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Abstract

Even though the sustainability of crop rotation with pulses has been demonstrated by ancient
civilizations, the effects of legume crops on soil organic carbon (SOC) and soil organic nitrogen
(SON) dynamics has not yet been adequately quantified in the Canadian Prairies. The main goal
of this thesis was to analyze the impacts of incorporating lentil and pea in rotation with wheat on
SON mineralization and the fate of recently fixed C in soil. Two soil types were analyzed in this
study, a Brown Chernozem (Cz) from Swift Current SK. and a Dark Brown Cz from Scott SK.
To quantify the effect of pulse crops on Nitrogen (N) gross mineralization, stable >N isotope
dilution was used and eight different crop rotations were selected (five on the Dark Brown Cz:
canola-wheat, pea-wheat, pea-canola-wheat, continuous wheat without N fertilizer, continuous
wheat with N fertilizer; and three on the Brown Cz: lentil-wheat, continuous wheat without N
fertilizer, and continuous wheat without N fertilizer). These rotations were in the wheat phase at
sampling. Additionally, lentil-wheat in the lentil phase was included. Gross N mineralization was
evaluated at seeding (May 2009) and anthesis (July 2009). Mean gross N mineralization was not
significantly different between crop rotations on any date. Timing of sampling (seeding versus
anthesis) had the strongest effect on mineralization with mineralization rates significantly higher
at anthesis than at seeding. No significant effect of the soil type was found and rotations with
pulse crops had higher mineralization rates than continuous wheat only when compared to

unfertilized continuous wheat.

Soil N mineralization and SOC dynamic are interconnected and therefore the transformation of
crop residue carbon (C) into SOC was also investigated. Lentil, canola, pea and wheat were
grown in intact soil cores extracted from the field plots of the N mineralization experiment (at
Swift Current and Scott) and pulse-labeled with **CO in a controlled environment to trace crop
residue decomposition. At the end of the labeling season (first growing season) 50% of the soil
cores were destroyed to estimate root biomass with a *3C technique. Before the second growing
season (without *C labeling), **C-enriched shoot residues were ground and incorporated into the
soil. At the end of the second growing season the remaining cores were destroyed to assess the
amount of remaining derived C from the root and the shoot. For both growing seasons, the soil
was fractionated into water extractable organic matter (WEOM) very light fraction (VLF), light

fraction (LF) and heavy fraction (HF) and the §*3C was determined for each soil fraction. For all



crops, estimated root biomass production was markedly higher than estimates in the literature
based on root washing and counting methods. In addition, lentil had root biomass production (0-
10 cm) significantly higher than the other crops and the lowest shoot:root ratio at 2.5. Since
canola produced three times more straw residue than the other crops, its shoot:root ratio was
significantly higher at 13.2. At the end of the second growing season, the amount of root -
derived C remaining in the VLF, LF and HF had decreased 91%, 61% and 60% respectively. No
significant difference was found among crops. At the end of the second growing season on the
Swift Current soil (Brown Cz), lentil had more derived C per ha” than wheat and on the Scott
soil (Dark Brown Cz), canola and pea had more than wheat. Based on these results, the deduced
transformation of plant residue C into SOC was VLF first, then LF, then HF, with all fractions
contributing C to the WEOM and the WEOM transferring C back to the HF.
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1. Introduction

The Neolithic Revolution began with the cultivation of wheat (Triticum spp)
approximately 10,000 BC in northern Syria (Gupta, 2010). However, civilization did not emerge
until 3,200 BC in Egypt when farmers adopted ploughing practices and crop rotations with
legume species (Wengrow, 2006). The benefits of cereal-legume (Poaceae-Fabacea) mixed
planting and rotation were many; cereals provide a diet high in carbohydrates and legumes
supply vital amino acids. In agricultural fields Fabaceae plants form symbiosis with Rhizobium,
which enriches the soil with N and increases yields (Campbell et al., 1993; Entz et al., 2001). In
addition, cereal-legume rotations help control weeds, pests and diseases while enhancing soil
biota activity (Ominski et al., 1999). Like the ancient Egyptians, each agricultural civilization
developed its own cereal-legume rotations. In Europe it was wheat/barley and pea/lentil/chickpea;
in America, maize and bean/groundnut; in Africa millet/sorghum and cowpea/jugo bean; and in
Asia rice/millet and soybean/pigeon pea (Sauer, 1993). The paradigm of cereal-legume rotation
was later altered with the Green Revolution. Improvement in agricultural tractive force, high-
yielding varieties of cereal grains, synthetic N fertilizers, and pesticides and herbicides made the
use of legume crops avoidable and cereal monocultures often more lucrative. Simultaneously,
citizens from industrialized countries started to increase their meat consumption as a protein

source causing a decrease in leguminous grains demand (Davies, 2003).

