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Abstract The Earth’s climate is rapidly changing largely
due to increasing anthropogenic greenhouse gas (GHG)
emissions. Agricultural practices during crop production,
food processing, and product marketing all generate GHG,
contributing to the global climate change. The general
public and farmers are urging the development and
adoption of effective measures to reduce GHG emissions
from all agricultural activities and sectors. However,
quantitative information is not available in regard to what
strategies and practices should be adopted to reduce
emission from agriculture and how crop productivity would
affect the intensity of GHG emission. To provide the
potential solution, we estimated the carbon footprint [i.e.,
the total amount of GHG associated with the production
and distribution of a given food product expressed in
carbon dioxide equivalence (CO,e)] for some of the major
field crops grown on the Canadian prairie and assessed the
effect of crop sequences on the carbon footprint of durum
wheat. Key strategies for reducing the carbon footprint of
various field crops grown in semiarid areas were identified.
Carbon footprints were estimated using emissions from (1)
the decomposition of crop straw and roots; (2) the
manufacture of N and P fertilizers and their rates of
application; (3) the production of herbicides and fungicides;
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and (4) miscellaneous farm field operations. Production and
application of N fertilizers accounted for 57% to 65% of the
total footprint, those from crop residue decomposition 16%
to 30%, and the remaining portion of the footprint included
COge from the production of P fertilizer and pesticides, and
from miscellaneous field operations. Crops grown in the
Brown soil zone had the lowest carbon footprint, averaging
0.46 kg CO»e kg ' of grain, whereas crops grown in the
Black soil zone had a larger average carbon footprint of
0.83 kg CO,e kg™ of grain. The average carbon footprint
for crops grown in the Dark Brown soil zone was
intermediate to the other two at 0.61 kg CO,e kg ' of
grain. One kilogram of grain product emitted 0.80 kg CO,e
for canola (Brassica napus L.), 0.59 for mustard (Brassica
juncea L.) and flaxseed (Linum usitatissimum L.), 0.46 for
spring wheat (Triticum aestivum L.), and 0.20 to 0.33 kg
COye for chickpea (Cicer arietinum L.), dry pea (Pisum
sativum L.), and lentil (Lens culinaris Medik.). Durum
wheat (7. aestivum L.) preceded by an N-fixing crop (i.e.,
pulses) emitted total greenhouse gases of 673 kg COge,
20% lower than when the crop was preceded by a cereal
crop. Similarly, durum wheat preceded by an oilseed
emitted 744 kg CO,e, 11% lower than when preceded by
a cereal. The carbon footprint for durum grown after a pulse
was 0.25 kg CO,e per kg of the grain and 0.28 kg CO,e per
kg of the grain when grown after an oilseed: a reduction in
the carbon footprint of 24% to 32% than when grown after
a cereal. The average carbon footprint can be lowered by as
much as 24% for crops grown in the Black, 28% in the
Dark Brown, and 37% in the Brown soil zones, through
improved agronomic practices, increased N use efficiency,
use of diversified cropping systems, adoption of crop
cultivars with high harvest index, and the use of soil
bioresources such as P-solublizers and arbuscular mycor-
rhizal fungi in crop production.
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1 Introduction

Scientific evidence suggests the Earth’s climate has recently
been rapidly changing, largely due to increasing anthropo-
genic greenhouse gas (GHG) emissions (Ruddiman 2003;
IPCC 2006). Policy-makers, the general public, and farmers
are concerned about climate change and are urging the
development and adoption of effective measures to reduce
GHG emissions from all sectors. Ambitious actions leading
to drastic reduction of GHG emissions may initially be
detrimental to the growth of the economy (Wiedmann et al.
2006), but this initial cost will likely be small compared
with the damage caused by climate change several decades
hence (Viscusi and Zeckhauser 2006).

Agriculture includes the production of various grains,
fibers, feedstocks, and fresh produce such as vegetables and
fruits, as well as marketing these products along food
chains. Crop production, food processing, and product
marketing all generate GHG, contributing to global climate
change (Dyer et al. 2010). In 2008, agriculture in Canada
produced approximately 62 million tonnes of CO, equiv-
alent emissions, about 8% of Canada’s total emissions
(Environment Canada 2010). Nearly two thirds of agricul-
tural emissions occur as N,O, which has 300 times the
global warming potential of CO, (Forster et al. 2007).
Emissions in agriculture also include those from the inputs
of fertilizers, manures, plant litter, and those from the
interwoven flows of N among several pools. Farming also
removes CH, from the ecosystem by the oxidative activity
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of soil microbes, but such removals are small compared
with emissions (Janzen et al. 2006).

“Carbon footprint” has become a widely used term in the
public debate on the abatement action required to diminish
the threat of global climate change (Wiedmann and Minx
2008). The term originally stemmed from the first academic
publication discussing “ecological footprinting” by Rees
(1992) and was further defined by Wackernagel (1994) who
provided a more detailed method of calculating footprints.
In general, carbon footprint stands for a certain amount of
gaseous emissions that are relevant to climate change and
associated with human production or consumption activi-
ties. Wiedmann and Minx (2008) discussed in detail the
definition of carbon footprint and defined carbon footprint
as “a measure of the exclusive total amount of carbon
dioxide emissions that is directly and indirectly caused by
an activity or is accumulated over the life stages of a
product”. However, this definition does not emphasize
emissions of greenhouse gases other than CO,. With
regards to crop production and other agricultural services,
a larger portion of the total GHG emission occurs as N0,
rather than CO, (Janzen et al. 2006). Therefore, in our
discussion, the carbon footprint relevant to agricultural
products and processes is defined as the total amount of
greenhouse gas emission associated with a food product or
a service, expressed in carbon dioxide equivalence (CO,e).
The focus is on two components: (1) the total emission per
unit area per year expressed as kilograms CO,e per hectare
per year, and (2) the emission per unit (kilograms) of
product produced expressed as kilograms CO,e per
kilogram of product. These two components parallel the
approaches with which the efficiency of agricultural
productivity is evaluated, i.e., (1) the net production per
unit area such as grain yield per hectare per year and (2) the
costs associated with the production of a unit of product
such as input costs per kilograms of grain produced.

