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Abstract This report addresses the development of dryland
oilseed crops to provide feedstock for production of biofuels
in semi-arid portions of the northwestern USA. Bioenergy
feedstocks derived from Brassica oilseed crops have been
considered for production of hydrotreated renewable jet fuel,
but crop growth and yields in the northwestern region are
limited by a lack of plant available water. Based on a review
of the scientific literature, several areas were identified where
research could be directed to provide improvements. The cur-
rent agronomic limitations for oilseed production are mainly
due to seedling establishment under extreme heat, dry seed-
beds at optimum planting times, survival under extreme cold,
and interspecific competition with weeds. To improve emer-
gence and stand establishment, future work should focus on
developing soil management and seeding techniques that op-
timize plant available water, reduce heat stress, and provide a
competitive advantage against weeds that are customized for

specific crops, soil types, and soil and environmental condi-
tions. Spring and winter cultivars are needed that offer in-
creased seedling vigor, drought resistance, and cold tolerance.

Keywords Biomass . Oilseed crops . Stand establishment .

Agronomic limitations . Recommendations

Introduction

Cruciferous oilseed crops of the family Brassicaceae are
important commodities in the USA for food, feed, and an
emerging market in biofuel. Oilseed quality is determined by
the composition of erucic, oleic, linoleic, and linolenic acids.
Crops of the genus Brassica have been developed for low
erucic acid (canola variety of Brassica napus, Brassica
rapa, or Brassica juncea), producing desirable food products
including margarine, shortening, and salad and cooking oils
and high protein meal for livestock. In addition, the genera
Sinapis and Camelina are important as the former is a food
condiment and the latter is a biofuel feedstock or a function-
al food. Certain cultivars of B. rapa, B. juncea, and
B. carinata also provide oil that is high in erucic acid and
well suited for industrial production of lubricants, hydraulic
fluids, and plasticizers [134].

Land planted to canola in the USA increased nearly ten-
fold from 62,775 ha in 1991 to more than 636,660 ha in
2015 [138]. Though this hectarage remains miniscule com-
pared to corn (Zea mays), soybeans (Glycine max), or wheat
(Triticum aestivum L.), this trend reflects the increasing
world demand for vegetable-based oils for both food and
industrial uses. Part of this demand can be attributed to
utilization of industrial oilseeds for manufacture of biodiesel
and hydrotreated renewable jet fuel. Specifically, for the past
several years, the commercial air transportation industry and
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US Department of Defense service agencies have been driv-
ing the establishment of market opportunities for
hydrotreated renewable jet (HRJ) fuel in the interest of en-
hancing energy security and environmental sustainability.
However, regional sustainability considerations, feedstock
production needs, and cost/benefit tradeoffs of alternative
fuels versus petroleum-based fuels were recently identified
as new challenges limiting the further development and de-
ployment of alternative HRJ fuel [34].

To meet industrial, non-food demand, without reducing the
capacity to produce food, it will be essential that new agricul-
tural methods, materials, and technologies are developed to
increase oilseed feedstocks. Addressing these issues will be
especially challenging in semi-arid environments of the west-
ern USA where a lack of water is the most important factor
limiting crop growth and yields [27, 123]. In 2010, the USDA
estimated that one billion gallons (3.8 billion L) of advanced
biofuels will be produced from feedstocks derived from the
western USA, contributing 4.6 % of the 21 billion gallons
(79.5 billion L) required under the expanded Renewable
Fuel Standard [136].

In response to the perceived national importance of
bioenergy, the USDA established five Regional Biomass
Research Centers in 2010 to help ensure that dependable sup-
plies of needed feedstocks are available for the production of
advanced biofuels tomeet legislated goals andmarket demand
and enable rural areas to participate and benefit from an
emerging biofuel and bio-based product economy [106].
Incorporation of oilseed crops into existing wheat-based pro-
duction systems has been a goal of the Northwestern Regional
Biomass Research Center with research activities in two level
III ecoregions known as the Columbia Plateau of eastern and
central Washington, north central Oregon, and Idaho panhan-
dle; and Northwestern Glaciated Plains of northern Montana
[137]. It is this interest in Brassica oilseeds that inspired this
report of new developments from research by USDA-
Agricultural Research Service and university colleagues of
oilseed production systems and farmer adoption of such sys-
tems in these ecoregions.

