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a b s t r a c t

Recent concerns over rising oil prices and greenhouse gas emissions have sparked an interest for the
production of first generation biofuels on marginal agricultural land in Eastern Canada. Field trials were
established to compare canola seed oil yield and soil nitrous oxide (N2O) emissions in tree-based inter-
cropping (TBI) and conventional monocropping (CM) systems. The 4–5 year-old TBI system comprised
alternating rows of hybrid poplar and high-value hardwood species, with 8 m wide alleys. Each cropping
system was planted with six canola cultivars, grown at four fertilizer N rates. Seed oil concentrations
decreased linearly with fertilizer N, while seed oil yields increased either linearly or following a quadratic
trend. An optimal fertilization rate was estimated at 80 kg N ha−1. Seed oil concentrations were higher in
the CM than in the TBI system, but the two systems did not differ significantly in terms of seed oil yield.
eed oil yield
oil N2O emissions
ree-based intercropping

N2O emissions were three times higher in the CM than in the TBI system, probably as a result of higher
soil moisture. The cultivar that produced the highest seed oil yield also produced significantly more N2O,
probably as a result of greater available C in the rhizosphere. Our results may be useful to future life cycle
assessments for analyzing the net environmental impacts of producing and distributing fertilizer N to
biofuel crops, and the choice of cropping system and canola cultivar that minimize N2O emissions. In a
first instance, we conclude that our model TBI system did not compromise canola seed oil yields, and

l N2O
substantially reduced soi

. Introduction

Rising oil prices and concerns about greenhouse gas emissions
ave sparked an interest in the production of biofuels as alterna-
ives to fossil fuels. Biofuels represent a source of renewable energy
ith lower environmental impacts than fossil fuels, as they recy-

le carbon that was recently fixed from the atmosphere. Canola
Brassica napus L.) and related Brassicaceae species (e.g. Brassica
apa L. and Brassica juncea (L.) Czern) are already important oilseed
rops, providing 12% of the world’s comestible vegetable oil sup-
ly (United States Department of Agriculture, 2008). There is an
pportunity, therefore, for major canola producing countries such
s Canada, the U.S. and China, to increase their production of feed-

tock for first generation biofuels.

It is estimated that the global population is growing by 90
illion people each year, thereby creating a growing demand for

ood. For this reason, the expansion of the biofuel industry should

∗ Corresponding author. Tel.: +1 819 821 8000x62080; fax: +1 819 821 8049.
E-mail address: Robert.Bradley@USherbrooke.ca (R.L. Bradley).

167-8809/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.agee.2010.06.014
emissions.
© 2010 Elsevier B.V. All rights reserved.

not encroach on land currently producing food, or on land with a
good agricultural potential. For example, the estimated 500 mil-
lion hectares of abandoned agricultural land that is lying fallow
worldwide, could be revitalized to grow crops such as canola for
bio-energy (Cotula et al., 2008). There is a need, therefore, to test
novel cropping systems that would entice would be producers to
return fallow land into biofuel crop production.

Incentives to cultivate canola on abandoned land are possible
through innovative ideas that provide landowners with market
outlets for value-added production systems. Tree-based intercrop-
ping (TBI), which consists of widely spaced tree rows and annual
alley crops, is one such system with potential economic and envi-
ronmental benefits (Bradley et al., 2008). Within a TBI system, tree
roots may absorb nutrients that are leached below the rooting
zone of alley crops thereby increasing nutrient cycling efficiency
and decreasing environmental impacts (Allen et al., 2004). When

combining fast-growing short-rotation trees such as hybrid poplars
(Populus spp.) and high-value hardwood trees such as black wal-
nut (Juglans nigra L.), TBI systems are expected to supplement the
landowners’ income over that he would receive by conventional
monocropping (CM) (Gordon, 2008). Within the context of present

dx.doi.org/10.1016/j.agee.2010.06.014
http://www.sciencedirect.com/science/journal/01678809
http://www.elsevier.com/locate/agee
mailto:Robert.Bradley@USherbrooke.ca
dx.doi.org/10.1016/j.agee.2010.06.014
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nd future cap-and-trade carbon markets, TBI systems could also
enerate revenues because trees fix atmospheric CO2 during their
rowth and tend to increase soil C sequestration (Peichl et al., 2006).
t is uncertain, however, whether trees will interfere with or facil-
tate the growth of canola when it is grown as an alley crop. On
he one hand, TBI systems have been shown to improve soil fer-
ility (Thevathasan and Gordon, 2004), but trees also compete for
ater and cast shade on the intercrop, which could reduce yields. It

s, therefore, necessary to compare canola seed oil concentrations
nd yields in TBI and CM systems.

