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Abstract Camelina (Camelina sativa L. Crantz), as a
bioenergy and bio-product feedstock, may be grown as a ro-
tation crop in the wheat-based cropping system to increase
land use efficiency in the Northern Great Plains (NGP). In this
study, which was conducted from 2008 to 2011 in central
Montana, we evaluated the energy balance of three 2-year
cop rotational sequences that included camelina-winter wheat
(Triticum aestivum L.) (CAM-WW) and barley (Hordeum
vulgare L.)-winter wheat (BAR-WW) compared with a tradi-
tional fallow-winter wheat (FAL-WW) rotation. Results indi-
cated that 52 and 57 % more energy input was invested in
CAM-WW and BAR-WW compared to FAL-WW system
(9182 MJ ha "), respectively. In all rotations, nitrogen fertil-
izer was the most energy-consuming input and accounted for
76, 68, and 69 % of the total energy used in wheat, barley, and
camelina production, respectively. Averaged over 3 years,
CAM-WW and BAR-WW systems yielded 34 and 29 %
greater gross energy output compared with FAL-WW. The
CAM-WW and BAR-WW also outperformed FAL-WW by
30 and 6 % in terms of net energy output. No significant
differences in energy efficiency were found between the
FAL-WW and CAM-WW systems. Taking into account of
the greater net energy as well as similar values of energy use
efficiency, the CAM-WW system performed better than the
traditional FAL-WW system under rainfed conditions in cen-
tral Montana. There is a good potential to improve the energy
efficiency of the CAM-WW cropping system (by more than
26 %) through refinement of agronomic practices, mainly
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nitrogen fertilization and herbicide application, which can fur-
ther enhance the sustainability of camelina feedstock
production.
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Introduction

Camelina (Camelina sativa L. Crantz) is an annual oilseed
crop belonging to the Brassicaceae family [10]. Oil of this
crop has been recognized as an outstanding feedstock for
bioenergy purposes and recent studies have confirmed its su-
periority as a biodiesel and aviation fuel [10, 14, 31, 33]. In
recent years, extensive efforts have been made to characterize
camelina’s agronomic potential for the western and northern
regions of the US Great Plains and Canada [10, 11, 20].
Results of these studies confirmed that camelina can suitably
fit with the environmental conditions and boundaries of the
Northern Great Plains and, thus, has potential to fill the fallow
period of the wheat-based cropping systems to increase land
use efficiency [6, 20]. Chen et al. [6] reported that total bio-
mass and grain yield are greater in camelina-wheat annual
cropping system than that in traditional fallow-wheat systems
of Central Montana. Nevertheless, the sustainability of a
camelina-winter wheat rotation (CAM-WW) compared to
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the traditional fallow-winter wheat (FAL-WW) system
needs to be investigated. Effective use of non-renewable
energy sources is considered as a major component of
sustainability in the agricultural activity, especially bio-
feedstock productions; thus, energy analysis is one useful
indicator of environmental and long-term sustainability of
cropping systems [2, 24]. Moreover, energy analysis pro-
vides opportunities toward optimization of non-renewable
energy consumption, thereby contributing positively to
reducing greenhouse gas emissions and to enhancing the
long-term environmental sustainability of cropping sys-
tems [4, 27].

Energy production of primary bioenergy feedstocks such
as corn (Zea mays L.) [15, 23, 26], soybean (Glycine max L.
Merr.) [9, 19, 26, 28], and rapeseed (Brassica napus L.) [22,
29, 32] has been extensively investigated. Energy from bio-
mass crops (second-generation feedstock) such as cardoon
(Cynara cardunculus L.), giant reed (Arundo donax L.), and
Miscanthus spp. also has received considerable attention from
researchers [3, 7, 16]. It has been argued that suitable
bioenergy crops must yield significantly more energy than
what is used for producing these crops [17]. Despite the great
potential of camelina for production as a climate-friendly bio-
fuel feedstock, the energy efficiency or energy balance in this
crop is not well documented.