Because of climatic variability, the Columbia Plateau is
divided into three average annual precipitation zones: low
(<300 mm of precipitation), intermediate (300 to 450 mm of
precipitation), and high (>450 mm of precipitation) [120].
Research conducted in the low and intermediate precipitation
zones (hereafter abbreviated as BCP^) within east central
Washington and north central Oregon is a focus of this paper
(Fig. 1). A second focus is research in the Northwestern
Glaciated Plains of eastern Montana (NGP). The NGP togeth-
er with southwestern Saskatchewan and southeastern Alberta
comprise the driest portion of the northern Great Plains [100].
From an agronomic perspective, these sub-regions of western
Canada are relevant to the NGP because they are significantly
drier than adjoining regions to the north and east.

Agricultural Production Trends

Historically, the CP and the NGP have been dominated by
the alternate wheat-fallow cropping system. The CP offers
70 % (2.24 million ha) of total cropland in east central
Washington and north central Oregon, but this region gen-
erally receives <450 mm of annual precipitation, most of
which falls during the winter months. Summers are dry and
hot with maximum temperatures reaching over 38 °C.
Winter canola has about double the seed yield potential
of spring canola, thus most interest is in cultivars that
can be established in late summer, survive the cool-to-
cold winters, bolt in early spring, and have an extended
time period to flower before the onset of warm air temper-
atures exceeding 30 °C, at which time flowering generally
ceases.

The climate of the NGP is also dry with annual pre-
cipitation ranging from 270 to 450 mm. However, it dif-
fers from the CP in that most of the precipitation falls
during the spring and early summer, and winters are
colder with temperature extremes as low as −57 °C.
Unlike winter wheat, winter oilseeds are not sufficiently
cold tolerant to survive the harsh winter conditions and
thus spring oilseeds are usually the only option in
Montana. Soil water recharge and storage may be more
effective in the CP, which receives 70 % of precipitation
during the fall and winter (23 September–20 March), ver-
sus the NGP, which receives 30 % of precipitation during
the same period (Fig. 2). Consequently, crops in the CP
rely more on stored soil water than crops in the NGP
[111]. Most soils of the CP are silt loams whereas NGP
soils tend to be clay loams. Evapotranspiration rates from
silt loam soils can be 43 % greater than from clay loam
soils [150]. This difference compounds the problem of
little summer precipitation in the CP compared to the
NGP.

The most important change in crop production practices
on the NGP in recent years has been the adoption of
conservation agriculture (e.g., minimum and no-tillage).
Citing Statistics Canada for data between 1991 and
2011, Awada et al. [14] showed that the percentage of
cropland on the Canadian Prairies under no-till increased
from 3 to 65 % in Alberta and from 10 to 70 % in
Saskatchewan. Percentage of no-till land in northeast
Montana and northwest North Dakota (within the NGP)
increased from 3 % in 1989 to 23 % in 2004 [52].
Growers in Canada have adopted this technology to main-
tain soil quality, conserve soil moisture, and improve farm
profits [165]. Improvement in retaining soil moisture has
led to greater cropping intensity, cropping diversity, and
higher productivity on the northern Great Plains [52].

Adoption of conservation tillage in the CP has been slow
compared to other regions. For example, acreage-weighted
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adoption in the Canadian Prairies was 32% in 2001 compared
to 11 % in the Pacific Northwest in 2004 [70]. The reason can
be traced to greater water loss from the seed zone of a silt loam
soil for no-till versus tilled fallow during the dry summer
months resulting in seed zone water that is too low for suc-
cessful stand establishment in no-till fallow [51, 99, 147]
when wheat is harvested. Adoption has been inconsistent with
low adoption rates in counties with high grain yields to high
adoption rates in counties with lower yields. A plausible cause
for the variable adoption rates is that weeds, diseases, and
straw volumes are correlated with higher precipitation and
yields [151]. In addition, a 6-year, no-till spring cereal
cropping system project in the CP found that even though
three no-till systems controlled pest and reduced wind erosion
compared to the traditional wheat-fallow system, the econom-
ic returns were negative for these systems [163].