Field trials should focus on the response of seed oil yield to N fer-
ilizers. On the one hand, total seed yields are expected to increase
ith soil N fertility, but a concomitant increase in seed protein con-

ent could result in lower seed oil concentrations. A second concern
s the impact N fertilizers may have on soil nitrous oxide (N2O)
missions. Nitrous oxide is a potent greenhouse gas, approximately
00 times more effective (per mole) than CO2 at trapping heat in
he earth’s atmosphere (Forster et al., 2007). The environmental
enefits of producing bio-energy to reduce CO2 emissions from
ossil fuels could thus be offset if the associated agronomic prac-
ices increase soil N2O emissions. These emissions may arise from
hemoautotrophic nitrification, the process of oxidizing ammonia
NH3) into NO3

−, or from heterotrophic denitrification, the process
f reducing soil NO3

− into N2 gas. Both of these processes should
espond positively to N fertilization, but differences in cropping
ractices or in rhizosphere dynamics among canola cultivars could
onceivably affect net rates of N2O emissions. For example, crop-
ing systems and cultivars that improve fertilizer use efficiency and

mpede heterotrophic denitrification should result in lower N2O
missions.

We report on canola field trials established on revitalized fallow
and in the province of Québec, Canada. Three canola cultivars were
rown in each of 2007 and 2008, on a pilot study site that included
eplicated TBI and CM systems, each cropped at four N fertility lev-
ls. We hypothesized that yields would be lower near the tree rows
han in the center of the alleys because of competition for light
nd soil resources. We also hypothesized that seed oil concentra-
ion would decrease with increasing soil N fertility, and tested how
his would affect seed oil yield. Lastly, we hypothesized that N2O
missions would increase with N fertilization, and tested how crop-
ing systems and canola cultivars affected these emissions. In order
o gain insights into the factors controlling seed oil yield and N2O
missions, we also measured soil moisture, soil microbial biomass,
otential nitrification rates, as well as foliar traits.

. Material and methods

.1. Experimental design
Field trials were conducted at St-Édouard-de-Maskinongé, Qc
46◦20′ N, 73◦11′ W) in 2007 and 2008. Soil characteristics are given
n Table 1. The experimental design consisted of TBI and CM sys-
ems replicated in four blocks. The TBI systems consisted of rows of
igh-value hardwood species (Fraxinus americana L., Fraxinus penn-

able 1
verage soil properties at the St-Edouard experimental site before fertilization in
007.

Texture Sandy loam

Organic matter (%) 4.59
Total C (mg/g) 26.65
Total N (mg/g) 1.99
C:N Ratio 13.39
Mehlich-extractible P (ppm) 1.20
Mehlich-extractible K (ppm) 4.37
pHwater 5.9
and Environment 139 (2010) 33–39

sylvanica Marshall and Quercus rubra L.) alternating with rows of
fast-growing hybrid poplars (Populus × canadensis “Stormont” and
Populus × canadensis), all planted in the spring of 2004. The tree
rows were oriented along a South-West to North-East axis. Adja-
cent tree rows were separated by 8 m wide alleys in which canola
was sown in each of the 2 study years. In 2007, the high-value hard-
woods were about 1 m tall whereas the hybrid poplars were about
4 m tall, with a well-developed canopy. Alleys were disk-harrowed
in mid-May, prior to sowing and fertilizing. Twelve treatments,
consisting of three canola cultivars × four N fertility rates, were
randomly assigned to 12 plots within each replicated cropping sys-
tem. These 8 m long alley plots were established perpendicular to
two adjacent tree rows, with hybrid poplars on the South-East side
and slow-growing hardwoods on the North-West side of the alley.
Given the space constraint of fitting twelve treatment plots into TBI
and CM cropping systems of pre-established size, each treatment
plot was 1 m wide. In order to reduce possible edge effects, adjacent
plots were separated by 30 cm wide geo-textile strips. The plots in
the CM systems were identical in size and orientation to those in
the TBI systems, but excluded the tree rows.