In the Canadian Prairies, farming also started with wheat production. The first recorded
harvest was in 1814 and the first exportation in 1868 with 857 bushels (48,000 kg) of Red Fife
wheat (Hubner, 1998). Fallow-wheat system was the initial practice in the Canadian Prairies. The
fallow was used to retain moisture and hasten soil organic matter (SOM) mineralization,
providing extra N for the subsequent crops. However, at the beginning of the twentieth century,
soil studies indicated that this practice was causing weed infestations, loss of humus, and loss of
N. To solve this problem, crop rotations with legumes were suggested by Frank T Shutt in 1910.
In order to test the viability of this proposal, numerous crop rotation studies were established and
rotations with legumes resulted in better N status. The inclusion of legumes in the rotations was
then formally promoted in the prairies but the use of summer-fallow persisted to preserve

moisture (Janzen, 2001). In the 1950’s, mass commercialization of potent herbicides, pesticides



and inexpensive synthetic N fertilizer made legume-wheat rotation less profitable than
continuous wheat (Larney et al., 2004). In Manitoba during World War Il, Brassica napus L-
wheat rotation was initiated, but Brassica napus L culture was not extended until the 1970’s
when varieties low in erucic acid and glucosinolates were developed (and named canola). In the
last 15 years, herbicide resistant canola varieties and demand for canola for the manufacture of
biodiesel has increased canola production area by 250% in Canada (Johnston et al., 2002b;
Canola Council of Canada, 2011).

Canola-wheat rotation and continuous wheat represent unidirectional farming practices
where high inputs of synthetic fertilizers, pesticides, herbicides and on-farm fuel are applied at
the beginning of production and maximum yield is exported out of the agro-ecosystem (Pearson,
2006). This practice has raised health, agronomic, environmental and economic concerns during
the last decades. On several occasions since the 1990’s, extreme weather events have worsened
economic loss to farmers who were practicing monoculture (Lotter et al., 2003; Akinremi et al.,
1999). Nitrogen fertilizer derived from the Haber-Bosch reaction is highly endothermic and
requires large amounts of energy. Approximately 60% of the energy requirement for
conventional grain production is for fertilizer production and application (Zentner et al., 2004).
As well, N fertilizer prices are indirectly based on oil barrel value, which partly explains the
recent world food price increase (Fyksen, 2007; FAO, 2011). Herbicide resistance is of
increasing concern in the Canadian Prairies. Weeds are becoming resistant to herbicides forcing
farmers to use more potent agrochemicals (Larney et al., 2004) and heavy use of pesticides and
herbicides has been connected with several human diseases and malign neoplasms (Goldman,
2007; Gilden et al., 2010). On the environmental side, intense use of synthetic N fertilizers has
been linked to acid rain, eutrophication of water bodies and emission of nitrous oxide (Galloway
et al., 2004).

To mitigate these problems, engineering development on crop rotation with legumes was
incentivized. Technological improvements for seeding, harvesting and weed control have
improved legume cultivation and reduced production costs (Smith and Young, 2003). In addition,
rotation with legumes spreads out labour and equipment requirements due to different maturity
dates (Zentner et al., 2002). For these reasons and because rotation with legumes reduces disease

prevalence, weed infestations, and reduces N fertilizer need, legume production has been



increasing and reached more than 5 million ha per year since 1997 in the Canadian Prairies
(Agriculture and Agri-Food Canada, 2000; Hemantaranjan, 2007; Griffiths, 2009). The main
Fabaceae species currently cultivated in Canada are: lentil (Lens culinaris), field pea (Pisum
sativum), chickpea (Cicer arietinum), alfalfa (Medicago sativa) and dry bean (Phaseolus
vulgaris) (Agriculture and Agri-Food Canada, 2000; Curtin et al., 2000; Johnston et al. 2002a).

Legumes lead to several environmentally positive benefits. Novel research on energy
balance has shown that energy efficiency (kg of grain per joule) is significantly higher in
legume-wheat rotations compared with continuous wheat (Hoeppner et al., 2006). Therefore,
because fossil fuels supply 86% of the world's energy (International Energy Outlook, 2011),
rotation with legumes indirectly reduces CO, emission. Another study (Smith et al., 2001)
reported that the inclusion of legumes (alfalfa) in crop rotations in the Prairies increases soil C an
average of 0.44 Mg C ha™* yr* which also reduces CO, emissions. With legumes, N fertilizer
need is reduced so there is less leaching of nitrates, which helps control surface and ground water
quality. As well, legumes in crop rotation increase mycorrhizal diversity and enhance microbial
activity (Miller et al., 2002; Welsh et al., 2006; Nayyar et al., 2009).

The overall positive effect of legume crops has been known since the beginning of
civilization; however, recently new questions have been raised related to the inclusion of
legumes crops in rotation. It is not yet known why legume crops in rotation with wheat have
shown to have statistically the same SOC status as continuous wheat since legume crops are
producing less straw biomass than wheat (Lemke et al., 2007). As a result, many questions about
the comparative root biomass production of legume crops versus non-legume and the
decomposition dynamic of legume versus non-legume crop residues have been brought up. As
well, the effect of legume crops on N gross mineralization is still not fully understood. The main
objective of this study was to evaluate the impacts of incorporating lentil and pea in rotation with
wheat on the fate of the C fixed during a single growing season in soil and on SON
mineralization. This work was part of the cropping systems module of Pulse Research Network
(PURENet), which has the overall aim to address questions about the use of pulse crops in

sustainable cropping.