Wheat continues to be the most widely grown crop in
the two ecoregions, but growers have diversified into oil-
seeds and pulses as net returns can be greater with those
crops than with cereals [19]. For example, from 1990 to
2010, oilseed and pulse production in northeast Montana
and northwest North Dakota increased from 74,000 ha to
more than 7 million ha [52]. Canola production has been
hugely successful in North Dakota, where 85 % of the
canola in the USA is produced (Fig. 3), due to favorable
growing conditions and access to Canadian markets and
transferability of Canadian agronomic technology. In con-
trast, acreage of this crop is less in Washington, Oregon,
Idaho, and Montana, but grower interest has increased
over the past few years in growing a secondary crop to
interrupt pest cycles that negatively affect wheat [75, 162,

164] and the potential for improved plant-soil water rela-
tions [36]. The rotation benefits from oilseeds may trans-
late into overall farm profitability over time [101].

Fig. 1 Columbia Plateau of
Washington and Oregon and
Northwestern Glaciated Plains of
Montana within the Northwestern
Region of the USA

Fig. 2 Climatographs based on 85 years of data for Havre, MT (a), and
Adams, OR (b). Data courtesy USDA-ARS Soil andWater Conservation
Research Unit, Adams, OR, and Montana State University Northern
Agricultural Research Center, Havre, MT
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Components of Oilseed Production Systems
in the Northwestern Region

Tillage Dryland agriculture in the CP and NGP is heavily
reliant upon a year of fallow [1]. In the NGP, tilled summer
fallow is giving way to no-till fallow in response to a need to
economize on labor and diesel fuel. Other advantages include
absence of tillage that otherwise would cause loss of seed zone
water, decrease soil organic carbon, and increase soil erosion
by wind. Though the amount of soil evaporation is similar for
both regions [59, 116], the summer dry period is considerably
longer in the CP and nearly devoid of rainfall indicating that
the region is ideally suited for fall-planted crops that take
advantage of the winter precipitation and complete most of
their growth cycle before the onset of hot, dry weather.
Farmers in the CP report that a yield loss caused by lack of
seedbed moisture in fall and delayed emergence of wheat is
the main reason why they are reluctant to switch to no-tillage
[91]. Consequently, no-till farming is widespread in NGP
compared to the CP.

The winter wheat-summer fallow cropping system is wide-
ly used in the CP to conserve soil water over the fallow period
and has offered more yield stability and less economic risk
compared to annual cropping [144, 162]. Primary tillage is
conducted in April or May to create a loose soil mulch layer
that helps slow evaporation below the tillage layer during the
summer months. Weeds are controlled one to three times dur-
ing the late spring and summer with a rotary rod weeder op-
erated at a depth of 7–10 cm below the soil surface. Special
deep furrow drills were designed to place seed as deep as
18 cm below the soil surface into this moisture so that a wheat
crop could be established between early September and mid-
October before the arrival of fall rains. In east central
Washington, early-seeded winter wheat consistently produces
35 % greater grain yield compared to wheat planted into dry
soil at a shallow depth in mid-October before the onset of fall
rains [58]. Unfortunately, seeding winter canola this late in the

year often does not allow enough time for the plants to reach
the three to four leaf stages of growth that may be more toler-
ant to freezing winter temperatures than smaller plants. When
planted in August, winter canola generally produces ample
vegetation and root growth prior to winter plant dormancy
[162]. September 15 is generally considered the winter canola
cutoff date for planting in eastern Oregon (D. Wysocki, per-
sonal communication, 2015). However, the traditional deep
furrow planting techniques for winter wheat are not as reliable
for winter canola in August because canola is sensitive to the
hot, dry soil covering the emerging seedlings [147, 157].

Tillage-based summer fallow is a cause of wind erosion
that seriously degrades soil and air quality [46, 135].
Blowing dust during severe wind events is hazardous to ve-
hicular travel and human health [117]. Reducing and eliminat-
ing tillage are options for maintaining and improving soil and
air quality [122, 135]. Conservation tillage summer fallow,
consisting of a single undercutting operation with low surface
disturbance V-blade sweeps, effectively retains crop residues
on the surface while limiting soil water evaporation from cap-
illary rise [128, 130]. Wuest [145] and Wuest et al. [146]
showed that primary tillage alone (i.e., without secondary till-
age) is effective in retaining soil moisture and that primary
tillage can often be delayed well into June. Eliminating tillage
(no-till) provides excellent erosion control, but summertime
soil drying often occurs to a depth too deep to allow late
summer seeding of winter crops [51, 85].

