O production through denitrification from the fésed Luvisols exponentially
increased with soil temperature (Figure 3.7) siriigher levels substrate
availability and anaerobic microsites were presdence from our results we can
infer that nitrogen fertilizer application (100 NMhhanced soil pO emissions
from both the Chernozems and the Luvisols by fatihg denitrification through
substrate availability. d0 emissions from the water logged Luvisols hadesigr
response to nitrogen application than the Chernezem

The Gray Luvisols at the Breton Plots is known ifercompactness and
poor drainage in comparison to the Black ChernozatmEllerslie. One would
thus expect the Luvisols to emit highepONthan Chernozems due to lower
microbial G availability irrespective of tillage and nitrogéertilizer applications.
We, however, found two contrasting trends gONemissions in response to these
soil types. The fertilized (100 N) Luvisols withwowater permeability emitted
more NO than the fertilized Chernozems and the trendusnse in the case of no
nitrogen application (0 N). Better inherent soirtifdy and aeration of the
unfertilized (0O N) Black Chernozems might have heslin higher mineralization
and nitrification and consequently highesONemissions than the relatively less
fertile unfertilized (0 N) Gray Luvisols when s@hvironment was favorable for
denitrification (Malhi et al. 2011 a,b). The fergéd (100 N) Luvisols, however,
caught up and produced morgNthan the fertilized Chernozems mostly due to
the favorable soil physical environment for defitation as discussed in earlier
paragraph. One would argue that the highe© Nemissions from fertilized

Luvisols might be a transient effect of timing offéftilization. Previous studies
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showed that there were peak flushes eONemissions right after mineral N
application that lasted four weeks at the longdéxtiqdter et al. 2011). The
increased BD emissions from the Luvisols in our study, howewdst not seem to
be a transient effect of timing of fertilizer apggation since it stayed the same
throughout the growing season. Instead, N fertiliapplication with straw
retention might have enhanced accumulation of acgaitrogen over the years
and hence nitrogen supplying power of relativelgsldertile Luvisols than
Chernozems with higher initial fertility (Malhi et. 2011 a,b).

CT induced NO emission was increased in the Chernozems in nsspo
nitrogen fertilization (100 N). All of our experim&l units were managed under
straw retention and N fertilization was observedirtorease above and below
ground residue inputs to the soil (Malhi et al. 28b). This additional residue,
after being mixed and incorporated into the soil®@¥, could have facilitated
mineralization, nitrification and hence triggeredddional denitrification. We,
however, could not find a similar response of Ctluced NO augmentation
through N application in the Gray Luvisols. Thesaa for that is quite unclear
and we remain inconclusive on that. Unfertilizedayiuvisols produced an
additional positive effect on CT induced®l emission. This can be explained by
the fact that relatively less fertile Luvisols gaghmore soil N@N from rapid
mineralization and nitrification stimulated by atiolhal residue incorporation
through CT (Malhi et al. 2006; 2011 a,b). The facturther corroborated by a
reduction in tillage induced J® production from N fertilized (100 N) Gray

Luvisols in comparison to ON (Table 3.3c).

75



3.5 Conclusions

Tillage reversal caused higher,®I emissions from long term notill
Chernozems and Luvisols independent of nitrogetilifer application and soil
types. Nitrogen fertilizer application and soil &g however, modified the
relationships between tillage and@emissions. Tillage induced,® emissions
were augmented by the application of 100 N in B@ternozems and Luvisols.
Unfertilized Luvisols exhibited higher tillage incded NO emissions than
unfertilized Chernozems. Nitrogen fertilizer apption (100 N) was found to be
the strongest single factor to augmenONemissions especially in Luvisols. Our
findings here pointed out an important fact thatlitnal CQ emissions after
tillage reversal on a long term notill soil weret maffset by a simultaneous
reduction of other greenhouse gas lik@©NInstead an increase in®l emissions
were associated with increased L£@missions followed by tillage reversal.
Therefore, average risks of,® emissions upon tillage reversal on a long term
NT soil should also be accounted for in quantifyaagbon offset resulting from

adoption of long term NT.
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Table 3.1: Split plot repeated measures statistiasf weekly averaged soil hO
fluxes (kg ha® h™) from Black Chernozemic and Gray Luvisolic soils mder

different tillage treatments and nitrogen fertilizer treatments

Conventional tillage (CT) vs No tillage (NT)

Solil types N-fertilizer treatment n SE P value
Chernozem ON 55 0.3618 0.0962
100N 56 0.6264 0.1566
Luvisol ON 56 0.2418 0.0065**
100N 56 1.1934 0.4543
Unfertilized (0 N) vs N-fertilized (100 N)
Solil types Tillage treatment | n SE P value
Chernozem CT 56 0.2532 0.0178*
NT 56 0.3288 0.0727
Luvisol CT 56 0.6432 0.0052**
NT 56 1.0356 0.0201*
Chernozems vs Luvisols
Tillage N-fertilizer treatment | n SE P value
treatment
cT ON 56 0.381 0.0329*
100N 56 0.8802 0.0531
NT ON 56 0.1794 0.1075
100N 56 1.1136 <0.0001**