2. Literature Review
2.1. C and N dynamics

Carbon (C), hydrogen (H), oxygen (O) and nitrogen (N) are the four main elements in
living organisms. Carbon and N are currently of particular interest because C is the main
component of soil organic matter (SOM), which is central in soil fertility. Soil organic matter is
beneficial to plants through physical (e.g. soil structure, aggregation, porosity, moisture retention)
and chemical properties (e.g. ion exchange, buffering capacity, nutrient storage and release)
(Schulten and Schnitzer, 1998; Janzen, 2006). Carbon makes the skeleton of all organic
compounds and therefore is the principal component of SOM. Nitrogen is a central part of
proteins and nucleotides and thereby central to all living organisms. Furthermore, N is
commonly the most limiting element in agricultural production. Nitrogen, although usually only
one-tenth of the C content, is also an important component of SOM; about 75% of this is in the
form of proteinaceous and heterocyclic rings (Knicker and Ludeman, 1995).

Most C enters into agroecosystems via photosynthesis by plants. Carbon dioxide is fixed
by RuBisCo and transformed into glyceraldehyde (C3HgO3) in the Calvin cycle. A fraction of
this C is directly respired to produce adenosine-5'-triphosphate (ATP) and the other fraction is
synthesized into organic molecules. Some of these C-containing compounds are harvested with
the crop and the remainder is added to the soil as plant residues (Janzen et al., 1998). Then, a
portion of these fresh organic compounds is respired by organisms and another portion is
converted into SOM by the process of humification (Janzen, 2006; Lal, 2005). When the amount
of new organic residues added to the soil is greater than the C lost by SOM decomposition, SOM

content increases (Ellert and Bettany, 1995).
2.1.1. Nitrogen cycle

Very few rocks and minerals contain N. Atmospheric N usually enters into the
pedosphere by N, fixation (biological and anthropogenic). Nitrogen is generally the most
limiting nutrient in agricultural production. In soil, approximately 95% of the N is in the organic
form and 5% inorganic, mainly as nitrate and ammonium. Although plants can directly uptake

amino acids and other small biomolecules, this organic N does not contribute significant amounts



of N to plants (Nasholm et al., 2008). Therefore, organic N has to be mineralized into inorganic
forms to be available to plants.

In undisturbed environments, N enters into the ecosystem via dinitrogen gas (N>) fixation
by the means of diazotrophs (bacteria and archaea that fix N,). Nitrogenase is the only known
enzyme capable of transforming N, into ammonium (NH4") (Schrauzer, 2003). Subsequently the
NH," reacts with one aldehyde in a nucleophilic addition to produce amino acids, nucleic acids
and other N-biomolecules. However, today the Haber—Bosch process industrially fixes a large
proportion of the N used in agriculture. An estimated 40% of the Earth’s population depends on
industrially fixed N for protein, but the extra N cycling in the agricultural systems is leached and
causes contamination and eutrophication of water bodies (FAO, 2004; Robertson and Vitousek,
2009).

The decomposition of SOM into inorganic molecules through chemical and biochemical
reactions is called mineralization (Gregorich et al., 2001). The mineralization of SOM is mainly
done by heterotrophic soil microorganisms and releases nutrients for plant uptake (Janzen, 2006).
The principal products of the SOM mineralization process are CO,, CHi, NH;", and NOs
(Hopkins, 2008). The C and N mineralization rates typically depend on a number of factors such
as aeration status, temperature, moisture content, and microbial activity and population
characteristics. The main soil properties that affect mineralization are the ratio of C:N, lignin:N
and polyphenol:N, pH, texture, and clay (Booth et al., 2005; Brady and Weil, 2008; Ha et al.,
2008). After that organic N is transformed into NH," by ammonifiers, nitrifying bacteria convert
NH4" into NO3™ (nitrification). Nitrification generally involves two steps: first, nitrosomonas
transforms NH," into NO,™ and then nitrobacter converts NO,™ into NOs™. Subsequently the NO3”
that is neither assimilated nor leached is reduced to N, by denitrifying bacteria (Zehr and Kudela,
2011).

Sugars and simple proteins are decomposed readily, hemicelluloses, cellulose and lipids
at a moderate rate, and lignins and phenolic compounds most slowly. Lignins and phenolic
molecules have strong and varied structures with methoxyl groups, which means that only select
fungi can break them down (Christian et al., 2005). It is thought that the phenol rings play a key
role in the synthesis of stable SOM (Huang et al., 2008). Some allelopathic molecules (alkaloids

and other secondary plant compounds) also inhibit decomposition by decreasing microbial
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activity and forming resistant complexes with proteins (Levin, 1976; Clapp et al., 2005). In many
ecosystems, the accumulation of SOM is explained by the production of recalcitrant plant
residues (Cadisch and Giller, 1997; Gentile et al., 2011a). Legume residues tend to have a low
C:N ratio, which is generally associated with more rapid mineralization rates, but in some
legumes the phenol and alkaloid contents are high, diminishing mineralization rates
(Franzluebbers and Hill, 2005). Singh et al. (2007) compared the instantaneous decay rate
constants of wheat straw and shoot residues from a green manure legume (Sesbania sp) in a dry
tropical climate. Their results showed that Sesbania sp residues decomposed faster than wheat
straw. In contrast, Mungai and Motavalli (2006) have shown that Fabaceae does not always have
a decay rate constant higher than Poaceae. In their study, under temperate conditions in Missouri,

bluegrass (Poa trivilis) had a slightly higher decomposition rate than soybean (Glycine max).
2.1.2. Soil carbon and soil nitrogen relationships