Sharratt and Schillinger [129] examined the effect of grow-
ing oilseed crops on wind erosion and dust emissions in long-
term rotation studies at Lind and Ritzville, WA. Assessments
were made with a wind tunnel immediately after sowing win-
ter wheat in winter wheat-summer fallow, winter wheat-
camelina-summer fallow, and winter wheat-safflower
(Carthamus tinctorius)-summer fallow rotations. The best
management conservation tillage practices were implemented
during the 13-month fallow phase of each rotation, which
included undercutting and fertilizing the soil in spring and

Fig. 3 Harvested acres of canola
withinWashington (WA), Oregon
(OR), Idaho (ID), Montana (MT),
and North Dakota (ND)
for 2007
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rod weeding once during summer to control weeds. Because
oilseed crops produce relatively little residue, soil loss was
250% higher in fallow periods after the camelina and safflow-
er compared to fallow periods after winter wheat. They
showed that growers need to be careful in protecting the soil
from wind erosion during the fallow phase after camelina and
safflower. Growers should either plant a spring crop (i.e., no
summer fallow) or practice no-till fallow as even low-
disturbance conservation tillage is too much tillage for fallow
after oilseeds in the dry CP region.

Crop Rotation Including an oilseed crop in rotation with
wheat can have a positive effect on wheat yield [69]. Cereals
grown after broadleaf crops generally yield more than those
grown after other cereals [10], particularly in dryland produc-
tion systems [reviewed in 75]. A compilation of 33 experi-
ments revealed that the yield of wheat following canola was
19 % greater than wheat following wheat [30]. In the fallow
region of southeastern Alberta and southwestern
Saskatchewan, spring wheat yields were up to 25 % greater
following canola than following wheat [23, 81]. Rotational
benefits are often attributed to control of soil-borne disease
[63] or weeds [75]. For example, the best management strat-
egy for control of take-all of wheat is break cropping (or
rotational cropping) with non-susceptible crop hosts [35].

Brassica rotations may also provide benefits through
changes in the soil properties. Farmers in eastern
Washington have anecdotally noted a 30 % yield increase of
subsequent winter wheat in rotation with canola and improved
soil structure with soil being easier to seed with better tilth and
surface characteristics [132]. Preliminary data from a rotation-
al study of dryland wheat production in eastern Oregon sug-
gests that soil aggregation was improved (more aggregates
>250μm) after a single oilseed crop compared to wheat where
the difference did not persist over winter (C. L. Reardon, un-
published data, 2015). Near Bridgeport in north central
Washington, winter wheat yields declined from a farm aver-
age of 3360 to 2285 kg ha−1 after decades of winter wheat-
summer fallow severely infested with feral rye. Yield in-
creased to 4970 kg ha−1 after two crops of winter canola al-
ternated with summer fallow (W. Troutman; personal obser-
vation). In contrast, sites in eastern Washington with average
annual precipitation of 290 mm (Ritzville) and 450 mm
(Davenport) showed reduced yield in winter wheat when fol-
lowing winter canola compared to winter wheat. The 20 %
yield reduction was attributed to reduced water availability
from greater water extraction of winter canola versus winter
wheat at Ritzville whereas available water, weeds, or foliar or
soil-borne disease was not a factor for the yield reductions at
Davenport (W.F. Schillinger and T. C. Paulitz, unpublished
data). Yield boosts to the wheat crop following canola have
not yet been documented from long-term experiments in the
Pacific Northwest.

In the NGP, use of no-till has enhanced efficient use of the
water and nutrient contents of soil [83] and permitted intensi-
fication from cereal-fallow to cereal-oilseed-fallow where
summer rains are likely to sustain growth of annually cropped
systems [4, 84]. In contrast, summer rainfall is almost
completely lacking in the CP during grain filling. Long-term
studies in the CP have examined continuous cropping with
winter and spring cereals in minimum- and no-tillage systems
as alternatives to winter wheat-summer fallow [104]. Though
these intensive systems provide cover for soil protection
against wind, continuous cropping resulted in lower average
profitability, greater income variability, and higher economic
risk under the dry conditions [16, 119, 122, 163].