*Significant at p < 0.05 **Significant at p < 0.01
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Table 3.2: Estimated growing season (June-Septembesoil NbO fluxes (kg
ha') from Black Chernozemic and Gray Luvisolic soils mder different
tillage treatments, nitrogen fertilizer treatmentsand weather conditions

Avergge Growing
Growing growing _ N- season
Year season | Season soil Soil type Tillage fertilizer N2O
precipitation| temperature treatment
treatment  flux*
(mm) at5cm (kg ha)
depth ¢C)
cr o
2010 558 14.10 Chernozem - ON 10.196
100 N 12.557
CT | ooN [ 5255
2010 378 16.12 Luvisol :
NT ON 5.997
100 N 19.782

*Growing season bD flux (kg h&) = Average measured.® flux throughout the
growing season (kg Hah™)x number of hours within the growing season (June —
September)
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Table 3.3: Estimated changes in growing season (Jewseptember) soil NO
fluxes (kg ha®) from Black Chernozemic and Gray Luvisolic soils de to
different tillage treatments, nitrogen fertilizer treatments and weather

conditions
(a) Change in response to tillage (+/-)

Soil type N-fertilizer | Change in growing seasoq sod@iflux (CT — NT)
treatment (kg ha’)
Chernozem ON 1.792
100 N 2.514
Luvisol ON 2.658
100 N 2.757

(b) Change in

response to N fertilizer applicationg+/-)

Change in growing

Additional growing season sai

Soil type Tillage season soil pD N,O flux upon tillage due to
treatment flux N-fertilization (CT — NT)
(100 N -0 N) (kg ha')
CT 3.083
Chernozem NT 5361 0.722
. CT 13.884
Luvisol NT 13.785 0.099
(c) Change in response to soil types i.e., Chernaae vs Luvisols (+/-)
Change in growing Additional growir]g season sall
_ N season soil b0 N2O flux upon tillage due to
Tillage N-fertilizer flux better drainage status and
treatment | treatment (Chernozem — higher organic matter content
Luvisol) of Chernozemzi, (CT =NT)
(kg ha’)
cT ON 3.333 -0.866
100 N -7.468 (for O N plots)
NT ON 4.199 0.243
100 N -7.225 (for 100 N plots)
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Figure 3.1: Weekly averaged hourly NO fluxes from conventionally tilled
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dot represents an average of four replicates and Ibmrepresent + standard
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Chapter 4

4 Synthesis

One of our two major objectives in the beginnirfgtite study was to
guantify CQ emissions after tillage reversal on long term nlb Black
Chernozems and Gray Luvisols, two major Westerra@@am soils. The principal
aim for that was to test the underlying idea of Assurance Factor in the existing
carbon offset quantification protocol of Governmaeurit Alberta for tillage
management system to account for the average o$ksllage reversal on
greenhouse gas emissions (Alberta Environment 2008% Assurance Factor
assumes that the rates of loss of soil carbonanfahm of CQ emissions after
tillage reversal are equal to those of carbon s&cat@n under long term no till
management. We showed a gross growing season getintd CQ, emissions
after tillage reversal on long term no till Cheraors and Luvisols and compared
those emission rates with historical carbon segaigsh rates on the same soils
after the adoption of long term no till (Chapter Zhe rates of growing season
carbon losses in the form of G@missions after tillage reversal were consistently
higher than the annual rates of historical carbEguestration under long term no
till management for both the soil types. Absencedetrease in the rate of
emission for two consecutive tillage events on Gbeems also indicated that the
trend of CQ emission rates being higher than the sequestratias was not a
transient effect. However, the difference in tinsals between our study (2 years)
and the historical storage change study (27 yeaakes it reasonable to speculate

such large C® emissions after tillage reversal might gradualgcr@ase over
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time. A long term (10 years or so) flux study woblel interesting to further test
this hypothesis. Our findings also indicated thad,CGemission after tillage
reversal to sequestration under long term noatibrcan substantially be affected
by other agricultural practices like nitrogen fezaition etc. and soil types. For
Black Chernozems we found a higher emission to essigation ratio for 100 N
applications compared to unfertilized control ploibe opposite trend was true
for our findings on Gray Luvisols. Comparison betwehe two unfertilized soils
revealed that Gray Luvisols with relatively lowadigenous fertility than Black
Chernozems had higher G@mission to sequestration ratio. Besides, wetter
Black Chernozems emitted higher géfter tillage reversal than drier weather
condition. Our findings, therefore, explored theador accounting the effects of
N fertilizer application, soil types and soil phgel environment i.e., soil moisture
and temperature while quantifying the average ridksllage reversal for weed
controls, crop failure etc. on G@missions. We also, hereby, have provided an
initial framework of accounting for those factotsrag with tillage in quantifying
carbon offset due to tillage management.