Carbon enters the bio-pedosphere through photosynthesis and N mainly through fixation
(biological and industrial). As well, in some environments, singular microorganisms use
inorganic molecules as energy sources instead of photosynthesis in order to transform CO, into
organic molecules. Nitrifiers are chemoautotrophic microbes that use CO; as their C supply for
growth and NHj; as their energy source. Carbon escapes through aerobic respiration and N
through nitrification/denitrification and leaching. Yet, C and N cycles are strongly linked; plant
residues with high C:N ratios increase net N immobilization and therefore decrease the net N
mineralization. This situation usually stimulates the process of biological nitrogen fixation. Low
C:N ratio residues, on the other hand, promote mineralization and nitrification/denitrification
while decreasing immobilization. In turn, low amounts of soil inorganic N limit plant growth and
therefore decrease photosynthesis (Recours et al., 2000; Gé&rdenads et al., 2011). Nitrogen
accessibility also influences microbial catabolic capacity and turnover rates of the SOC.
Therefore, the size and characteristic of the SOC pools are also impacted by the mechanisms that
affect N dynamics (Knicker, 2011). Different plant genera produce different quantities of
residues with variation in their N content, amount of lignin and phenol. Consequently, to
understand SOM formation and to evaluate the potential of some crop rotations to increase SOC

storage, it is essential to study both C and N processes.



2.2. Pulse crops

2.2.1. Pulse crops and Fabaceae

Lentil and pea are pulse crops, defined by Food and Agriculture Organization (FAO) to
include 11 annual legume crops. Fabaceae family appears to have diversified 65 million years
ago in the early Tertiary (Herendeen et al., 1992). This family is cosmopolitan in distribution and
many genera are found in arid, temperate and tropical ecosystems (Rundel, 1989). The flowers
are bisexual with a single superior carpel and the fruit (legumes) are pods, which typically are
dry and dehiscent (Polhill, 1994). World pulse production in 2002 stood at 54.4 million tonnes
(FAO, 2011). In 2009 Canadian pulse production was 5.6 million tonnes (Pulse Canada, 2011).
Legume is one of the few taxa that are able to form symbiotic relationships; they form symbioses
with rhizobacterium and fix N,. The benefits to growing legume crops are two-fold: the seeds
contain high amounts of amino acids, essential to balanced nutrition, and root nodules produce
an excess of NH4", which adds to the supply of organic N in soil and enhances the growth of the
crops following in rotation. Yield of cereal crops following pulse crops have been found to be 12
to 20% greater than the yields of cereals following cereals (Evans et al., 1989; Smiley et al.,
1991). The amount of N in the grain is also 17 to 22% higher in wheat following a legume than
continuous wheat (Wright, 1990). Wheat following a legume crop has been estimated to contain
up to 50 kg ha™* more N in the grain than continuous wheat (Evans et al., 1989). However, there
is large variability in the effect of pulse crops on soil N, ranging from losses (-32 kg N ha™) to
substantial gains (up to 96 kg N ha), with the variability considered a consequence of the
inhibitory effect of NH;" and NOs™ on nitrogenase activity (Bremer et al., 1988). Variances in N
fixation rates are also caused by photosynthesis rates, water availability and energy availability
(ATP) (Cowell et al., 1989). In addition to the N benefits, legume crops generate many other
positive effects on subsequent crops such as: decreased root and shoot diseases, diminished weed
populations, enhanced P, K and S availability, improved soil structure and exudation of
beneficial compound such as auxins, gibberelins, cytokinins, and ethylene (Bullock, 1992;
Smiley et al., 1991; Bashan and de-Bashan, 2005).

Greenhouse experiments have shown that roots exude up to 46% of the N, fixed by

legume-rhizobium symbiosis and all these exudates are often unaccounted for in root biomass



estimation (Sawatsky and Soper, 1991). From the total N produced by legume crops, a fraction
has been reported to be unavailable to the immediately succeeding crop (Armstrong et al., 1994).
Therefore, a positive N balance in soil after a legume crop does not necessarily produce an
immediate benefit to the next crop; instead it represents an N accumulation that may eventually
be used by subsequent crops or lost by leaching and denitrification (Jensen, 1996). Bremer and
van Kessel (1992) have shown that only 2 to 14% of the N in legume residues is recovered by
the subsequent crop. Approximately 20% of the N in lentil residues was found in the microbial
biomass 10 days after incorporation into the soil in fall, and 80% of the lentil N remained in the
soil in the following spring. As well, a fraction of the legume and cereal N residues are
incorporated into a recalcitrant fraction of the SOM after having been assimilated by soil
microorganisms (Bremer and Van Kessel, 1992). In a study on pulse residue dynamics, Jensen
(1996) found that from six months to three years after incorporating pea residues into the soil, N
leaching was estimated to increase from 16 to 34% and a large amount of N was also lost by
denitrification. Comparing crop rotations in the Canadian Prairies, Campbell et al. (1992) found
that soils under a lentil-wheat rotation had SOM mineralization rates 250% greater than soils

under continuous wheat.
2.2.2. Shoot and root morphology

Through evolution plants became separated into root and shoot (stems, leaves and
flowers). The roots anchor plants to the soil and take up nutrients and water from the soil. The
shoots sustain the plant in the air and carry on photosynthesis and reproduction. Roots and shoots
are morphologically and biochemically different and significant differences exist among plant

species (Raven and Edwards, 2001; Vergara-Silva, 2003).