The canola cultivars used in 2007 were Q2, Sentry and 46A65.
These cultivars vary in seed yield and seed oil concentration. Q2 is
a high seed yield, blackleg resistant cultivar (Stringam et al., 1999).
Sentry is blackleg resistant, medium seed oil concentration cultivar
(Rimmer et al., 1998). 46A65 is a Pioneer Hi-Bred, high seed yield,
blackleg resistant cultivar (Canola Council of Canada, 2008). The
canola cultivars used in 2008 were Polo, Topas and 04C204. Polo
is a Danisco-bred, high oil concentration cultivar (Rahman et al.,
2001). Topas is a Swedish spring canola cultivar marketed in 1982,
created from parental lines (Bronowski × Gulle) × Hermes (Nordic
Genetic Resource Center, 2009). 04C204 is a very high oil yield line
(hereafter referred to as “cultivar”) recently developed by the Plant
Science Department, University of Manitoba.

Sowing and fertilization was done by hand in the 3rd week of
May. Plant density was estimated at approximately 60 plants m−2,
below the recommended density of 80 plants m−2 (Conseil des
productions végétales du Québec, 1996). According to Angadi et al.
(2003), yields are not significantly altered at this density because
canola plants compensate with increased branching. The four fer-
tilizer N rates were 0, 40, 80 and 120 kg N ha−1 applied as urea by
hand. All plots received a blanket application of 80 kg P2O5 ha−1 and
80 kg K2O ha−1 according to provincial guidelines (CRAAQ, 2003),
applied as triple superphosphate and potash. Boron and sulphur
were also added in 2008, at 2 and 20 kg ha−1 respectively.

Within TBI systems, the taller hybrid poplar rows were expected
to create a gradient of light and soil conditions. For this reason,
plots within TBI systems were sampled in “subplots” at 1, 4 and 7 m
from the row of hybrid poplars. These three subplots, along with
a single sampling location in the center of each adjacent CM plot,
comprised a fourth experimental factor that we designated as the
“plant environment”. Thus, the full experimental design consisted
of a full factorial array of three canola cultivars × four fertilizer N
rates × four plant environments, replicated four times (N = 192).

2.2. N2O flux measurements

In 2008, soil N2O emissions were measured with closed-top
cylindrical chambers (5.25 cm radius × 15 cm high) on four dates
(July 8th, July 22rd, August 5th and August 22nd). The top 5 cm of
each chamber was insulated with foam and equipped with a rubber
septum. Cylinders were inserted 10 cm deep into the soil in each

of the 192 treatment plots, and 8 ml of headspace air was sampled
after 1 h. Preliminary tests performed in each bock had revealed
that N2O accumulation rate from 30 min to 24 h followed a linear
trend, and that hourly N2O measurements were reliable estimates
of daily N2O flux. Soil temperature at 5 cm depth was monitored
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or each sample. During the incubation, a 22-gauge needle was kept
nserted in the septum in order to maintain equal gas pressure with
he surrounding air while minimizing N2O loss from the headspace
Hutchinson and Mosier, 1981). Gas samples were injected into
.0 ml BD Vacutainer® Plus plastic serum tubes (Becton-Dickinson
nd Co., Franklin Lakes, NJ) and transported to the laboratory where
2O concentrations were measured using a Varian CP-3800 gas
hromatograph (Varian Inc., Palo Alto, CA) equipped with a 80–100
esh Hayesep® packed column, an electron capture detector (ECD),
ith ultra-high purity N2 as carrier gas. N2O measurements were

orrected to a common temperature of 20 ◦C by assuming Q10 = 2,
nd extrapolated to a ha−1 day−1 basis.

.3. Soil sampling and analyses

A soil sample (0–10 cm) was collected from each of the 192
ampling locations twice in 2007 (July 3rd and August 11th), and
ollowing each N2O measurement in 2008. These were transported
o the laboratory where they were sieved (2 mm) and kept at 4 ◦C
ntil analyzed. Soil water content was determined by weight loss
fter drying subsamples at 101 ◦C for 72 h.