Most consumers and citizens are willing to pay for
measures leading to drastic reductions in GHG emis-
sions. A growing number of consumers want to know the
carbon footprint of the food products they buy in grocery
stores. In response, some multinational food companies
have proposed that suppliers identify on product labels
the CO,e emissions released in the production of that
particular food item. Farmers are eager to adopt improved
mitigation practices on their farms. Therefore, it is critical
that integrated strategies and practices are developed for
farming systems so as to maximize agriculture’s produc-
tivity while minimizing the greenhouse gas emissions in
the production of grains, fibers, feedstocks, and other
agricultural products. In this paper, we determined the
carbon footprint of seven major field crops grown on the
Canadian prairie and assessed the effect of cropping
systems on the carbon footprint of a major grain crop—
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durum wheat. We also used some examples from the
Canadian prairies and summarized key agronomic strate-
gies for reducing the carbon footprint of field crops grown
in semiarid environments.

2 Calculation of carbon footprints

We estimated the carbon footprint of various products using
the sum of the greenhouse gas emissions from (a) the
decomposition of straw and roots, (b) the application of
synthetic N fertilizers, (c) the manufacture of N and P
fertilizers, (d) the production of herbicides and fungicides, and
(e) various farm field operations including pre-seeding tillage,
sowing, spraying pesticides, harvesting grain products, and
storage of grains on-farm when needed. Other emissions such
as those associated with labor and machinery depreciation
were assumed to be similar between crop species or cropping
systems and thus, unless stated otherwise, omitted in the
comparisons of various cropping systems.

When a field crop is harvested, a portion of the crop is
left on the soil surface to decompose. The remaining plant
matter such as straw and roots is a nitrogen (N) source for
nitrification and denitrification, contributing directly and
indirectly to N,O production (Forster et al. 2007). Similar-
ly, the application of synthetic N fertilizers for crop
production generates N,O. The amount of N contained in
the straw and roots from various crops were estimated using
specific crop N concentrations (Janzen et al. 2003), along
with crop yields (Gan et al. 2009). The total emissions from
crop components were estimated using the Intergovern-
mental Panel on Climate Change (IPCC) methodology
(IPCC 2006) adapted for Canadian conditions (Rochette et
al. 2008). Emissions from crop residue decomposition
included direct and leaching emissions. Emissions from
synthetic N application included direct, volatilization, and
leaching emissions. Direct emission factors for crop residue
decomposition and synthetic N application were determined
using the approach of Rochette et al. (2008) as follows:

EF = 0.022 P/PE — 0.0048 (1)

where EF is the emission factor with a unit of kilograms
N,O-N per kilogram N; P/PE is the ratio of precipitation to
potential evapotranspiration during the growing season
(May 1-October 31) based on long-term (1950-2008) data.
Similarly, the fraction of N subject to leaching (FRAC cch)
is estimated to be proportional to P/PE (Rochette et al.
2008) as follows:

FRAC  ¢och = 0.3247 P/PE — 0.0247 (2)

For synthetic N fertilizer applied in crop production, a
portion of N is volatilized and emitted to the atmosphere.

The TPCC default volatilization factor of NH; and NO,
(FRACGasm=0.1) was used, and the emission factors
associated with leaching and volatilization of N were taken
from the 2006 IPCC guidelines (IPCC 2006). The climatic
conditions and emission factors for different soil-climatic
zones of western Canada are listed in Table 1. Emissions
from the production, transportation, storage, and transfer of
N and P fertilizers to farm fields were estimated using the
method of Lal (2004); the average emission factor was
4.8 kg COse kg ' N and 0.73 kg COe kg ' P,Os.

Herbicides and fungicides such as boscalid, bromoxynil,
glyphosate, imazamox, imazethapyr, pyraclostrobin, and
sethoxydim, are routinely used in the production of field
crops on the Canadian prairies. Emission factors for each of
these individual pesticides are not available, but we assume
that the emission during the processes of production,
transportation, storage, and field application are similar
between products. Thus, an average emission factor of
23.1 kg COse ha' was used for herbicides and 14.3 kg
COye ha ! for fungicides; the estimates were based on the
active ingredient of the product (Lal 2004). The absolute
value of the carbon footprint for individual products
calculated using these factors may vary since the produc-
tion of each product may differ widely. However, the
relative values of the carbon footprint estimated for various
crop species (Table 2), and the general trends among
cropping systems (Table 3) will be reasonable given that the
portion of the footprint from pesticides used in agriculture
is generally small (Lal 2004).

The emissions associated with miscellaneous farm
operations such as no-till planting, pesticide spraying,
windrowing (in case of canola), and combine harvesting
were estimated using a factor of 14 kg CO,e ha ' for no-till
planting, 5 kg CO,e ha' for herbicide and fungicide
application, 18 kg CO,e ha ' for windrowing, and 37 kg
CO.e ha ! for harvesting (adapted from Lal 2004).