Canola, lentil and pea are eudicot plants and have a taproot and vascular bundles
arranged in a ring. Taproots penetrate deep into the soil and have many smaller lateral roots. The
centre of root steles is occupied by a strong star-shaped region of xylem. Eudicots have pith in
the young stems but not in the roots. The pith often gets replaced by lignified xylem in older
branches and stems. Fabaceae (lentil and pea) have sieve cell plastids with protein crystal and
secretory canals that can release tannins and alkaloids. Brassicaceae plants (e.g. canola) have
myrosin cells that produce glucosinolates, although canola has been bred to produce low

amounts of this toxic compound (Raven et al., 2005; Evert et al., 2006).
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Wheat, a monocot of the Poaceae (or Gramineae) family, has a fibrous root system and
scattered vascular bundles. The adventitious rooting with abundant unicellular root hairs allow
optimal growth in the A horizon. Root hairs decompose quickly though, and are difficult to
quantify. Pith is located in the centre of the roots pericycle stele but pith is not present in the
shoots. The stele of the shoots does not form lignified rings, and instead they are scattered
throughout the stem. The leaf blades are hardened with silica phytoliths. These rigid silica
structures are difficult for animals to consume and digest, which reduces the degradation rate of
the straw residues (Raven et al., 2005; Evert et al., 2006).

Wheat generally produces 1.2 to 2 times more straw than pulse crops (Lemke et al., 2007).
Gan et al. (2009) estimated the shoot and root biomass of pea, lentil, canola and wheat in the
Canadian Prairies. The shoot biomass values (kg ha™) were: pea 4100-5200, lentil 3200-4300,
canola 4000-5000, and wheat 6100-6700. Root biomass at maturity (kg ha™) was: pea 460-540,
lentil, 690-910, canola 950-1570, wheat 1070-1420. Soil organic matter content is usually
correlated with the amount of crop residue returned to the soil. However, several papers reported
that even if legumes produce fewer crop residues, with a lower C:N ratio and less lignin than
wheat and canola, the SOC content is similar or higher under legume crops (Drinkwater et al.,
1998; Campbell et al., 2000; Soon and Arshad, 2002; Sainju and Lenssen, 2011). Lemke et al.
(2007) suggested that pulse crop residues might be more efficiently converted to SOC.

2.2.3. Residue quantity, quality and soil fertility

Some ecosystems annually produce small amounts of vegetal residues and have high
levels of SOC and other ecosystems generate high quantities of residue, yet have low levels of
SOC (Bohn, 1982; Eswaran et al., 1993; Milne et al., 2005). Therefore, SOC status is not always
correlated to net primary production or to the quantity of crop residues returned to the soil
(Drinkwater et al., 1998; Brady and Weil, 2008). In the northern Great Plains it has been
recognized that the inclusion of lentil and pea in rotation with wheat decreases residue biomass
production (root and shoot) and C returned to the soil (Sainju et al., 2006; Gan et al., 2009);
nevertheless, recent studies have found that long-term rotation with legumes does not cause a
decrease in SOC in the Canadian Prairies (Campbell et al., 2007a, 2007b; Lemke et al., 2010b).



Along with environmental conditions and soil properties, vegetal residue quality is a key
factor affecting SOC status (Stevenson, 1994; Batjes, 1996). In agro-ecosystems, residues with
high amounts of phenol and lignin and high C:N ratios are considered low quality resources
because only a few microbial taxa are able to consume them and their mineralization is slow.
Typically legumes are considered as high quality and canola and wheat as medium quality (Soon
and Arshad, 2002; Brady and Weil, 2008). However, recalcitrant materials (low quality) often
help explicate the accumulation of humified and passive SOM. In contrast, litter residues
considered as high quality, rapidly mineralize in soil and fertilize the soil but high quality
residues alone do not necessarily contribute significantly to passive SOM accumulation (Brady
and Weil, 2008). Gentile et al. (2011b) found that despite low quality, the input of crop residues
can provide long-term soil fertility. The combination of vegetal residues of different qualities can
improve short-term nutrient dynamics while conferring the same benefits to long-term SOM
contents (Gunnarsson and Marstorp, 2002; Griffith et al., 2011). Whereas several studies suggest
that residue quantity and quality have a limited effect on passive SOM, the complete absence of
a crop in fields (summer-fallow) significantly decreases SOC amount (Janzen et al., 1998;
Lemke et al., 2010a, 2010b). Overall, residue management is important for short-term soil

fertility and farm sustainability (Limon-Ortega et al., 2009; Puttaso et al., 2011).
2.3. Characterization of soil C and N