Greater nitrogen (N) mineralization has been reported dur-
ing fallow after a Brassica crop compared to fallow after
wheat [73, 114], though the increased N could not be attribut-
ed to greater numbers of microbial N-cyclers (N-fixers,
ammonia oxidizers, nitrite oxidizers) [73]. The increased N
from the Brassica rotation has been postulated to occur from
differences in the plant chemistry, leaf litter, or release of iso-
thiocyanate (ITC) and other toxic chemistries [114]. The ITCs
are formed by the hydrolysis of plant glucosinolates by myro-
sinase, an enzyme endogenous to the plant [33]. Plant tissue of
flowering Brassica is inhibitory to nitrification and high glu-
cosinolate species produce the greatest degree of inhibition
[26]. It is important to note that glucosinolates decline post-
flowering and are below detection levels by plant maturity
[74]. Kirkegaard et al. [73] suggested that the increased N in
Brassica rotations was a product of the release of ITC and
general Bbiofumigation^ effect, which resulted in a flush of
mineral-N. The effect of biofumigation during plant growth
has been disputed [131] although lab studies confirm an initial
spike in N in the form of N2O from soil amended with
Brassica plant resides [112].

Weed Management Weeds are an important limiting factor
affecting dryland crop production in the CP and NGP. A num-
ber of economically important broadleaf weeds are common
to both regions and include Russian thistle (Salsola tragus L.),
kochia (Kochia scoparia L.), netseed lambsquarters
(Chenopodium berlandieri Moq.), prickly lettuce (Lactuca
serriola L.), redroot pigweed (Amaranthus retroflexus L.),
field bindweed (Convolvulus arvensis L.), henbit (Lamium
amplexicaule L.), and wild mustard (Brassica kaber). Grassy
weeds include downy brome (Bromus tectorum L.), jointed
goatgrass (Aegilops cylindrica host), Italian ryegrass (Lolium
multiflorum Lam.), wild oats (Avena fatua L.), green foxtail
(Setaria viridis), and feral rye (Secale cereale L.). These
weeds reduce oilseed quality and yield through direct compe-
tition with crops for water, nutrients, and light.

Russian thistle is the most problematic broadleaf weed in
dryland wheat production systems of the CP [121, 152]. If R.
thistle is allowed to grow uncontrolled after wheat harvest,

Bioenerg. Res.

Author's personal copy



large numbers of seed will be produced resulting in soil water
depletion and crop inhibition in the following crop year [118,
153]. Early planted winter wheat generally has a dense canopy
that is actively growing by the time R. thistle begins to estab-
lish in the spring such that winter wheat is able to reduce R.
thistle emergence, seedling survivability, and seed production
[153]. Spring cereals compete poorly with R. thistle because
they have less early root growth [102] and slower canopy
closure than winter wheat and the weed will continuously
germinate and emerge between early April and late June
[153]. Spring wheat yield losses fromR. thistle can range from
11 to 55 % depending on weed density and precipitation
[155]. In spring crops, R. thistle is often sprayed with a des-
iccant to enhance harvest. Non-treated infestations of R. thistle
reduced yields of spring wheat 29 % in a 6-year study that
compared to spring wheat grown on land that had been tilled
post-harvest using V-blade, overlapping sweeps that are de-
signed to undercut plant roots [121].

Feral rye, jointed goatgrass, and downy brome are winter
annual grass weeds that have similar life cycles to winter
wheat and are difficult to control in the growing wheat crop,
even with herbicide-resistant/tolerant technology. Jointed
goatgrass densities of 1 to 5 plants m−2 in winter wheat led
to a yield loss of 3 to 30 % the second year winter wheat was
grown [156]. In Montana, Persian darnel (Lolium persicum)
reduced canola yield 70 % by reducing the number of
branches plant−1, pods branch−1, and seed pod−1 [60].
Downy brome reduced winter wheat yield up to 77 % in a
low precipitation zone where soil moisture was limited [115].
In another Montana study, the weed community of camelina,
crambe, and B. juncea was dominated by R. thistle and green
foxtail prior to in-crop herbicide application [84]. Despite fall-
applied residual, pre-plant and in-crop herbicide applications,
significant weed pressure was evident at harvest, where in
camelina, for example, weeds accounted for 33 % of above-
ground biomass. Feral rye is more difficult to control with
imazamox than downy brome and jointed goatgrass [107]
and response of feral rye to imazamox differs among biotypes
[105]. Integration of winter canola into the CP would increase
grower options to control these grassy weeds. Recent research
in north central Washington found that split applications of
quizalofop and glyphosate controlled feral rye >95 %, elimi-
nated seed production, and increased canola yield between 48
and 38 % [164].