3 Strategies and practices for lowering carbon
footprints

3.1 Choosing crop species with a low carbon footprint

The carbon footprint of a grain product varies with crop
species, agronomic practices, and climatic conditions under
which the crop is grown. About 32 million ha of farmland
are under annual crop production on the Canadian prairies
(Campbell et al. 2002), accounting for >80% of the annual
crop land in Canada. There are three major soil zones on
the prairies: the Brown (Aridic Haploboroll), Dark Brown
(Typic Boroll), and Black (Typic Haplustoll) Chernozems.
Climatic conditions, and thus crops grown, fertilizer and
chemical inputs, and field operations vary substantially
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Table 1 Climatic conditions and emission factors for the Brown, Dark Brown, and Black soil zones of the Canadian prairies

Climatic conditions and emission factors Soil zones

Brown Dark Brown Black
Long-term growing season® precipitation (P), mm 203 288 309
Long-term growing season potential evapotranspiration (PE), mm 503 495 394
P/PE 0.40 0.58 0.78
Emission factor (EF), kg N;O-N kg™' N 0.004 0.008 0.0125
Leaching factor of N (FRACgacn),% 10.6 16.4 0.23
Volatilization of NH; and NO, (FRACgasm),% 0.1 0.1 0.1
Leaching emission factor (EFLEACH), kg N,O-N kg ' 0.0075 0.0075 0.0075
Volatilization emission factor (EFyopar), kg NoO-N kg7l N 0.01 0.01 0.01

*May 1-August 31, 1940-2004

PE is potential evapotranspiration

among the soil zones. The estimates of the carbon footprint
for various crops are dependent upon the prevailing climate,
and therefore, soil zone.

Calculated using the models described above, the
average emissions were 484, 717, and 1,024 kg CO,e
ha ™! for field crops grown in the Brown, Dark Brown, and
Black soil zones, respectively (Table 2). Major contributors
to the emissions are production, transportation, storage and
transfer, application of synthetic N fertilizers, and crop
residue decomposition (data not shown). Production and
application of N fertilizers account for about 57% to 65%
of the total emissions, and crop residue decomposition
accounts for a further 16 to 30%, with the percentages
increasing with soil zone: Brown<Dark Brown<Black soil
zone. The higher emissions associated with crop residue
decomposition for the Black soil zone are mainly due to
greater crop yield and to a higher emission factor because

of more favorable climatic conditions during the growing
season (Table 1). The remaining 13% to 18% of the emission
total are associated with the production of phosphorus
fertilizers, herbicides, fungicides, and inoculants (for pulse
crops), as well as miscellaneous field operations.

Nitrous oxide is mostly produced during denitrification,
which is greatly influenced by soil moisture (Flynn et al.
2005). In moisture-limited conditions, N,O emissions in-
crease with increased rainfall (Dobbie et al. 1999; Flynn et al.
2005). The soil N,O emissions due to crop residue
decomposition and application of synthetic N fertilizers are
estimated as 0.004, 0.008, and 0.0125 kg N,O-N kg™' N for
the Brown, Dark Brown, and Black soil zones, respectively—
largely because of differences in precipitation and potential
evapotranspiration (Table 1).

Among the various crop species evaluated, canola had

the largest emission, averaging 1105 kg COe ha ' across

Table 2 Average annual total emissions and estimated carbon footprints of various field crops grown in the Brown, Dark Brown, and Black soil

zones of the Canadian prairie

Crop Total emission, kg CO,e ha ! Carbon footprint, kg CO,e kg71 of product

Brown Dark Brown Black Brown Dark Brown Black
Canola 884 1,326 1,606 0.691 0.913 0.979
Mustard 496 515 480 0.601 0.652 1.56
Flaxseed 446 826 829 0.456 0.658 0.727
Chickpea 283 362 NA® 0.254 0.406 N/A
Dry pea 352 602 711 0.189 0.287 0.335
Lentil 189 245 NA® 0.164 0.237 N/A
Spr. wheat 741 1,145 1,493 0.383 0.533 0.56
Means 484 717 1,024 0.391 0.526 0.832

# Total emissions for a given crop were calculated to include greenhouse gas emissions from (1) the decomposition of straw and roots, (2) the application of
synthetic N fertilizers, (3) the manufacture of N and P fertilizers, (4) the production of herbicides and fungicides, and (5) miscellaneous farm field
operations such as tillage, planting of the crops, spraying of pesticides, and harvesting of the grain products, and crop productivity (the dry weight of grain,

straw, and roots) were obtained from Gan et al. (2009)

® This crop is not produced in this soil zone

@ Springer
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Table 3 Crop yield, total emission, and estimated carbon footprints of durum wheat grown in diverse cropping systems where durum wheat was

preceded by various oilseeds and pulse crops in the previous 2 years

1

Crops in previous Durum grain yield, Sources of emission, kg CO,e ha™ Total Carbon footprint,
2 years before kg ha ! emission kg CO,e kg ! product
durum wheat Crop Input

productivity

Straw Roots Nutrient/pesti.” Farm operat.©
Cereal—cereal” 2,240 122 50 404 257 833 0.372
Cereal—oilseed 2,510 136 59 392 251 838 0.334
Cereal—pulse 2,500 100 46 361 232 739 0.296
Oilseed—cereal 2,560 94 41 398 255 788 0.308
Oilseed—oilseed 2,540 94 41 355 229 719 0.283
Oilseed-pulse 2,620 97 47 332 215 691 0.264
Pulse—cereal 2,560 116 51 355 228 750 0.293
Pulse—oilseed 2,630 117 54 356 229 756 0.287
Pulse—pulse 2,660 126 59 276 181 642 0.241

# Cereal-spring wheat; oilseed—canola or mustard; pulses—chickpea, lentil, or dry pea

® Includes N, P, seed, herbicides, and fungicides

¢ Includes no-till planting, herbicide and fungicide spraying, windrowing, and combine harvesting

the Canadian semiarid prairie represented by the Brown and
Dark Brown soil zones, followed by spring wheat at 943 kg
CO,e ha ' and then by flaxseed at 636 kg CO,e ha '
(Table 2). The three N-fixing crops (i.e., pulse crops:
chickpea, lentil, and dry pea) had an average emission of
339 kg CO»e ha™!, 65% lower than the emissions of canola
and spring wheat. Overall, the total emission by a crop is
highly associated with the quantity of N fertilizer applied,
modified by the crop yield and the N concentrations in the
various crop components such as straw and roots.