2.3.1. Root measurement methods

Below-ground plant residues (roots and exudates) are believed to be a major source of
SOC; therefore, accurate measurement of root biomass is essential to make precise C budgets in
croplands and to predict SOC and SON dynamics (Swinnen et al., 1994; Recous et al., 2000; van
Kessel and Hartley, 2000; Ping et al., 2010; Sainju and Lenssen, 2011). Soil coring and whole
plant excavation are the most widespread root biomass quantification techniques but these
methods are labourious and usually underestimate below-ground C additions because of the rapid
turnover of the root hairs (Livesley et al., 1999); leaching of exudates (Zobel and Zobel, 2002);
loss of fine roots that pass through sieves (Ruhigwa et al., 1992; Amato and Pardo, 1994) and the
damage and loss of roots during the washing process (Paustian et al., 1997). Shoot biomass is

often used as a root biomass proxy but data are lacking for shoot:root ratios for pulse crops in

10



order to generate reliable proxies (Lemke et al., 2007) and the above/below ground ratio is
usually affected by soil N availability, porosity and water availability (Bolinder et al., 2002).
Accurate below-ground biomass can be generated with **N and/or **N isotopic labeling (Subedi
et al., 2006; Yevdokimov et al., 2006).

2.3.2. 1°C labeling

Plants that have been pulse labeled with *3C can be used to trace shoot and root
decomposition through different SOM pools. However, the isotope must be uniformly distributed
in the plant. This can be achieved when the **CO, is applied at regular intervals (repeated pulse
labeling) throughout all growing stages, and in direct proportion to the photosynthesis rate
(Bromand et al., 2001; Moore-Kucera and Dick, 2008; Sangster et al., 2010). With **C-enriched
residues of Phacelia tanacetifolia, Thompson (1996) found a rapid mineralization phase during
the first two months after the residues were incorporated into the soil, followed by a slower
decomposition phase during the next months. Williams et al. (2006) followed the fate of **C-
labeled root and straw residues from a grass (Lolium multiflorum) and a legume (Trifolium
incarnatum) and found that the contribution of legume straw to the soil C pool increased more
rapidly than the grass during the first months of decomposition but after the winter no
differences were found between legume and grass. They also found that most root C disappeared
during the first months of decomposition and after nine months, the root C from the grass
represented about 5.5% of total SOC, whereas the contribution of legume root derived C was
about 1.5%. In a dual-labeling study on the stabilization and immobilization of *C and °N
enriched crop residues, Bird et al. (2003) found divergent humification pathways for molecules

rich in C versus molecules rich in N.
2.3.3. Soil organic matter characterization and fractionation

The first references to SOM date back to the earliest civilizations. The ancient Chinese
book Yugong (2,500 BC) is one of the earliest references, classifying soil by colour, texture and
hydrologic feature, all related to SOM (Krasilnikov et al., 2009). The lack of suitable techniques
and analytical methods limited progress in SOM studies well into the 20™ century (Hatcher et al.,
2001). Humic and fulvic acid separation of the SOM was first carried out by Sprengel in 1826

(Schnitzer, 2000), although this fractionation became widely used only when the pH meter was
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developed a century later. Subsequently, pyrolysis gas chromatography and mass spectrometers
allowed the identification of literally hundreds of chemical structures including alkanes, fatty
acids and esters and the identification of these compounds in the fulvic and humic acids.
However, X-ray microscopy has since shown that pH and ionic strength of the alkali solutions
used in the fractionation change the micro-molecular structure of the SOM, which indicates that
humic/fulvic fractionation is not the optimum separation technique (Myneni et al., 1999). In
addition, alkaline/acid extraction causes dissolution of silica from the mineral matrix, dissolution
of fresh tissues and autoxidation of some organic molecules. Yet, alkaline extraction is still

considered the most efficient SOM chemical extractant today (Schnitzer, 2000).

During the last two decades physical fractionation (size and/or density) of the SOM has
become more popular. These methods are based on the premise that SOM makes functional and
key associations with the primary soil particles and that these associations regulate SOM
dynamics. The light (LF) and heavy fractions (HF) are the main density fractions differentiated
by using a heavy liquid, most commonly a Nal solution at 1.7 g mL™. The LF floats and is
believed to be a transitional pool of organic matter between fresh plant residues and stabilized
SOM. The HF is bonded with minerals and is considered to be more decomposed and humified,
and usually has a narrower C:N ratio than the LF (Gregorich et al., 2006; Gregorich and Beare,
2007). Using a liquid with a density of 1 g mL™(e.g. deionized water) it is possible to subdivide
the LF. The fraction that floats on water (very light fraction, VLF) consists mainly of identifiable
fresh plant residues and charcoal. From this soil-water solution it is also possible to extract the
dissolved organic matter (or water-extractable organic matter, WEOM). The WEOM consists of
dead microbes and labile organic molecules that microorganisms can use as a source of energy.
Therefore, the WEOM is predominantly produced by some microbes and serve as a source of
substances and energy for other microbes (Zsolnay and Steindl, 1991; von Litzow et al., 2007;
Chantigny et al., 2008). A study in the Canadian Prairies reports that rotations that include
legume crops produce high amounts of exudates to signal their presence to rhizobacteria which
leads to higher level of WEOC under legume crops than continuous wheat (Campbell et al.,
1999).