Excellent weed control can be attained using a variety of
selective and non-selective herbicides [98], but heavy reliance
on this technology has created a problem of herbicide resis-
tance and tolerance in weeds. Indeed, kochia is now one of the
most abundant weeds and the most economically important
glyphosate-resistant broadleaf weed in the wheat-fallow re-
gion of eastern Montana [80]. Weeds such as kochia, prickly
lettuce, downy brome, and R. thistle resistant to
sulphonylurea-type herbicides are now prevalent in the CP

because of the persistent use of the same chemical mode of
action once or more each year for successive years in the same
crop and fields, and on the same weeds [155]. Growers are
concerned about controlling volunteer herbicide-resistant
wheat and canola in summer fallow the following year.
Rainbolt et al. [110] found that paraquat plus diuron was the
most effective for controlling these herbicide-resistant volun-
teer crops.

Integrated weed management approaches that combine dif-
ferent cultural practices have been developed to lessen reli-
ance upon chemicals and avoid herbicide-resistant weeds
[55]. In the CP, the integration of fertilizing near or at time
of planting, planting a competitive variety, increasing seeding
rate, and growing winter wheat every 3 years both decreased
jointed goatgrass density and increased grain quality and yield
[158]. These benefits were realized without any in-crop grass
herbicide. In Alberta, the combined effects of early seeding,
higher seeding rates, and spring-applied fertilizer reduced
weed interference and provided an alternate wheat-canola
cropping system that was both productive and competitive
against weeds [18]. Seeding early allows a cool season crop
such as canola to start growing before warm season weeds
emerge, fill in quickly, and out-compete weeds [15].
Competitiveness of winter camelina is good when seeded at
high density [44]. In contrast, the suppressive ability of spring
camelina is less than spring canola because of smaller seed
size and less seedling vigor [41]. The use of hybrid canola that
grows rapidly and fills in early to shade weeds has been found
to be competitive against weeds [55, 56]. The reduction in
weed densities after adoption of no-till observed by farmers
in Alberta and Saskatchewan may be attributed to seed mor-
tality when seeds are left on the soil surface versus buried by
tillage [19] and seed germination inhibition by crop residues
[18]. Subsurface placement of fertilizer also improves crop
competitiveness and gives greater yields and less weed bio-
mass than surface broadcast application [6, 17, 20, 76].

Russian thistle, kochia, and other chenopodiaceous weed
species are late maturing and remain green well after dryland
crops mature. Consequently, biomass of these weeds is high in
moisture content at crop harvest, which not only delays har-
vest and reduces its efficiency but also increases moisture
content and dockage of harvested grain [154]. The presence
of green weed biomass in stored grain may also lead to in-
creased heating and spoilage [29]. Herbicide applications by
aircraft are the only means to kill and desiccate the late-
maturing weeds and allow for a clean and efficient combine
harvest.

SeedingMethods and Systems Seeds of various Brassicaceae
are relatively small and the proper seeding depth is required
for successful germination, emergence, and yield. Winter ca-
nola should be planted shallow (<3 cm) into a firm, moist
seedbed with little dry surface soil [22, 25], but such ideal
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seeding conditions are rare in the CP. Cultural practices have
been developed for improving canola emergence and stand
establishment that are specific to either the CP or NGP and
revolve around seeding date, seed size, seeding depth, seeding
speed, plant population, and row spacing. Early seeding is
known to minimize the negative effects of heat and drought
stress at critical growth stages, especially pod filling [9, 31],
but this practice may have repercussions in that the plants may
run out of water (M. Reese, unpublished data). Seed and fer-
tilizer are usually applied at seeding of canola through sepa-
rate openers on the same drill.