The estimate of carbon footprint is based on the emissions
released in the production of 1 kg of crop product (Table 2).
In our results, the carbon footprints were, in decreasing order,
0.80 kg CO,e for canola, 0.59 kg CO,e for mustard and
flaxseed, 0.46 kg CO,e for spring wheat, and 0.20~0.33 kg
COse kg™" of product for pulses grown in the Brown and the
Dark Brown soil zones. The carbon footprint for crops
produced in the Black soil zone were ranked similarly but
had greater magnitude (Table 2). Comparing among soil
zones, crops in the Brown soil zone had the lowest yields but
the greatest efficiency in terms of lowering carbon footprint
per kilogram of crop product (averaging 0.46 kg CO,e kg ' of
grain), whereas the opposite occurred for the Black soil zone
where crop yields are general greater but the efficiency is
lower and carbon footprints are greater (averaging 0.83 kg
CO,e kg ' of grain). Products from the Dark Brown soil zone
are intermediate to the other two (averaging 0.61 kg COe
kg ' of grain).

Drinkwater et al. (1998) observed that legume-based
cropping systems reduced soil organic carbon and nitrogen

losses compared with cereal-based cropping systems.
However, numerous studies from the Canadian prairies
have shown that the effect of crop species on soil organic
carbon was minimal (Liang et al. 2002; Liang et al. 2005;
McConkey et al. 2003). Therefore, in our estimation of
carbon footprint, the influence of crop species on soil
organic carbon is assumed to be quite small compared with
the influence of soil N and other factors.

3.2 Diversifying cropping systems to reduce carbon
footprints

The adoption of diversified cropping systems can reduce
the carbon footprint of crop products. In a field study
conducted in southern Saskatchewan, Gan et al. (2003)
found that diversified cropping systems compared with
monoculture systems significantly reduced the production
inputs and increased the grain and straw yields of durum
wheat. Thus, compared with monoculture systems, durum
wheat grown in diversified cropping systems had a lower
carbon footprint (Table 3). Durum wheat preceded by a
pulse crop (chickpea, dry pea, or lentil) produced grain with
a carbon footprint of 0.200 kg COe kg ™' of product, 46%
lower than when preceded by a cereal crop. Furthermore,
durum wheat had a carbon footprint of 0.301 kg CO,e kg ™'
of grain when grown after an oilseed crop (canola or
mustard), 19% lower than when grown after a cereal.
Numerous studies have shown that using improved agro-
nomic practices such as early seeding, optimum plant
population density, and proper crop rotation sequences
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Table 4 Reduction in carbon footprints with the use of improved farming systems and crop management practices for the representative oilseed,
pulse, and cereal crops in the three soil-climatic zones of the Canadian prairies

Crops and Improved agronomic practices Total percent of
soil zones lowered carbon
Current no- Improved N use effic. HI increased by Use of P- Use of footprints
till cropping® agronomic increase by 0.06-0.08 units® solubilizer® AM fungi®
practices® 10%°
Carbon footprint, kg COe kg™ of product
Brown soil zone
Canola 0.691 0.611 0.640 0.681 0.636 0.65 N/A
Dry pea 0.189 0.170 0.178 0.170 0.173 0.18 N/A
Spr wheat 0.383 0.339 0.354 0.377 0.352 0.36 N/A
Dark Brown soil zone
Canola 0.913 0.843 0.847 0.892 0.843 0.86 N/A
Dry pea 0.287 0.274 0.278 0.262 0.274 0.28 N/A
Spr wheat 0.533 0.493 0.493 0.521 0.493 0.50 N/A
Black soil zone
Canola 0.979 0.943 0914 0.947 0.911 0.93 N/A
Dry pea 0.335 0.329 0.329 0.297 0.324 0.33 N/A
Spr wheat 0.560 0.540 0.522 0.542 0.521 0.53 N/A
Percent carbon footprint lowered due to improved agronomic practices
Brown soil zone
Canola 0.691 11.5 7.4 1.6 8.0 5.8 344
Dry pea 0.189 10.2 6.1 10.0 8.7 7.2 423
Spr wheat 0.383 11.5 7.5 1.6 8.0 5.7 34.3
Dark Brown soil zone
Canola 0.913 7.6 7.2 22 7.6 5.5 30.1
Dry pea 0.287 4.7 3.1 8.6 4.7 3.4 24.5
Spr wheat 0.533 7.6 7.4 22 7.6 5.5 30.3
Black soil zone
Canola 0.979 3.6 6.6 32 6.9 5.0 25.4
Dry pea 0.335 1.7 1.7 11.3 33 2.4 20.5
Spr wheat 0.560 3.6 6.8 32 6.9 5.0 25.5

# Commonly used no-till management systems in the production of canola, dry pea, and spring wheat on the Canadian prairie (Gan et al. 2003; Miller et al.
2003);

b Improved agronomic practices such as the use of early seeding, optimum crop rotation sequences, and best pest management practices (Gan et al. 2010;
Kirkegaard et al. 2008; Menalled et al. 2001);

N use efficiency to be increased by 10% (conservatively), through improved N fertilizer application technology such as side-banding, timely application,
site-specific approaches (Malhi et al. 2001; Peng et al. 2010; Sieling and Kage 2010)

9 Harvest index to be increased by 0.06-0.08 units from the current level though adaptation of new cultivars such as hybrid canola, semi-leafless dry pea,
and short-statues of spring wheat (Annicchiarico et al. 2005; Malhi et al. 2001; Moot and McNeil 1995)

¢ Use of P. bilaii fungus has been shown to increase crop productivity in canola, dry pea, and spring wheat by an average of 7% (Gan et al. 2010; Zhang and
Smith 1997)

f Arbuscular mycorrhizal (AM) fungi are increasingly used in crop production to improve plant development and health and increase phytoremediation
(Gianinazzi and Vosatka 2004; Miransari and Smith 2009; Paradis et al. 1995)

can increase crop yields without increasing production
input (Gan et al. 2010; Kirkegaard et al. 2008; Menalled et
al. 2001; Miller et al. 2003). The intensity of yield increases
due to improved crop management is usually greater in the
Brown soil zone than in the Dark Brown and Black soil
zones. In our calculation of the carbon footprint for some
representative crop species, the improved agronomic
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practices can potentially lower the carbon footprint of
canola, spring wheat, and dry pea by an average of 11% in
the Brown, 7% in the Dark Brown, and 3% in the Black
soil zones (Table 4).