Soil available C in each soil sample was inferred from
icrobial biomass (Bradley and Fyles, 1995) measured by sub-

trate induced respiration (SIR) rates (Anderson and Domsch,
978). Soil subsamples (20 g dry wt. equiv.) were placed in
00 ml plastic containers and amended with ground and sieved
65 �m) glucose (1000 �g C g−1). Glucose was first mixed with
alc (9:1 = talc:glucose), and 500 mg of the mixture was dispersed
hrough each soil subsample using a handmixer with one beater.
he subsamples were left uncovered for 100 min in order to reach
ptimum SIR rates (Anderson and Domsch, 1978). The headspace
f each container was then flushed for 5 min with ambient air
nd sealed with lids equipped with rubber septa. Headspace air
as sampled after 30 min using a needle and syringe, and CO2

oncentrations were detected with a CP-2002 P Micro-GC gas chro-
atograph (Chrompack, Middelburg, The Netherlands) equipped
ith a thermal conductivity detector (TCD), using He as carrier

as. SIR rates were corrected to 20 ◦C by assuming Q10 = 2 and con-
erted to microbial biomass with equations derived by Anderson
nd Domsch (1978).

Potential nitrification rates were measured by placing 25–30 g
resh subsamples in Mason jars, covering these with a polyethylene
lm to allow gas exchange and prevent dessication, and incubating

n the dark at ambient temperature for 30 days. Soil subsamples
ere then extracted in 100 ml of 1N KCl solution, stirred for 1 h

n a rotary shaker, and the supernatants poured through What-
an No. 5 filter papers. Logistical constraints prevented us from

nalyzing all of the extracts, therefore samples were pooled across
ultivars and N fertility levels to test only the effects of “plant envi-
onment” on potential nitrification. Pooled extracts were analyzed
olorimetrically for NO3

− using a Technicon Autoanalyser (Pulse
nstrumentations Ltd., Saskatoon, Canada), with sulphanilamide
olor reagent and a Cu-coated Cd reduction column.

.4. Physiological measurements

Photosynthetic rates at a constant CO2 concentration of 400 ppm
A400) were measured in each subplot once in 2007 during the flow-
ring stage (July 21st to 23rd), and three times in 2008, at stem
longation (June 27th to 28th), early flowering (July 11th to 12th)
nd late flowering stages (July 30th to 31st), using a LI-COR 6400

ortable photosynthesis system (LI-COR Inc., Lincoln, NE). Mea-
urements were made on a newly expanded leaf borne on the main
hoot of a randomly chosen plant. In 2007, the leaf remained on the
lant during the measurement, while in 2008 the leaf was clipped
rom the plant and placed in a water tube in order to rehydrate
and Environment 139 (2010) 33–39 35

prior to measurement. Hence, measurements made in 2007 repre-
sent actual leaf gas exchange rates, while those in 2008 represent
potential leaf gas exchange rates after removing stomatal limita-
tions (Wong et al., 1979). Each measurement was achieved under
a photosynthetic photon flux density of 1000 �mol m−2 s−1, and at
a CO2 concentration of 400 ppm. All leaves were then kept in total
darkness during 48 h to deplete their sugar reserves (Garnier et al.,
2001), scanned to determine their surface with WinFOLIA© soft-
ware (Regent Intruments Inc., Quebec, Canada), dried at 30 ◦C for 2
days and weighed. Specific leaf area (SLA) was thus estimated for
every leaf as the ratio of leaf surface area to dry mass.

2.5. Yield estimates

The 192 subplots were harvested by hand at the end of August of
each year. Ten plants were randomly chosen, air-dried at 30 ◦C for
1 week, and threshed to extract the seeds. Seeds were weighed and
sent to the Plant Biotechnology Institute – National Research Coun-
cil (Saskatoon, Canada) in 2007, and to the Department of Plant
Science – University of Manitoba (Winnipeg, Canada) in 2008, to be
analyzed for seed oil concentration by near infrared spectroscopy.
Seed oil yield in each subplot was estimated from seed weight of
10 plants, planting density and seed oil concentration.