In the CP, growers have been reluctant to grow winter ca-
nola because of poor stand establishment [162] either from
failure of plants to emerge or death of established plants.
Lack of emergence is mostly attributable to seed zone mois-
ture too deep, or soil surface temperatures to hot, for seedling
emergence. Seedling mortality is associated with air tempera-
tures too hot, or soil water potential too low, for seedling
survival. Winter canola could be successfully established pro-
vided planting occurred between 1 and 25 August, when soil
moisture was <10 cm below the soil surface (easily reachable
with deep furrow drill), and ambient air temperature was
<30 °C for several days after planting [162]. Excellent yields
were obtained (1680 kg ha−1) from plant densities of 6 to 12
plants m−1, indicating the ability of individual plants in thin
stands to compensate with additional branching and pod pro-
duction. A uniform, dense stand was not necessary to optimize
seed yield. On the other hand, when soil moisture was deep
(>10 cm), researchers added 25-cm shovels in front of the
openers of a deep furrow drill to push the hot, dry soil out of
the furrow when planting winter canola [157]. The result was
an excellent, uniform stand which yielded 2190 kg ha−1.
Camelina planting date and methods were examined for
3 years at four sites in the CP [126]. Data from 55 planting
dates and two planting methods (drilling and broadcast)
showed that camelina can be successfully planted from early
fall to early spring, but a lack of in-crop herbicides for control
of winter- and summer-annual broadleaf weeds meant that a
broad-spectrum herbicide application prior to an early March
planting was best for camelina seed yields at all four locations.

In addition, seeding of winter canola in summer (June and
July) has been proposed to take advantage of favorable seed
zone water content and soil temperatures in fallow soils [143,
151]. Early seeding also allows the plants to reach the late
rosette stage and becomewell established before freezing tem-
peratures are encountered in fall. However, if too much
growth has occurred and plants have bolted, they will not
survive the winter. Mid-June planting of winter canola has
worked well in most years near Pendleton, OR, where winters
are relatively mild and average annual precipitation is 421 mm
(D. Wysocki, unpublished data, 2015). However, this strategy
failed during 1 year of testing at Ritzville (colder winters and
290 mm average precipitation) due to complete winterkill

whereas winter canola established on August 5 survived the
winter withminimal damage (M. Reese, unpublished data). At
both Pendleton and Ritzville, the mid-June planting resulted in
Bcabbage size^ plants that had completely extracted all avail-
able soil moisture to a depth of 180 cm by early September.

Winters in the northern Great Plains are too cold for winter
oilseeds to survive and so spring oilseeds are exclusively
grown. One exception is with fall-seeded camelina, where
BJoelle^ camelina has shown excellent winter survivability,
much better than winter wheat, in northeastern Montana [5].
Winter camelina could be an excellent cropping alternative to
the predominately spring-based cropping systems in the NGP.
Potential virtues include lessening the spring farming work-
load, avoidance of late-season hail due to harvest dates that are
2 to 3 weeks earlier than spring camelina and 4 to 6 weeks
earlier than other Brassicaceae oilseeds and spreading the
workload during harvest due to early maturity. Poor stand
establishment remains a concern for growers since only
50 % of planted seeds emerge even when germination levels
are >90% [54]. Seed yields tend to decrease with seeding date
after 15 May because of the increased likelihood of encoun-
tering expected maximum temperatures during flowering [68,
77]. Seeding in late fall can be used whereby seeds are planted
into soil prior to freeze up and remain dormant until the soil
thaws in early spring [77]. Angadi et al. [9] in southeastern
Saskatchewan evaluated the effect of seeding in fall, early
spring, and late spring on yields of cultivars of B. napus and
B. rapa. Good moisture in the spring and early summer fa-
vored early spring and late fall seeding dates whereas a dry
spring and moist summer favored seeding in late spring. Years
of plentiful moisture favored seeding in fall and early spring.
In central Montana, Chen et al. [31] evaluated early seeding of
spring canola as a way to avoid heat and water stress during
flowering and pod filling. Good yields were attained from
early seeding of suitable cold-tolerant cultivars between late
March and mid-April at rates between 32 and 65 seeds m−2.
Canola seedlings were able to tolerate low soil temperatures
and frosts that were encountered in spring. Cultivars that re-
quired less heat units for emergence were less susceptible to
seed rot in cold soils. Allen et al. [5] reported that camelina
germinated at −0.70 °C in a growth chamber experiment and
that, based on long-term weather records for northeastern
Montana, early spring planting would be limited by field ac-
cess of equipment rather than meeting the base temperature
requirements of camelina. In the CP, cold winters do not al-
ways influence winter canola survival from establishment to
late spring growth. Rapid drops in temperature from day-time
highs to night-time lows in the fall can kill plants regardless of
when they were planted [162].WarmDecember–January tem-
peratures may also cause canola to break dormancy, begin to
grow, and be killed when exposed to near −17 °C [159].