Herbicides remain the most commonly used weed
management practice (Beckie 2007). In the northern Great
Plains of North America, for example, herbicides com-
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prise approximately 85% of the pesticide input in cereal
crop production (Derksen et al. 2002). Weed management
through the adoption of diverse cropping systems has been
recognized as a key component in the development of
sustainable agricultural systems (Menalled et al. 2001). In
diversified crop sequences, weeds are exposed to a wide
range of causes of mortality. A myriad of stresses are
imposed on the weeds by growing crops with different
planting and harvesting dates, different morphology and
phenology, competitive characteristics, and crop residues
(Fig. 1). With increased crop diversification in a rotation,
weeds are subjected to an increased diversity of control
methods, including timing and intensity of tillage and/or
herbicide application, wider spectrum of herbicides, and
varying degrees of crop competitiveness. These changes
from one crop species to another generate microenviron-
ments that do not favor the establishment and proliferation
of any one particular weed species. As a consequence,
crop diversification reduces weed abundance (Westerman
et al. 2005) and herbicide input (Harker et al. 2009), and
increases crop productivity (Menalled et al. 2001).
Integrating various cultural practices will significantly
reduce herbicide input in crop production (Harker et al.
2009). For example, a high-management package (i.e.,
greater competitive cultivars, higher-than-normal seeding
rates, and rotating cereal with oilseed crops) coupled with
a half rate (1/2%) of herbicides achieved a level of wild oat
control similar to a low-management package (i.e., lower
competitive cultivars, normal to lower seeding rates, and
cereal monoculture) coupled with a full rate (1x) of
herbicide (Harker et al. 2009). Furthermore, wild oat seed
production at Yx rate was reduced by 94% when

A S O N D

Diversified Rotation

competitive (tall) barley cultivars were seeded at double
the seeding rate and rotated with canola and field pea,
compared with continuously planting short barley culti-
vars at normal rates. At the quarter herbicide rate, wild oat
biomass was reduced two-, six-, or 19-fold, respectively,
when the accompanying crop was grown using one, two,
and three components of the management package. These
results indicate that using diversified cropping systems
can substantially reduce pesticide input in crop production
and thus reduce the carbon footprint of the crop products.
Even though pesticides are a small contributor to the
estimate of a carbon footprint (data not shown), optimiz-
ing crop health with improved agronomic management
creates opportunities for improving crop productivity
while further reducing carbon footprints in the production
of field crops (Table 4).

3.3 Including biological N-fixation to reduce the input
of synthetic N fertilizer

The Haber-Bosch process of industrial N,-fixation is
energy intensive. In Canada, for example, natural gas used
in industrial N,-fixation accounts for about 70% of the cost
of N fertilizer (Agriculture and Agri-Food Canada AAFC
2009). Manufacturing the 620,285 t of N fertilizer applied
in the Canadian Prairie Provinces in a single growing
season releases about 15.7 million tonnes COse, and
transporting the N fertilizer further increases CO, emis-
sions. Using biological N-fixation through the inclusion of
pulse crops in crop rotations can reduce the dependence of
agriculture on synthetic N fertilizers (Crews and Peoples
2004) and thus reduce agricultures carbon footprint. Studies
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Table 5 Estimates of the contribution of various pulses to the global
input of biological N,-fixation to soil (adopted from Herridge et al.
2008), minimum level of N derived from N fixation (Ndfa) necessary
for a positive contribution to soil N from pulse crops expressed as

kilograms of fixed-N per hectare and as percent of fixed-N in the pulse
crop, as compared with mean Ndfa observed in the Northern Great
Plains (adopted from Walley et al. 2007)

Pulse species Global N contribution (kg N ha™' year™")

Minimum Ndfa required for a positive

Mean Ndfa (% of total N uptake)

contribution to soil N

(kg N ha ") (% of total N uptake)
Common bean 23 49.5 52.1 40.7
Chickpea 58 37.4 56.1 50.0
Dry pea 86 68.4 46.7 52.4
Lentil 51 47.3 47.8 57.9
Faba bean 107 85.7 65.3 84.1
Groundnut 88 N/A N/A N/A
Soybean 176 N/A N/A N/A
Other pulses 41 N/A N/A N/A

NA not available

have shown that N use efficiency can be increased
substantially simply through improved N fertilizer applica-
tion technology such as side-banding, timely application,
site-specific approaches (Malhi et al. 2001; Peng et al.
2010; Sieling and Kage 2010). In our estimate, if N use
efficiency can be increased by 10%, which is highly
possible using improved N management practices, the
carbon footprint of canola and wheat, two N-loving crops,
can be decreased by 7% (Table 4). Also, legume—rhizobial
associations are effective solar-driven N,-fixing systems in
which atmospheric N, is transformed into ammonia,
without net CO, emissions.

In addition to fixing their N requirements, pulse crops
leave a portion of their biologically fixed-N in the soil
(Table 5). The contribution of rhizodeposition, roots, and
nodules that remained in the soil after harvest was often
ignored leading to underestimation of the real contribution
of biologically fixed-N by pulses. For example, chickpea,
once considered a poor contributor to soil N with an N-
balance close to zero, enriches the soil N pool with annual
contributions at 58 kg ha ' (Table 5), and this number can
be even greater when the release of mineralized-N from
roots and nodules is accounted for (Khan et al. 2003;
Herridge et al. 2008).