Theoretical models divide the SOM into two or three pools. The pools, although based

loosely on fractions isolated after extraction, are basically conceptual. The Century Model
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created by Parton et al. (1987) is one of the most used models. This model analyzes the effects of
management and global change on productivity and sustainability of agro-ecosystems simulating
SOM dynamics through annual cycles over time for grassland/crop, forest or savanna. The
Century Model divides the SOM into an active, an intermediate and a passive pool. The active
pool consists of easily decomposable (labile) compounds, with high N turnover rates. The
passive pool, where the majority of the SOM is stored, is a very stable pool physically protected
in clay-humus composites. The intermediate pool is thought to be composed of slowly
mineralizable compounds and chemically-resistant molecules. These conceptual pools are
difficult to isolate in practice. The HF and the humic acid are considered to be recalcitrant
fractions, although there are easily degradable materials in these fractions (Paustian et al., 1992;
Bolinder et al., 2006). Recalcitrance is not easy to determine because degradability is affected by
chemical bonds, physical protection and chemical interactions with mineral surfaces.
Traditionally aromatic structured molecules were thought to be the core of recalcitrant SOM, but
recent theories postulate that amide functional groups can make strong bonds with clays,
generating highly recalcitrant material (Knicker and Demann, 1995; Schulten and Schnitzer,
1998; Marschner et al., 2008). Nuclear magnetic resonance spectrometry demonstrated that more
than 100 N compounds are present in the SOM. Proteinaceous materials and heterocyclic N rings
represent approximately 75% of the total N in soil (40% and 35% respectively). Hydrocyanic
acid, acetamide and hydrazoic acid are among the most common low mass N organic compounds
(Schulten and Schnitzer, 1998). Canadian studies illustrated that soil management causes
changes in SOM aromaticity. Intense cultivation degrades aliphatic (lipids, fatty acids, alkanes
and alkenes) molecules and causes an increase in concentration in aromatic compounds (phenols

+ lignin monomers, alkyl-aromatics and N-components) (Schnitzer et al., 2006).
2.3.4. Nitrogen mineralization measurement

Nitrogen mineralization (also called ammonification) is the conversion of SOM and
organic forms of N to NH,". Nitrogen immobilization is the inverse process, it occurs when
inorganic N is incorporated into the microbial biomass or the SOM. Microbes mineralize and
immobilize N simultaneously and when the decomposable substrates have low N contents (high
C:N ratio) immobilization is usually higher than mineralization (Ladd and Foster, 1988). As a

result, mineralization is occurring yet no net N mineralization is detected. This situation causes
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agronomic problems because accurate estimates of N mineralization rates are essential for
accurate N fertilizer recommendation (Bedard-Haughn et al., 2003; Portl et al., 2007). Isotopic
dilution techniques allow the measurement of gross N mineralization as well as net N
mineralization. The Hart et al. (1994a) isotope dilution technique is an expensive and time
consuming procedure but is effective for estimating gross N mineralization (Wienhold, 2007).
This technique is based on the addition of N to label the product pool of soil NH,*. Gross
mineralization releases unlabeled (**N) NH," and so dilutes the *°N enrichment of the product
pools, whereas consumptive processes are assumed to remove >N and *N at equal rates from the
pools (Murphy et al., 2003).

2.4. Objectives

The objective of this thesis was to determine the impact of lentil and pea on the fate of
recently fixed C in soil and on N mineralization. The general hypothesis of this study was that
rotation with pulse crops (lentil and pea) increases gross mineralization rates and increases the
amount of C remaining in different soil fractions. Research on the C and N impacts of
incorporating pulse crops in rotation with wheat will allow a better understanding of the
processes that control the C sequestration and flux of CO,. These studies will help to elaborate
policies to optimize cropping systems and will serve to formulate strategies for sustainable

development in the sectors of agronomy and land use.
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3. Lentil and Pea Effects on Soil Nitrogen Mineralization in
Two Chernozemic Soils

3.1. Abstract

Understanding factors controlling gross N mineralization will lead to the development of better
fertilization strategies to enhance N fertilizer efficiency. The goal of this work was to assess the
effect of pulse crops, growth stage, soil type and N fertilizer on gross N mineralization in the
Canadian Prairies. Fieldwork was carried out at Agriculture and Agri-Food Canada research
stations located at Scott SK. and Swift Current SK. in 2009 at seeding (May) and anthesis (July).
Stable N isotope dilution was used to quantify gross mineralization. At AAFC-Scott (Dark
Brown Cz) five crop rotations were sampled: canola-wheat, pea-wheat, pea-canola-wheat,
continuous wheat (without N fertilizer), continuous wheat (with N fertilizer) and three at AAFC-
Swift (Brown Cz): lentil-wheat, continuous wheat (with N fertilizer), and continuous wheat
(without N fertilizer). All rotations were in the wheat phase at sampling time. Additionally,
lentil-wheat in the lentil phase was selected at Swift Current. Overall there were no significant
differences in mean gross mineralization rates between rotations. Mean mineralization rates were
higher on fertilized wheat compared to unfertilized, and significantly higher at anthesis than at
seeding. On average mean mineralization rates at seeding were 1.20 and 0.65 mg NH,*-N kg™ d*
for Scott and Swift Current, respectively and 3.76 and 3.33 mg NH4*-N kg™ d™ at anthesis. The
results obtained show that the mineralization rates where pulses are included in crop rotation are