2.6. Statistical analyses

Linear mixed-effects models were used to control the effects
of sampling date and blocks (i.e. random variables) while testing
the effects of cultivar, N fertility and plant environment, as well as
their interactions, on all response variables. The models took into
account the nested structure of the split-plot design. Orthogonal
polynomials were used to test the statistical significance of linear
and quadratic trends in yield as a function to N fertility. Tukey’s HSD
tests were used to reveal statistically different means in the other
response variables. All tests were performed using the lmer package
from R statistical software (2009) and used ˛ = 0.05 to designate
statistical significance.

3. Results

3.1. Seed oil concentration and yield

In both years, seed oil concentration decreased linearly (P < 0.01)
with fertilizer N application rate (Fig. 1a). Average seed oil concen-
tration in 2007 (43.7%) was lower (P < 0.01) than in 2008 (49.1%).
Seeds harvested at 1 m and 4 m from poplar rows in the TBI system
had lower oil concentrations (42.7% and 48.5% for 2007 and 2008
respectively) than those grown in the CM system (46.6% and 50.9%
for 2007 and 2008 respectively) (Fig. 1b and c).

Yields ranged from 0.7 to 1.3 Mg ha−1 in 2007 and from 1.0
to 2.2 Mg ha−1 in 2008. In 2007, seed oil yield increased linearly
(P < 0.01) with fertilizer N application rate (Fig. 2a). Seed oil yield
at 1 m from poplar rows was lower (P < 0.01) than at 7 m. In 2007,
average seed oil yield in the TBI system was numerically higher
(1.1 Mg ha−1) than in the CM system (0.9 Mg ha−1), but the differ-
ence was not statistically significant. In 2008, seed oil yield was
affected by an interaction (P = 0.02) between N fertilization rate
and plant environment (Fig. 2b). More specifically, a quadratic
trend (P = 0.02) between yield and fertilizer N application rate was
observed at 1 m (P < 0.01) and 7 m (P = 0.02) from the tree rows,
whereas a linear trend was observed at 4 m and in the CM sys-

tem. In 2008, average seed oil yield in the TBI system was lower
(1.6 Mg ha−1) than in the CM system (1.9 Mg ha−1), but the differ-
ence between the two systems was only significant (P < 0.01) at the
highest fertilizer N application rate. The two treatments that pro-
vided the highest yield (2.8 Mg ha−1) were 04C204 fertilized with
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ig. 1. Average canola seed oil concentrations in relation to (a) fertilizer N application
ignificant (P < 0.05) means within each frame according to Tukey’s HSD test. Error

0 kg N ha−1, grown either in the CM system or at a 4 m distance
rom poplar rows in the TBI system.

In both years, cultivars had an effect on seed oil concentration
nd yield. In 2007, seed oil concentration was lower (P < 0.01) for
2 (42.2%) than for 46A65 (44.0%) and Sentry (44.8%) (Fig. 3a). In
008, seed oil concentration was higher (P < 0.01) for Polo (51.0%)
han for Topas (47.7%) and 04C204 (48.5%) (Fig. 3b). In 2007,
entry had higher (P = 0.03) seed oil yield (1.1 Mg ha−1) than Q2
1.0 Mg ha−1) (Fig. 3c). In 2008, 04C204 had higher (P = 0.04) seed
il yield (1.9 Mg ha−1) than Polo (1.6 Mg ha−1) (Fig. 3d).

.2. N2O emissions

fertilizer N application rate had no effect (P = 0.24) on N2O
missions in 2008. N2O emissions were more than three times

igher (P < 0.01) in the CM system (60 g N2O–N ha−1 day−1) than

n the TBI system (17 g N2O–N ha−1 day−1) (Fig. 4a). N2O emis-
ions were more than twice as high (P < 0.05) with 04C204
39 g N2O–N ha−1 day−1) than with Polo (15 g N2O–N ha−1 day−1)
Fig. 4b).

ig. 2. Average canola seed oil yield in relation to fertilizer N application rates
nd plant environments. Lines and curves represent significant linear and quadratic
rends. Error bars = 1 S.E.
and (b and c) plant environments. Different lower-case letters designate statistically
1 S.E.