Large amounts of N are exported from farm fields in
legume grain. To meet the demand for N by the plants for
their growth and development, as well as making positive
contributions to soil N, pulse plants need to fix a substantial
amount of N from the atmosphere (Ndfa) via N-fixation.
Often, growing conditions such as drought and elevated soil
nitrate levels negatively impact nitrogenase activity in pulse
nodules (Marino et al. 2009) and therefore, reduce N-
fixation (Walley et al. 2007). The effect, however, varies
with crop species; lentil and dry pea tend to fix more N thus
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contributing greater amounts of N to the soil than common
bean and chickpea (Table 5).

Not only do pulses fulfill their N requirement
through biological N,-fixation and thus reduce N fertil-
izer use in agricultural systems, but also pulses enhance
the productivity of subsequent crops through other
undetermined means (Gan et al. 2003; Kirkegaard et al.
2008). Globally, pulses contribute about 21 million tonnes
of fixed-N per year, accounting for one third of the total
biological N, fixation in agroecosystems (Herridge et al.
2008). This contribution can be further improved by
increasing the frequency of pulses in cropping rotations,
reducing the negative impact of high residual soil N on
N,-fixation and improving the synchrony between N-
mineralization from pulse residue and the peak N demand
of the following crop (Marino et al. 2009; Sieling and
Kage 2010).

3.4 Improving nutrient use efficiency using biotechnologies
valorizing soil microbial resources

Abundant use of fertilizer in agriculture often causes
environmental problems including N,O emissions (Van
Noordwijk and Cadisch 2002), largely because the recovery
rates of fertilizer N, P, and K by crops are as low as 50%,
25%, and 40%, respectively (Prasad 2009). Soil microbial
resources can be used to improve the use efficiency of these
nutrients as several fungi and bacteria interact with the
growth of plant roots (Fig. 2), and function as biofertilizers
and biopesticides (Hynes et al. 2008).

Soil microorganisms, such as arbuscular mycorrhizal
fungi (AM fungi), P solubilizing fungi and bacteria, and
N,-fixers, can enhance plant nutrition and improve plant
growth through the induction of changes in plant metabo-
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Fig. 2 Interactions among Rhizobium spp. Glomus spp.
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lism. Many bacteria can produce auxins, gibberellins,
cytokinins, and ethylene in amounts stimulating plant
growth, increasing root branching or shoot development
(Van Loon 2007). A long list of plant-growth-promoting
rhizobacteria can be isolated from field crops in the prairie
ecozone (Hynes et al. 2008). Several bacteria possess the
enzyme l-aminocyclopropane-1-carboxilic acid (ACC) de-
aminase and use ACC, the precursor of ethylene, as a
source of food. They remove ACC from the rhizosphere,
stimulating root elongation and plant growth in the process.
The AM fungi are also known to reduce the impact of
environmental stresses caused by toxic metals (Audet and
Charest 2008), high temperature (Paradis et al. 1995), and
severe drought (Augé 2001) in their host plants by
improving hormone production, binding metals, modifying
electrolyte concentration in plant cytoplasm, and extracting
water from the soil (Hynes et al. 2008). Other endophytic
fungi (i.e., dark septate endophytes) are emerging as
important plant associates. The abundance of these endo-
phytes can improve drought tolerance of their host plants in
stressful environments (Yuan et al. 2010).

Biopesticides involve bacteria as well as fungi. Whereas
AM fungi can “sanitize” the rooting soil through baiting
and nutritional interactions (St-Arnaud et al. 1996), other
organisms such as Trichoderma are toxin-producing antag-
onists (Reino et al. 2008). Pseudomonas fluorescens also
inhibit soil-borne pathogens through siderophore-related
sequestration of Fe and starvation (Choudhary et al. 2009).
Microorganisms can also influence gene expression and
activate or “prime” plant defense mechanisms through

systemic acquired resistance (SAR) and systemically
induced resistance (SIR) to pathogens (Van Loon 2007).
SAR and SIR operate through production of signaling
compounds by plant-growth-promoting rhizobacteria, and
plants may produce bioactive molecules, in a two-way
process paralleling legume—rhizobia cross-talk (Van Loon
2007), opening the possibility of manipulating plant disease
resistance with manufactured signal molecules. Compounds
acting on microbial associates of plants could be used to
manage crop rhizosphere and reduce the amount of
agrochemical used on-farm, as minute amounts of these
signal molecules are required for bioactivity, thus reducing
the carbon footprint of crops.

Opportunities for rhizosphere management are offered
by the discovery of bioactive molecules. Research has
shown that flavonoids produced in minute amounts by
legume plants were involved in the induction of nodulation
(Rolfe 1988). Genistein, a flavonoid produced by soybean,
turns on nod genes in Bradyrhizobium japonicum, initiating
the process of nodulation in the plant (Zhang and Smith
1997). This discovery led to the formulation of genistein-
amended soybean inoculants for early nodulation in cool
soils (Leibovitch et al. 2001). Lipochito-oligosaccharides
(LCO) produced by B. japonicum is responsive to host
plant signal and acts as a plant-growth promoter (Miransari
and Smith 2009). LCOs have been commercialized as LCO
Promoter Technology ™ for use in corn and soybean
production.

The AM fungi symbiosis in plants is also stimulated by
flavonoids such as formononetin, biochanin-A (Fries et al.
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1998), and eupalitin (Cruz et al. 2004). Formononetin-
based technology is commercialized as Myconate®, in
different formulations, as a stimulant for mycorrhizal
development. Several compounds are involved in the
regulation of the AM symbiosis. Arbuscular mycorrhizal
fungi were shown to be influenced by the polyamines
putrescine and spermidine (EI et al. 1996), the nucleoside
derivative 5'-deoxy-5"-methylamino-adenosine (Kuwada et
al. 2006), and by tryptophan dimer, a peptide (Horii et al.
2009).