higher only when compared to unfertilized continuous wheat.
3.2. Introduction

Limited understanding of factors that control SON decomposition into plant accessible
forms (N mineralization) limits the predictability of how much ammonium (NH,4") and nitrate
(NO3") will be released from the soil to sustain crops in time and space (Cassman et al., 2002).
Walley et al. (2002) established that current soil N testing practices failed to explain more than
50% of the yield variability and as a result, over application of N fertilizers is often made to

secure lucrative yields (Jackson et al., 2008). In the last decade, world synthetic N demand grew
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by 17%. Currently, the amount of N fertilizer used annually is 0.65 Tg N in Saskatchewan, 14.5
Tg N in North America and 85-100 Tg N worldwide (FAO, 2008; Ministry of Government
Services, 2010; Liu et al., 2010). Nitrogen fertilizer cost is linked to methane cost and fossil fuel
costs. Consequently, the increase in food price during the last decade was partly due to the
increase in fossil fuel value that caused a fertilizer cost increase of 172% (The Fertilizer Institute,
2011). Paradoxically, in North American agricultural systems, on average only 17% of N used as
fertilizer is consumed by people and losses can be as high as 45% in some environments
(Robertson and Vitousek, 2009; Liu et al., 2010). Thus, the quantity of N in terrestrial
ecosystems has more than doubled in the last century due to industrial N fixation (Jackson et al.,
2008). Eutrophication of water bodies, acid rain and greenhouse gas emissions are some of the

side effects of N fertilizer excess (Galloway et al., 2004).

Progress in the understanding of factors that affect gross N mineralization could
potentially improve fertilization strategies and enhance N fertilizer efficiency. Gross N
mineralization rate is the velocity of the transformation of organic N to NH;" during
decomposition of organic matter before N immobilization by plants and microorganisms (Li et
al., 2004). Gross N mineralization can be estimated with the *°N isotope dilution technique (Hart
et al., 1994b). Since the enhancement of combustion mass spectrometry, isotope dilution studies
are more frequently reported in the scientific literature, yet only a few studies have been done in
prairie agroecosystems (Booth et al., 2005; Robertson and Vitousek, 2009). Hence, the effect of
many environmental and anthropogenic variables on N mineralization is still unclear in the
Canadian Prairies. The objective of this chapter was to evaluate the effect of pulse crops, growth

stage, soil type and N fertilizer on gross N mineralization in the Canadian Prairies.
3.3. Method

This study was carried out at Agriculture and Agri-Food Canada research facilities at
Scott (AAFC-Scott) and Swift Current (AAFC-Swift), Saskatchewan, Canada during the 2009
growing season. Table 3.2 shows the weather data for the spring-summer 2009 and the 30 y
monthly average respectively for both sites. The weather of the 2009 summer at Scott and Swift
Current was in the normal range of climate variation. At AAFC-Scott five crop rotations were

sampled: canola-wheat (Brassica napus-Triticum aestivum cv. Lillian), pea-wheat (Pisum
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sativum-Triticum aestivum cv. Lillian), pea-canola-wheat, continuous wheat (without N

fertilizer), continuous wheat (with N fertilizer) and three at AAFC-Swift: lentil-wheat (Lens

culinaris-Triticum aestivum cv. Lillian), continuous wheat (without N fertilizer), and continuous

wheat (with N fertilizer). All rotations were in the wheat phase at sampling time. Additionally,
lentil-wheat in the lentil phase was selected at AAFC Swift. At AAFC-Swift wheat-lentil

rotations were established in 1979 and continuous wheat in 1967. Three plots (field replicas)

were taken for each crop rotation at AAFC-Swift. At AAFC-Scott the crop rotation wheat-pea,

wheat-canola and wheat-pea-canola were established in 1997 and continuous wheat with N

fertilizer in 2007 and without N in 2008. Four plots (field replicas) were sampled for each crop

rotation at AAFC-Scott.

Table 3.1. Soil and environmental characteristics at AAFC-Scott and AAFC-Swift Current

(Ayres et al., 1985).

Sites Location  Ecoregion Soil typet  Soil texture pHaomo) C Dy

----------------- 0-10 cm---------------

% gcm?®

AAFC 52°23’N Moist Mixed 0O.DBCz loam 5.7 34 116
Scott 108.50°W  Grassland

AAFC 50°12’N Mixed 0.BCz sandy loam 6.4 20 1.16

Swift 107°24°W  Grassland

+ 0.DBCz, Orthic Dark Brown Chernozem; O.BCz, Orthic Brown Chernozem; Dy, bulk density.

Table 3.2. Precipitation and temperature monthly averages at Scott and Swift Cur