Individual crops vary in their energy input and output.
Therefore, crop rotation can impact the energetics of an
entire cropping system. Zentner et al. [34] reported that
non-renewable energy consumption for entire cropping
systems differed significantly with crop rotations in the
Canadian Prairies. Since nitrogen fertilizer is the most
energy-demanding input in most cropping systems [12,
21], Zentner et al. [34] reported that the inclusion of
pulse crops such as peas (Pisum sativum L.) into
cropping systems can significantly reduce total energy
input to the systems due to their role in minimizing ex-
ternal nitrogen input. Burgess et al. [5] evaluated the
energy balance of 14 various wheat-pulse combinations
in comparison with a continuous wheat-wheat system in
Montana. They concluded that diversification of cropping
systems in Montana with pulse crops will have positive
impacts on energy balance of the system.

In order to make camelina a viable bioenergy crop and
to be able to produce the feedstock efficiently and sus-
tainably, the energetic performance of this crop should be
evaluated. In the present study, energy balance indica-
tors, including energy efficiency and net energy, were
used to evaluate energy performance of CAM-WW and
barley-winter wheat rotations compared with a traditional
FAL-WW rotation in a rainfed environment of the NGP.
The potential to improve the energy efficiency of these
rotations through optimization of agronomic practices is
also discussed.
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Materials and Methods
Site Description and Experimental Details

The study was conducted at the Central Agricultural Research
Center (47° 03’ N, 109° 57" W; 1400 m elevation) of Montana
State University near Moccasin, MT. The soil at this site is
classified as a Judith clay loam (fine-loamy, carbonatic, frigid
Typic Calciustolls) with the water-holding capacity being lim-
ited by gravel content and a shallow soil profile (60 cm).
Long-term (1909-2013) average crop-growing season
(September to August) precipitation in this area is about
390 mm with mean air temperature of about 5.8 °C. In
Table 1, the monthly precipitation and average temperature
during the study as well as the 20-year long-term averages
are presented.

The experiment was conducted from 2008 to 2011 on soil
that was fallowed in the year prior to initiating the
study (2007). Experimental plots were laid out in a random-
ized complete block design with four replicates. The rotation
plots were 3.7 m wide and 18.3 m long. To avoid the con-
founding effect of varying weather conditions on crop rotation
effects, the experiment was designed so that each crop in ro-
tation was presented in each year of the study. The details of
operation practices for each crop are shown in Table 2.

Energy Balance

Energy balance was evaluated using the process analysis
methodology described by Fluck and Baird [8], accounting
for energy used for manufacture and operation of farm ma-
chinery, fuel, lubricants, fertilizer, and pesticides. Inputs were
converted to energy equivalents using standard coefficients
(Table 3). Among the available coefficients, we selected the
most up-to-date values that have been used for energy analysis
in similar environments. The primary source of energy coef-
ficients of machineries was Burgess et al. [5], which
accounted for fuel and lubrication consumption as well as
energy to manufacture machinery and amortized over its use-
ful life. Energy coefficients for herbicides are derived from
Krohn and Fripp [14]. Grain used as seed was not included
as energy input; instead, it was subtracted from the harvested
grain [13]. Neither environmental inputs (solar radiation, pre-
cipitation water, wind, nutrient dry and wet deposition, and so
forth) nor labor inputs were considered in the energy input
calculation since labor usually has an insignificant share in
total energy inputs of the mechanized farming systems [34].
Energy costs for delivering the products to off-farm location,
storage, and drying were also not considered. The total energy
input (MJ ha ") of each crop was calculated by summing all
inputs used in the production procedure. Energy input used in
whole rotation was also calculated by summing the energy
used for each crop in the rotation.
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Table 1 Monthly precipitation

and average air temperature Month  Precipitation (mm) Month  Temperature (°C)