Whereas signal molecules can be manufactured and
applied in inoculants or directly on plants, a more
interesting approach for farmers would be the selection of
crop genotypes with better host quality to valorize existing
soil bioresources. The genetic variability necessary for the
selection of plant genotypes forming effective symbioses
with AM fungi exists (Sawers et al. 2010) and breeding
programs targeting better symbiosis in wheat have been
undertaken at least in Canada and Europe. Efficiency of
nutrient acquisition has rarely been considered. In fact,
breeding under conditions of nutrient abundance may have
selected against efficient nutrient acquisition and nutrient
providing plant symbioses (Lynch 2007). Little effort has
been made in the selection of plants for superior symbiotic
performance in crops other than legumes. Yet, plant
symbioses have the potential to improve crop performance
through better tolerance to drought stress and protection
against disease organisms, in addition to promoting
efficient nutrient acquisition (Afza et al. 2010). These
strategies and practices of utilizing plant symbioses to
improve nutrient use efficiency will be critically important
in reducing carbon footprints in agriculture. For example,
the use of Penicillium bilaii, a P-solublizing fungus, along
with AM fungi, has been shown to improve plant health,
enhance plant phytoremediation, and increase crop yield in
canola and wheat by 7% to 30% (Gianinazzi and Vosatka
2004; Miransari and Smith 2009; Paradis et al. 1995; Zhang
and Smith 1997). Based on the low end of the increased
crop productivity (conservatively), we estimate that the
carbon footprint of canola and wheat can be lowered by
13% with the application of P-solublizing fungi and AM
fungi (Table 5).

3.5 Cropping systems and energy use efficiency
in the semiarid Canadian prairie

The burning of fossil fuels is an obvious and major form of
energy input into agriculture (Zentner et al. 2009). Fossil
fuels are used to power farm machinery used in various
farming operations such as seeding, cultivating, spraying,
harvesting, haying, crop drying, transporting products to
markets, etc. Fossil fuels are also used in the manufacture
and repair of farm machinery and the manufacture and
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transport of fertilizers, pesticides and other crop inputs
(Janzen et al. 1998). Energy input to agricultural systems
depends upon numerous factors, two of which are tillage
management and crop rotation including cropping intensity
and crop diversity (Zentner et al. 2009). Management
practices include intensity of tillage—conventional (such as
summerfallowing or several tillage operations for weed
control, seedbed preparation, seeding), conservational (re-
duced, minimum, and no-till systems), organic (intensive
tillage for seeding, weed control, trash management).
Conventional and conservational management systems use
fertilizers for nutrient replenishment and pesticides for
weed, insect and disease control, whereas organic manage-
ment includes non-chemical pest control and legumes as
well as manures for nutrient replenishment. Crop diversity
ranges from low intensity diversification (such as mono-
culture cereal-based cropping systems often including
summerfallow) to higher intensity diversification such as
rotations using annual cereal, oilseed, and pulse crops, or
rotations including annual crops and perennial forages.

Generally, there is little difference in total energy use by
conventional compared with conservational cropping sys-
tems (Table 6; Zentner et al. 1989, 2009). Energy use in the
form of fuel and machinery is lower for no-till direct-
seeding compared with conventional tillage practices.
However, in order to respond to the increased soil water
reserves often associated with reduced tillage systems,
fertilizer and pesticide application rates are often increased.
Thus, energy use in the production and distribution of
pesticides and fertilizers, especially N, is higher for direct-
seeding compared with conventional production systems. In
contrast, savings in energy input are significantly higher
with organic systems because of the non-use of pesticides
or inorganic fertilizers (Table 6; Hoeppner et al. 2006;
Zentner et al. 2009).

In annual crops, production practices that reduce the
application rate of fertilizer N decrease the energy input to
the system (Zentner et al. 1989) and thus will reduce the
carbon footprint of crop products significantly (Table 4).
More diversified rotations that include pulse crops along
with cereals reduce energy requirements because the
nitrogen-fixation capabilities of the pulses reduce the
overall fertilizer N requirements for the rotation. Cereal—
oilseed rotations usually have higher energy requirements
than cereal—pulse rotations mainly because oilseeds require
fertilizer N while pulses supply N by symbiosis (Table 5).

On the Canadian prairie, energy use efficiency (EUE),
yield per unit energy input or the ratio of energy output
(yield of grain and forage) to energy input, is highest for
organic systems and lower but similar for conventional
and conservational systems (Table 6; Hoeppner et al.
2006; Zentner et al. 2009). For example, average yields of
annual crops on organic farms in the eastern and central
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Table 6 Average annual production, total energy input, energy
output, net energy production, and energy use efficiency measured
as grain yield per unit energy input and as the ratio energy output/

energy input for conventional, conservational, and organic cropping
systems in the Canadian Prairies

Cropping Yield, kg Energy input, Energy output,  Net energy, MJ  Yield/energy, kg  Energy out/  Source

system ha! yeaf1 MJ ha ! yf:af1 MJ ha! yeaf1 ha ! year71 ha ! GJ'! yeaf1 energy in

Conventional 1,472 3,856 26,541 22,687 391 6.88 Zentner et al. 2009
Conservational 1,419 3,854 25,592 21,737 375 6.64 (1996-2007)
Organic 940 1,889 16,600 14,711 497 8.79

Conventional 4,906 58,466 11.9 Hoeppner et al. 2006
Organic 1,934 41,428 21.4 (1992-2003)
Conventional 7,157 37,989 30,832 321 5.31 Zentner et al. 2004
Conservational 7,171 39,287 32,111 324 5.48 (1987-1998)
Conventional 4,038 21,073 17,035 406 5.22 Zentner et al. 1998
Conservational 4,374 20,606 16,232 364 4.71 (1982-1993)

Also identified are the duration of the study and the publication from which the data was obtained

prairies are typically lower than on conventional farms
(Entz et al. 2000; Zentner et al. 2009). However, energy
inputs are much lower on organic farms contributing to the
higher EUE. Organically, managed crop rotations that
include annual and perennial forage crops have the highest
energy use efficiencies. This practice is especially advan-
tageous in semiarid areas where yield reduction from pest
infestations is usually less severe compared with more
humid and subhumid regions. Using our model, we
estimated that the carbon footprint of canola produced
under organic systems in the semiarid Brown soil zone
was 0.18 kg CO,e kg™' of product, about one third of the
carbon print of canola produced under conservation
systems (0.69 kg CO,e kg™'). Similarly, spring wheat
produced under the organic systems in the semiarid Brown
soil zone had a carbon footprint of 0.11 kg COe kg™,
significantly lower than 0.38 kg CO,e kg ' when
produced under conservation systems.