3.3. Plant leaf traits

In 2007, photosynthetic rates were 15–17% lower (P = 0.01) at
1 m from poplar rows than in the other three plant environments
(Table 2). In 2008, plant environment had no effect on photosyn-
thetic rates of leaves that had been excised and re-hydrated prior
to measurement. For both years, there was a significant N fertil-
ity × canola cultivar interaction controlling photosynthetic rates
(P = 0.03 and P = 0.02 for 2007 and 2008 respectively) (Table 2).

In 2007, SLA was higher (P = 0.03) for Sentry than for 46A65
(Table 2). In 2008, SLA was higher (P < 0.01) for Polo than for Topas.
In both years, SLA was higher (P < 0.01) in the TBI than in the CM
system. In 2007, SLA was higher (P < 0.02) at 1 m than at 4 m from
poplar rows.

3.4. Soil moisture, microbial biomass and potential nitrification
Average soil water content in 2008 was about 3% lower (P < 0.01)
with Topas than with the two other cultivars (data not shown). In
both years, soil water content was higher (P < 0.01) in the CM than
in the TBI system (Table 3).

Fig. 3. Average seed oil concentration and yield of canola cultivars tested in 2007
and 2008. Different lower-case letters designate statistically significant (P < 0.05)
means within each frame according to Tukey’s HSD test. Error bars = 1 S.E.
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Fig. 4. Average soil nitrous oxide (N2O) emissions in relation to (a) plant environments and (b) canola cultivars, over the 2008 growing season. Different lower-case letters
designate statistically significant (P < 0.05) means within each frame according to Tukey’s HSD test. Error bars = 1 S.E.

Table 2
Effects of canola cultivar and plant environment on photosynthetic rates (A400) and specific leaf area (SLA) of canola leaves grown in 2007 and 2008. Also displayed are
significant interactions between fertilizer-N rate x canola cultivar in controlling photosynthetic rates. Standard errors are shown in parentheses. Italicized lower-case letters
represent statistically different (� = 0.05) means, according to Tukey’s HSD test.

46A65 Q2 Sentry TBI – 1 m TBI – 4 m TBI – 7 m CM

A400 (�mol CO2 m−2 s−1) 2007 0 kg ha−1 16.88a
(0.96)

16.14a
(1.20)

16.95a
(1.04) 16.38b

(0.72)
19.37a
(0.61)

19.51a
(0.57)

19.71a
(0.47)40 kg ha−1 18.74a

(0.92)
16.88a
(0.73)

16.60a
(1.12)

80 kg ha−1 20.82ab
(0.82)

22.02a
(0.69)

18.32b
(1.16)

120 kg ha−1 20.00a
(1.31)

21.91a
(0.79)

18.84a
(1.05)

Polo Topas 04C204

2008 0 kg ha−1 8.33a
(0.51)

9.86a
(0.58)

9.88a
(0.49) 11.06a

(0.36)
10.66a
(0.32)

10.77a
(0.34)

11.02a
(0.33)40 kg ha−1 9.82a

(0.58)
10.81a
(0.62)

10.34a
(0.41)

80 kg ha−1 10.87b
(0.58)

12.91a
(0.53)

11.12b
(0.52)

120 kg ha−1 11.41b
(0.64)

13.76a
(0.57)

11.31b
(0.54)

46A65 Q2 Sentry

SLA (cm2 g−1) 2007 267.11b
(6.16)

281.49ab
(6.68)

292.77a
(7.52)

314.71a
(8.07)

281.96b
(5.36)

286.26ab
(8.68)

238.88c
(5.12)

a
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Polo Topas

2008 347.6a
(5.19)

329.5b
(4.87)

In 2008, there was a canola cultivar × plant environment inter-
ction (P < 0.01) controlling soil microbial biomass (Fig. 5). More
pecifically, microbial biomass in the CM system was higher with
4C204 and Topas than with Polo. Microbial biomass in the TBI

ystem was generally higher (P < 0.01) with 04C204, but the signif-
cance of comparisons with the other two cultivars varied according
o plant environment.