Our second objective of quantifying potentiald\aD emission reduction
or risks of NO emissions after tillage reversal was far more gem and less
studied than the first one. Our findings showednificant strong positive
correlations between A emissions and GQemissions on hourly bases for both
fertilized and unfertilized Black Chernozems (R~0.8%<0.001) and Gray
Luvisols (R~0.75, P<0.001) (Figures 4.1 and 4.2) ih& consistent with other’s

findings (Nyakatawa et al. 2011). These resultsegav the first hint of need for
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accounting average risks of additionalNemissions after tillage reversal along
with those of C@emissions. Further analyses of growing season agmmade
a vivid picture of additional pbO emissions triggered by tillage reversal on long
term no till Chernozems and Luvisols that can raingen 25 to 80% of additional
equivalent CQ@ emissions after tillage reversal on the same si@fgending upon
soil type and the amount of nitrogen applicatiomal€ 4.1). Generally nutrient
poor Gray Luvisols had higher risks op®I emissions after tillage reversal than
organic matter rich Black Chernozems (Table 4.gardless of nitrogen fertilizer
application. Nitrogen fertilizer application inceeal the risks of p0 emissions
after tillage reversal (Table 4.1). Regardless ibage, our study indicated
substantial losses of applied mineral N in the fiwh N,O emissions from both
the soils that are in excess of the IPC&Noss coefficient of 1.25% applied to
western Canada (Johnston 2005) (Table 4.2). Lwsaath relatively low water
permeability due to the presence of denser sulbssilalmost 4.5 times more
mineral N applied than well drained Chernozems [@4dl2).

In terms of quantifying average risks of greenl@ogas emissions while
formulating offset protocols, our study came up hwithe following
recommendations:

1) The ratio of the rates of G@mission after tillage reversal to the rates of
carbon sequestration should be scientifically exachifor major soil types
under different fertilizer management for adequatkinger term to
account for sufficient weather anomalies with a boration of field

studies during the growing season and subsequedelmg studies for
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estimating the emissions during winter and sprihngwing to derive
annual scenarios.

2) Annual rates of PO emissions should also be enumerated as of CO
emissions above and the average risks g Mmissions, which can be
substantial as per our findings, should also bewded for along with
those of CQ.

In the bigger picture, agricultural sector has latreely lower share .i.e.,
15% of global anthropogenic greenhouse gas emsgiBAO 2008). However,
from our study we learned that agriculture has eatgr potential of reducing
greenhouse gas emissions through facilitating strpten of atmospheric GO
into soil organic matter and reducing,\ emissions by reducing rates of
mineralization stimulated by soil disturbances tiglo the adoption of
conservation agriculture like long term no-till. & total greenhouse gas potentials
and the rates of sequestrations, however, are depenon several other
agricultural practices like nitrogen and residuenagement as well as soil
physicochemical properties such as soil organictanatsoil moisture and
temperature. The permanence of greenhouse gasismkiepends upon the long
term nature of the management practice since oudysshowed that the
sequestered greenhouse gases due to the adoploorgdérm no till is reversible.
Soils with generally lower inherent soil organic ttea has a higher C sink
potential than soils with higher soil organic matbet this sink in such soil is

subjected to higher risks of reversal.
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Table 4.1: Growing season estimates of soil G@Gnd N,O emissions (CT -
NT) during 2010 from Black Chernozems and Gray Luvsols stimulated by
tillage reversal

Soll N- Net CQ Net N,O CO, equivalent net
type fertilizer | emission | emission after N.O emission
treatment after tillage reversal| after tillage reversal
tillage (kg N,O ha' (t COE hat
reversal growing growing seasoft)*
(t CO,hat season’)
growing
season’)
ON 2.221 1.792 0.556 (25)
Chernozem| 100N 2.433 2.514 0.779 (32)
ON 2.453 2.658 0.824 (34)
Luvisol 100 N 1.067 2.757 0.855 (80)

* assuming 1 mole of® =310 moles of C&values in parentheses represent

the percentage of G@missions after tillage reversal
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Table 4.2: Growing season estimates of loss of Nrtfkzer applied through
N2O emissions (100 N- ON) during 2010 from Black Chaozems and Gray

Luvisols

Soil Tillage Net NO emission Net loss of fertilizer N
type stimulated by N fertilizer applied through BD
application emission (kg N ha
(kg NLO ha' growing
growing season’
season’) or
% of total N fertilizer
applied)
CT 3.083 1.962
Chernozem™ 7 2.361 1.502
CT 13.884 8.835
Luvisol NT 13.785 8.772
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Each dot represents an average of four replicates.

101

10