Overall, fossil fuel use in agriculture is a relatively small
part of the emissions from Canadian farms compared with
on-farm sources of methane and nitrous oxide (Janzen et al.
2006). About 2.8% of the national energy consumption
from 1997 to 2003 was used in agricultural production
(Dyer and Desjardins 2006). Because of the low profile of
farm energy use on the scale of climate change issues,
policy-makers, and researchers are often linking farm fuel
use with other relevant sectors such as transportation of
farm fertilizers and machinery (Dyer and Desjardins 2007).

3.6 Improving crop residue management in farming
systems

Crop residues produced worldwide are estimated at 2,962
million tonnes, equivalent to 1,333 million tonnes of carbon,
per year (Lal 1995). Proper management of crop residue will

improve agricultural productivity and reduce the carbon
footprint of crop products. Crop residues retained on the soil
surface, through the use of conservation tillage, can provide
the following benefits: increase carbon sequestration of
atmospheric CO, into soils (VandenBygaart et al. 2003);
reduce fuel use and greenhouse gas emissions (West and
Marland 2002); protect the soil surface from water and wind
erosion and thus reduce fertilizer input (Unger 1978; Malhi
et al. 2001); improve soil aggregate stability, rainfall capture
efficiency, and water holding capacity (Campbell et al. 1995,
1989); improve biodiversity both above and below ground
(Swift et al. 1996); improve plant-mycorrhizae associations
(McGonigle and Miller 1993); and lower nitrous oxide
emissions (Ussiri et al. 2009). Also, crop residue can be
incorporated into the near-surface soil using conventional or
strip tillage practices (Al-Kaisi and Licht 2004). When crop
residues are incorporated deeper into the sub-soil horizons,
carbon placed beneath the plow layer will decompose very
slowly because of reduced exposure to climatic elements.
Also, growing deep-rooted plants has been shown to
improve soil structure and increase soil carbon in the sub-
soil horizons.

Biochar is a charcoal made by heating biomass under
oxygen-limited conditions (e.g., slow pyrolysis). Charcoal
is a stable solid rich in carbon and can be used to lock
carbon in the soil. Since biochar can sequester carbon in the
soil for hundreds to thousands of years, it has received
considerable interest as a potential tool to sequester
atmospheric carbon. As well, recent research has shown
that the use of biochar can reduce leaching, increase the
availability of nutrients for plant growth, reduce the amount
of fertilizer required in crop production, and decrease
nitrous oxide and methane emissions (Laird et al. 2009).

With regards to crop residue management, numerous
studies from the Canadian prairies have shown that soil
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organic matter is largely influenced by tillage and crop
rotations (summerfallow versus no-till cropping) and less
influenced by crop species (Liang et al. 2002; Liang et al.
2005; McConkey et al. 2003).

4 Conclusions

In this paper, we estimated the relative intensities of
greenhouse gas emission from the production of various
field crops grown on the Canadian prairie and determined
the effect of soil-climatic conditions, crop species, and
different cropping systems on the carbon footprint of a crop
product. Based on the model we developed, field crops
grown in the more humid Black soil zone had substantially
greater carbon footprint than the crops grown in the drier
Brown and Dark Brown soil zones. Under the same
growing conditions, canola and wheat had significantly
greater carbon footprint than pulse crops (chickpea, dry
pea, lentil). Durum wheat grown in diversified cropping
systems had a lower carbon footprint than when grown in
cereal monoculture systems. This information is critical for
establishing inventories of greenhouse gas emissions from
cropping systems involving cereals, oilseeds, and pulse
crops. We identified major strategies and practices for
potentially lowering the carbon footprint of field crops
grown in semiarid regions. With the model we developed,
the carbon footprint of major field crops grown on the
Canadian prairie can be collectively lowered as much as
24% in the Black, 28% in the Dark Brown, and 37% in the
Brown soil zones. These percentage decreases are very
conservative and can be achieved during crop production
through adoption of agronomic practices that, for example,
increase N use efficiency, grow crop cultivars with high
harvest index, and use soil bioresources such as P-
solublizers and arbuscular mycorrhizal fungi. To our
knowledge, this information is unique and potentially
useful as a reference source for policy-makers and crop
modelers who are interested in estimating the carbon
footprint of various cropping systems or estimating sector-
wide commodity-specific emissions. The absolute value of
the estimated carbon footprint will change depending on
crop productivity, cropping system, and associated pro-
duction inputs, especially the rate of nitrogen fertilizer,
and farm operations such as tillage and crop residue
management.

We must realize that the concept of carbon footprint is
still relatively new. There is a lack of knowledge about
emissions from the various activities in the value chain for
food production, processing, and marketing. More detailed
studies on life cycle assessment would help evaluate how
different cropping options and varying agricultural ecosys-
tems would affect the carbon footprint of a crop product
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and of the emissions along the value chain of food
processing and marketing. Some quantitative estimates of
the impacts of agricultural ecosystems on environmental
variables in the upstream and downstream processes need
to be considered when estimating the carbon footprint of a
crop product. Furthermore, the methodology for calculation
of carbon footprints varies between sectors or between
different ecosystems. The carbon footprint estimated for a
food product can be affected by the process of production,
climatic conditions under which the product is grown, and
the process for delivery of the product to market after
leaving the farm gate. These and other challenges make it
difficult to adequately calculate carbon footprint in some
cases. Also, there is a need to develop a common
methodology to document detailed emissions at each level
in the production cycle, so that all emissions along with the
entire food chain can be synthesized into the calculation of
the carbon footprint.
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