during the study and long-term

average (LTA) at Moccasin, 2008 2009 2010 2011 LTA 2008 2009 2010 2011 LTA

Montana
Sep 282 323 20.6 49.0 35.8 Sep 13.6 12.4 17.3 12.8 12.7
Oct 23.6 19.1 73.9 112 23.1 Oct 8.7 9.2 1.8 106 72
Nov 23.1 14.2 4.8 40.9 14.5 Nov 1.4 4.7 3.9 22 05
Dec 0.5 8.9 8.6 17.0 13.7 Dec -33 88 91 33 -39
Jan 4.8 11.2 10.7 8.1 14.0 Jan -56 30 -30 50 58
Feb 5.3 5.1 5.1 15.0 114 Feb -19 -15 -15 83 41
Mar 2.8 15.0 4.6 15.5 18.0 Mar 0.5 0.6 48 -1.1 4.1
Apr 11.2 36.6 27.9 59.9 30.5 Apr 2.8 42 5.3 33 5.0
May 109.7 142 853 186.7 655 May 9.8 102 7.6 8.3 10.1
Jun 74.7 239 66.3 1074 795 Jun 13.6 13.7 13.6 133 14.3
Jul 11.4 54.9 373 20.8 42.4 Jul 19.3 18.6 17.6 194 188
Aug 22.6 39.6 96.0 18.0 41.7 Aug 19.4 18.3 18.1 20.0 183
Total 3179 2750 4411 5495 3901  AVG. 6.5 6.5 6.4 5.7 5.8

Energy output was determined as a function of grain yield
and grain higher heating values (HHV). A random sample of
each plot was taken, and HHV was determined based on the
bomb calorimeter combustion method. Average HHV of win-
ter wheat, barley, and camelina were 18.5, 18.2, and
26.5 MJI kg ', respectively. Crop residue did not get an allow-
ance in energy analysis since they remained on the field and
returned to the soil [34]. The energy balance of each cropping
system was evaluated using two energy performance indica-
tors as follows:

—  Energy efficiency=Energy Output (MJ ha ')/Energy
Input (MJ ha )

—  Netenergy (MJ ha ")=Energy Output (MJ ha ')—Energy
Input (MJ ha™")

In this paper, the term energy efficiency will be used in the
common general sense of efficiency (greater efficiency being
desirable). We first focused on energy analysis of the cropping
systems based on the current agricultural practices used in this
study. Thereafter, we evaluated the possible options to im-
prove energy balance over the current systems/practices.

Data Analysis

Data from the first year of the experiment (2008) was not
included in the statistical analysis, because we considered
the first year as background year without rotational effects.
Data of energy output and energy balance indices were subject
to ANOVA using PROC GLM of SAS software. Fisher’s least
significant difference test (LSD) at P<0.05 was employed to
separate the means when F test indicated significant differ-
ences. Since there were great variations among years, the data
were analyzed in each year.

Results and Discussion
Energy Input

In comparing energy inputs used for the production of indi-
vidual crops, winter wheat was the most energy-demanding
crop requiring 8284 MJ ha™' of non-renewable energy for
agricultural inputs (Fig. 1). This value of energy input is quite
similar to the average energy input of 9053 MJ ha ' reported
for winter wheat in the Canadian Prairies [34]. Barley and
camelina were ranked following winter wheat with the total
energy input of 6156 and 5968 MJ ha '. Energy input used
during the fallow period was considerably lower
(898 MJ ha ') than those used for crop production (Fig. 1).

Very limited information exists in literature regarding
energy input of camelina. Petre et al. [25] reported 31,
404 MJ ha ! energy input for camelina in Romania which
is considerably higher than that used in the current study.
The discrepancy between energy requirements for
camelina in these studies are due to differences in system
boundaries and management practices, especially high
levels of chemical fertilizer, high rate of herbicide, and
intensive soil preparation in Petre et al. [25] work.
Compared to similar biofuel crops such as canola,
camelina in the current study required lower energy in-
puts. Fore et al. [9] reported 9506 MJ ha™' and Smith
et al. [30] reported 7651 MJ ha ' of energy input required
for canola production in Minnesota and western Canada.
For other biofuel crops such as soybean, energy inputs
can vary from 4588 [9] to 15,506 MJ ha™' [26].