In both years, potential nitrification decreased with proximity to
oplar rows, but a significant effect (P = 0.03) was observed only in

able 3
ffects of plant environment (TBI at 1, 4 and 7 m distance from poplar rows, and CM) on
talic represent statistically significant (P < 0.05) means within each year, according to Tu

TBI – 1

Soil water content (gwater gsoil
−1) 2007 0.146b

(0.003
2008 0.222b

(0.002
Potential nitrification (�g NO3

−-N gsoil
−1 mo−1) 2007 1.29a

(0.53)
2008 20.29b

(1.27)
04C204

340.3ab
(5.01)

352.0a
(5.86)

347.1a
(5.66)

346.3a
(6.09)

311.2b
(5.08)

2008 between soils samples from the CM system and TBI subplots
at 1 m distance from poplar rows (Table 3).

4. Discussion
The fact that the canola cultivars used in 2007 were not the
same as those used in 2008 precludes all comparisons of seed oil
concentration and yield between years. Our study was not meant,
however, to be a rigorous canola cultivar trial, but rather a first esti-

soil water content and potential nitrification rates. Different lower-case letters in
key’s HSD test. Standard errors are shown in parentheses.

m TBI – 4 m TBI – 7 m CM

)
0.148ab
(0.003)

0.146b
(0.003)

0.157a
(0.004)

)
0.225b
(0.002)

0.225b
(0.002)

0.247a
(0.003)

1.27a
(0.36)

1.45a
(0.37)

1.52a
(0.54)

22.31ab
(1.26)

22.96ab
(1.62)

24.26a
(1.61)
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Fig. 5. Soil microbial biomass in relation to plant environments and canola cultivars,
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ver the 2008 growing season. Different lower-case letters designate statistically
ignificant (P < 0.05) means within each cluster according to Tukey’s HSD test. Error
ars = 1 S.E.

ate of potential seed oil yields on marginal fallow lands in Quebec,
sing different fertilizer N application rates and different cropping
ystems. The decrease in seed oil concentration with increasing fer-
ilizer N application rate is likely the result of protein synthesis
eing favoured over oil synthesis when N becomes more abun-
ant (Brennan et al., 2000). This decrease in seed oil concentration
as more than compensated by an increase in total seed yield with

ncreasing fertilizer N application rate, at least up to 80 kg N ha−1.
esults thus suggest that optimal yields can be attained on marginal
gricultural land in Quebec with 80 kg fertilizer N ha−1.

Compared to average seed oil yields found in other industrial-
zed countries, the optimum yields that we obtained in 2008 rate
s very high. For example, on its web site the U.S. Canola Asso-
iation reports average winter canola seed yields of 23 mainland
tates ranging between 500 and 3800 kg ha−1, with average seed
il concentrations generally lower than 45%. In fact, seed oil yields
pwards of 2000 kg ha−1, as we have found, have been reported in
nly a few other studies (Brandle and Mcvetty, 1988; Taylor et al.,
991; Karamanos et al., 2007). Our data thus suggest that the cul-
ivars we used in 2008 may be more adapted to moist conditions
uch as those in Eastern Canada, than to the dryer prairie conditions
here canola has traditionally been grown.

In the TBI system, a reduction in seed oil concentration and yield
ccurs in close proximity to poplar rows. Lower yields at 1 m dis-
ance from poplar rows could be due to light interception by the tree
anopy. This is corroborated by the higher SLA observed at this dis-
ance in 2007, since SLA usually responds positively to reductions
n light intensity (Jurik and Van, 2004). We did not observe signifi-
antly higher SLA at this distance in 2008, perhaps because of more
aylight hours in 2007 (266 mm rainfall; 173 cooling degree days)
ompared to 2008 (369 mm rainfall; 154 cooling degree days), such
hat differences in SLA due to shading were more pronounced in the
unnier year. Hybrid poplar is a fast-growing tree crop with a high
oil water demand, and this also could contribute to reduced yields
t 1 m distance from poplar rows. This is corroborated by differ-
nces observed in A400 between years. More specifically, A400 at 1 m
istance was significantly lower when measurements were made
n non-excised leaves experiencing in situ soil water potential (i.e.
007), but not when leaves were excised and re-hydrated prior
o measurement (i.e. 2008). Finally, the potential nitrification data
rovide only weak support that lower yields at 1 m distance from
oplar rows were due to lower soil N supply. Adequately testing for

deficiency would require a measurement of leaf N concentration
hich can be combined with A400 values to derive photosynthetic N
se efficiency (Reich et al., 1989). Notwithstanding the lower yields
bserved at 1 m distance from poplar rows, our study shows that
and Environment 139 (2010) 33–39

average yields over the entire alley can be maintained when canola
is intercropped with fast-growing hybrid poplar at 8 m intervals,
at least for 5 years following the implementation of this cropping
system.