The energy expenditure for the fallow period in the
current study is also lower than that reported by
Zentner et al. [34] in the Canadian Prairies (ranged from
1332 to 1581 MJ ha ' depending on the management
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Table 2 Details of agronomic practices used for each crop

Weed management

Fertilization

Planting and harvesting details

1.12 L ha™' of glyphosate® in the fall.

1.12 L ha ' glyphosate in the early
spring.

1.12 L ha ' of glyphosate plus
1.68 L ha ' 2,4-D® in early to
mid summer.

1.12 L ha! of glyphosate in early
September.

1.68 L ha! bronate® (a broadleaf
herbicide).

Fallow

Winter wheat (cv. Yellowstone)

1.12 L ha! of glyphosate in early
September.
1.68 L ha™' bronate.

Barley (cv. Haxby)

1.12 L ha ! of glyphosate in the early
September.

1.12 L ha" of glyphosate prior to
planting. 1.12 L ha ' Poast’
(a grass herbicide) at late rosette
stage.

Camelina (cv. Blaine Creek)

112 kg ha ! starter fertilizer N-P,Os-
K,0-S (20-20-20-10).
90 kg N ha™! at late-tillering stage.

112 kg ha ! starter fertilizer N-P,Os-
K,0-S (20-20-20-10).
52 kg N ha! at late-tillering stage.

112 kg ha ! starter fertilizer N-P,Os-
K,0-S (20-20-20-10).
50 kg N ha ! at rosette stage.

Directly seeded with a ConservaPak
no-till air seeder® at the rate of
67 kg seed ha ', Harvested using
a Wintersteiger plot combine’ at
late July to early August.

Directly seeded using a
ConservaPak no-till air seeder at a
seeding rate of 76 kg ha .

Harvested in late July using a
Wintersteiger plot combine.

Directly seeded (late March to early
April) using a ConservaPak no-till
air seeder at a seeding rate of

5.6kgha .
Harvested in early to mid-July using
a Wintersteiger plot combine.

# N-[phosphonomethyl] glycine
®2 4-dichlorophenoxyacetic acid

¢ Bromoxynil

42-[1-(Ethoxyimino)butyl]-5-[2-(ethylthio)propyl]-3-hydroxy-2-cycloxexen-1-one

¢ ConservaPak, Indian Head, SK, Canada
fWintersteiger Inc., Salt Lake City, UT

practice), which could be related to no-till practices im-
plemented in the current study.

Except in the fallow period, in which herbicide was
the only energy-consuming input, nitrogen fertilizer was

Table 3  Energy coefficients used to convert inputs to their energy
equivalents

Input Energy coefficient Reference
(MJ/input)
Herbicides (L a.i.) 274.63 Krohn and Fripp [14]
Fertilizer (kg)
N 56.7 Burges et al. [5]
P,05 9.5 Burges et al. [5]
K,0 9.9 Burges et al. [5]
S 1.12 Zenter et al. [5]
Machinery (ha)*
Air seeder 408 Burges et al. [5
Sprayer 126 Burges et al. [5

Granular applicator 91
350

Burges et al. [5

Combine

]
]
]
]

Burges et al. [5

*Including energy for manufacturing, operating, maintenance, fuel, and
lubrication
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the most energy-demanding input accounting for 76, 68,
and 69 % of the total energy input used in wheat, barley,
and camelina, respectively. Our results agreed with re-
ports by other researchers [5, 34] who reported a share
of more than 70 % for nitrogen in the total energy input
of cropping systems in the Northern Great Plains. Similar
values have been reported by others in other regions [12,
21, 29]. The US average for the proportion of nitrogen in
the total energy expenditure for producing a winter
wheat crop is about 47 % [27]. The higher proportion
of nitrogen in current study is because farmers usually
apply higher N rate for higher grain protein concentra-
tion to receive protein premium or avoid penalty due to
low grain protein concentration.

Considering the total energy expenditure in the complete
rotation, the lowest energy input was used in the traditional
FAL-WW (9182 MJ ha ') whereas 57 and 55 % more energy
input was invested in BAR-WW and CAM-WW compared to
FAL-WW, respectively (Fig. 1).

Energy Output

The energy output of individual crops in the studied cropping
systems varied considerably across years (Table 4). When
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Fig. 1 Energy input used for each crop (above) and total energy input
used for each cropping systems (below)

comparing energy yield of winter wheat in different rotations,
greater energy was always obtained from wheat rotated with
fallow. Lower grain yield thus energy output of wheat in ro-
tation with camelina and barley is attributed to lower content
of stored water in the soil, which limited moisture availability
for wheat in the intensified cropping systems compared to that

in FAL-WW rotation (for details see Chen et al. [6]) (Table 4).

Camelina gross energy output in this study ranged from 31,
740 to 11,690 MJ ha ' (Table 4). Limited data are available
reporting energy output of camelina especially in rainfed
farming systems. However, compared to irrigated canola
[22, 32], energy output of camelina was lower, which was
due to low grain yield harvested in this rainfed system. As
shown in Table 4, camelina energy yield was extremely low
in 2011. Excessive rainfall received during May and June
(when camelina was blooming) adversely influenced
camelina pollination and grain formation in that year.
Consistently, the Montana Agricultural Statistics reported
considerably lower yield for camelina and mustard across
the state in 2011 compared to 2010 (http://www.nass.usda.
gov/Statistics_by State/Montana/Publications/Annual
Statistical Bulletin/2012/2012_Bulletin.pdf).

Total energy output of the cropping systems also varied
across the experimental years (Table 4). In 2009 and 2010,
BAR-WW and CAM-WW rotations produced 49 and 44 %
(averaged over 2 years) greater gross energy output compared
to FAL-WW. However, in 2011, due to a considerably low
yield of all crops, energy output of intensified cropping

systems declined; no significant differences were observed
between the cropping systems in this regard (Table 4).
Averaged over 3 years of the experiment, the highest energy
output was attributed to the CAM-WW rotation, although it
was not significantly greater than the BAR-WW sequence.
Both of the alternative rotations produced significantly greater
energy output than the traditional FAL-WW rotation.

Energy Indices

Except in 2011, the lowest net energy was attributed to the
FAL-WW rotation (Table 4). Averaged over 3 years, CAM-
WW produced the greatest net energy which was 30 and 6 %
greater than that obtained from FAL-WW and BAR-WW ro-
tations. Liska and Cassman [18] proposed net energy as a
standard metric for energy productivity of biofuel production
systems. This indicator can be suitably used to compare dif-
ferent cropping systems in terms of energy productivity [12,
22, 29, 34]. In rainfed farming systems, crop performance is
greatly influenced by environmental conditions, which can
also impact the energy performance of the cropping systems.
In this study, under favorable environmental conditions such
as in 2010, intensified cropping systems yielded greater net
energy than the FAL-WW rotation (Table 4). It shows that
higher energy invested in the alternative systems was
completely offset by greater energy output of these alternative
cropping systems.

Averaged over three years of the study, camelina’s net en-
ergy yield was 18,283 MJ ha ' (Table 4). As mentioned pre-
viously, one necessary criterion for a biofuel to be a sustain-
able alternative to petroleum fuels is a positive net energy
balance [9]. Camelina net energy yield in the current study is
considerably greater than that reported for generic biofuel
crops such as soybean and canola [9], but lower than biomass
crops [1, 3,7, 16]. This clearly shows the potential of camelina
as a biofuel feedstock because considerably less fossil energy
inputs are required for its production than the energy
contained in its seed. It should be noticed that energy analyses
presented in this paper considered only the in-farm energy
flow (from planting to harvesting) and does not include energy
of transportation and processing into other fuel products.

Energy efficiency of the cropping systems is shown in
Table 4. Values of energy efficiency of the cropping systems
were relatively high, especially in 2010, showing that non-
renewable energy sources were efficiently consumed in these
cropping systems. No significant differences were found be-
tween energy efficiency of the three rotations in 2009 and
2010 whereas FAL-WW outperformed alternative rotations
in 2011 (Table 3). No statistically significant difference was
found between the energy efficiency of the FAL-WW and the
CAM-WW rotations averaged over 3 years of the experiment.
With respect to energetics, the CAM-WW system
outperformed the traditional FAL-WW rotation, as it tended
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Table 4 Energy balance