In 2007, we did not expect higher seed oil concentration
and yield with Sentry than with Q2, as these two cultivars had
been respectively reported as being medium and high in seed
oil (Rimmer et al., 1998; Stringam et al., 1999). The climate in
Quebec is generally cooler and wetter than in central and west-
ern Canada where these cultivars have been tested, and this may
have reordered the relative performance of the two cultivars.
For example, Lafitte and Courtois (2002) found significant culti-
var × environment interactions controlling upland rice yields, with
early maturing cultivars being favoured under drought. Results
emphasize, therefore, the limit to which the relative performance
of canola cultivars can be generalized beyond regional growing
conditions.

Contrary to expectation, we did not find a relationship between
fertilizer N application rate and soil N2O emissions. It is possi-
ble that most of the fertilizer N had already been immobilized or
lost (volatilized or leached) by the time N2O measurements began,
nearly two months following fertilizer application. On the other
hand, we found a substantial three-fold increase of N2O emissions
in the CM system, when compared to the TBI system. N2O produc-
tion may arise from two biochemical pathways, chemoautotrophic
nitrification that is more common under aerobic conditions, or het-
erotrophic denitrification that is more prevalent in oxygen depleted
soils (Firestone and Davidson, 1989). Soil analyses in our study
provide evidence that TBI could have decreased N2O emissions by
either one of these two pathways. For example, we found lower
potential nitrification rates in the TBI system, possibly due to better
fertilizer N utilization when alley crops and trees are intercropped
(Thevathasan and Gordon, 2004). Lower potential nitrification in
TBI systems could also reduce N2O emissions by limiting the avail-
able substrate for heterotrophic denitrifiers. It is also possible that
TBI systems reduced heterotrophic denitrification by reducing soil
moisture (Xuejun et al., 2007). Given that hybrid poplar is a fast-
growing species with extensive lateral roots, its high demand for
soil water is likely met by foraging the solum well into the alley.
This is corroborated by the lower soil moisture contents found at
various distances in our TBI plots.

We did not expect to find an effect of cultivars on N2O emissions.
Given that nitrification and soil water content were not higher
under cultivar 04C204, we hypothesize that the higher N2O emis-
sions with this cultivar was due to greater rates of rhizodeposition
alleviating C limitation among heterotrophic denitrifying bacte-
ria (Peng et al., 2007). This is corroborated by a higher microbial
biomass, a reliable index of chronic low C-supply (Bradley and Fyles,
1995), under cultivar 04C204. The implication of this cultivar effect
is important, given that the cultivar with the best seed oil yield is
also the one with the highest rate of N2O emission.

In summary, we have shown that seed oil yields of up to
2.8 Mg ha−1 can be obtained in either TBI or CM systems on
marginal farmland in Southern Quebec. According to the 2009
Automotive Consumer Guide (HowStuffWorks Inc., 2009), a 4-
cylinder mid-size car’s average fuel consumption is 10.6 km l−1,
such that it would take approximately 0.67 ha of marginal land to
fuel this mid-size car to run 20,000 km year−1. These yields occur,
however, under optimal fertilizer and cultivar conditions that are
not necessarily environmentally sound. There is a need, there-
fore, to conduct life cycle assessments for analyzing the trade-offs
on by the production and application of fertilizer N, or by the choice
of cropping system and canola cultivar that substantially affect N2O
emissions. In a first instance, our study allows us to conclude that
our model TBI system did not compromise canola seed oil yields,
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nd substantially reduced soil N2O emissions compared to the CM
ystem. Lower N2O emissions may provide a further incentive for
andowners to adopt TBI systems, based on current and proposed
ap-and-trade programs that reward production systems that limit
HG emissions (e.g. European Commission, 2008).
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