indicators (means+standard Cropping system 2009 2010 2011 Average
errors) for 2-year crop rotations in
a dryland farming system of Gross output energy (MJ ha ')
Central Montana FAL-WW 43,042 (+1681)b 60,211(x3510)b 46,775 (£3924)a 50,009 (£2556)b
Wheat 43,042 60,211 46,775 50,009
Fallow 0 0 0 0
BAR-WW 66,075 (£3568)a 87,654 (£1063)a 40,544 (£3500)a 64,758 (£2080)a
Wheat 29,047 49,941 20,618 33,202
Barley 37,027 37,712 19,927 31,555
CAM-WW 61,066 (£3654)a 89,001 (£6572)a 51,778 (£3399)a 67,282 (£3014)a
Wheat 32,429 57,261 40,087 43,259
Camelina 28,637 31,740 11,690 24,022
Net output energy (MJ ha ')
FAL-WW 33,860 (£1681)b 51,029 (£3510)b 37,593 (£3924)a 40,827 (£2556)b
Wheat 34,758 51,927 38,491 41,725
Fallow —898 —898 —898 —898
BAR-WW 51,639 (£3568)a 73,218 (£1063)a 26,108 (£3500)a 50,322 (+2080)ab
Wheat 20,763 41,657 12,334 24918
Barley 30,875 31,560 13,775 25,403
CAM-WW 47,042 (£3654)a 74,977 (£6572)a 37,754 (£3399)a 53,258 (£3014)a
Wheat 24,145 48,977 31,803 34,975
Camelina 22,898 26,000 5951 18,283
Energy efficiency
FAL-WW 4.7 (0.19)a 6.6 (£0.38)a 5.1 (£0.43)a 5.4 (£0.28)a
Wheat 5.2 7.3 5.6 6.0
Fallow - - - -
BAR-WW 4.6 (x0.25)a 6.1 (£0.07)a 2.8 (0.24)b 4.5 (+0.14)b
Wheat 35 6.0 2.5 4.0
Barley 6.0 6.1 3.2 5.1
CAM-WW 3.9 (+0.42)a 6.4 (£0.47)a 3.7 (£0.24)b 4.6 (+0.22)ab
Wheat 39 6.9 4.8 52
Camelina 5.0 5.5 2.0 42

Means were separated using LSD test at P<0.05 (only energy indicators of cropping systems were compared not
each individual crop). Means within a column with a common letter are not statistically different. Yearly energy
balances as well as the average values were presented to reflect the variations of crop performance among years
due to the variations of environmental conditions

to produce greater net energy and had a similar energy effi-
ciency as compared with the FAL-WW system.

Potentials to Improve Energy Efficiency

The sustainability of the alternative cropping systems could be
further improved through enhancing the energy efficiency, by
either increasing energy output (yield) or reducing energy in-
puts. The former can be achieved through the selection of
high-yielding cultivars. Recently, several newly developed
camelina cultivars have been tested and some of them have
shown considerable yield advantages over existing cultivars
(Chen unpublished data). The latter (reducing energy input)
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can also be achieved through the optimization of the agronom-
ic practices.

For example, our ongoing experiments showed that
the application of starter fertilizer is not necessary for
camelina after winter wheat as N, P, and S carried over
from the previous crop is sufficient for camelina’s re-
quirements. Also, camelina in-crop herbicide applica-
tion may be reduced through good weed management
in previous crop and weed management prior to plant-
ing. It is expected, through the optimization of fertilizer
and herbicide consumption, almost 29 % of total energy
input of camelina can be saved which in turn will
greatly influence energy use efficiency in CAM-WW
rotation.
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Conclusion

According to the results of the present study, intensified
cropping systems required more energy input than a tradition-
al FAL-WW rotation. However, the greater amount of energy
used in the intensified cropping systems was completely offset
by the greater amount of energy output generated by the alter-
native cropping systems (i.e., CAM-WW and BAR-WW). Net
energy obtained from the intensified cropping systems was
considerably greater than the control (depending on the envi-
ronmental conditions) despite that these systems did not differ
in energy efficiency. It can be concluded that the CAM-WW
and BAR-WW cropping systems outperformed the traditional
FAL-WW system with respect to energy balance. In all rota-
tions, nitrogen fertilizer was the largest energy input, account-
ing for nearly 70 % of the total energy input into the cropping
systems studied. There is considerable potential to improve
the energy performance of the alternative cropping systems,
especially the CAM-WW system in this region. Refinement of
management practices will greatly improve the energy balance
sustainability of the alternative cropping systems.
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