Spring canola as an alternative crop in the CP has been
viewed, either as an opportunity crop when above normal
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precipitation has occurred or as a replant crop in case of
winterkilled, fall-planted canola. Based on the authors’ expe-
rience, spring soil moisture is usually not limiting for germi-
nation in the CP, but soil crusting, frost, and insect damage are
factors that can lead to poor stands. Based on the authors’
experience, late spring frost several degrees below freezing
lasting all night has caused severe damage in parts of the CP.
Adult flea beetles cause damage by feeding on apical meri-
stem shortly after seedling emergence [72]. Soil crusting
caused by rain can affect crop establishment by negatively
impacting seedling emergence [125]. Establishing a good
stand in the NGP also may be difficult because of low tem-
perature, water stress, and crusting [8].

Young et al. [160] investigated the effects of different
methods of planting on stand establishment and final seed
yields of spring canola. Planting methods ranged from broad-
casting seed to planting seed with both disk and hoe-type
openers, but row spacing was not examined. The greatest
stands and yieldswere obtainedwith conventional double disk
opener drills that most growers already own. In comparison,
both drilling and broadcast were effective for planting
camelina in the CP with no advantage of either method
[126]. In southern Saskatchewan, B. napus drilled in 30-cm
rows between 2.5 and 20 kg seeds ha−1 yielded more than
being broadcast at the same rates [32].

Farmers in southwestern Saskatchewan are using stripper
header technology that leaves taller stubble standing after
wheat harvest than stubble from standard harvesting equip-
ment thereby catching more snow in winter and likely reduc-
ing evaporation rates in summer. By creating a more compli-
cated microclimate that could influence the distribution of
surface soil water content, studies in southeastern
Saskatchewan show that seeding into tall stubble increases
yield and water use efficiency of wheat, pulses, and canola
versus seeding into cultivated cereal stubble [37–39]. Extra-
tall (45 cm) stubble can further increase yield of these crops
[40], but the effect disappears at row spacing >30 cm [62]. In
the CP, some growers have adopted the stripper header that
leaves tall standing stubble for seeding canola in the following
crop year. The key benefits are not only savings in fuel during
wheat harvest, faster harvesting speeds, and less wear and tear
on the combination but also capture of snow, evaporation
retardation, control of weeds, and protection of the new
emerging crop from wind and solar radiation in the following
year.

In 2011, multi-disciplinary, no-till cropping system re-
search was initiated near Ralston, WA, that integrated the
planting of high-residue winter triticale (Triticosecale
Wittm.) with the harvest by a stripper header. The area is
characterized by severe wind erosion caused by excessive
tillage operations conducted during the fallow period. The
goal is to replace traditional tillage fallow with high-residue
no-till fallow so that winter canola can be planted at an optimal

time. Specific objectives include (1) decreasing wind speed
and soil temperature, (2) increasing soil moisture, and (3)
establishing winter canola in high-residue environments.
Preliminary data indicate that average and maximum wind
speeds were reduced >60 % in stripper header no-till fallow
stubble compared to the traditional summer fallow (F. L.
Young, unpublished data). In addition, soil water content in-
creased slightly and seed zone soil temperature decreased
slightly in the tall stubble. Most importantly, winter canola
establishment was twice as high in stubble compared to tradi-
tional fallow.

Plant population can be varied with changes in seeding rate
or row spacing. High seeding rates are often used to compen-
sate for potential seedling losses of 50 % or more resulting
from freezing temperatures, desiccating winds, soil dryness,
or predation by insects and animals. Drawbacks of low plant
populations include increased weed competitiveness [54] and
extended maturity [42]. Near Okanogan, WA, herbicide-
resistant varieties of spring canola were drilled in 17.5- and
35-cm row spacing at the same seeding rate [159]. Within
each variety (glufosinate and glyphosate-resistant) yields were
basically similar regardless of row spacing and both herbi-
cides controlled R. thistle. In addition, Hanson et al. [53] in
North Dakota noticed that plant emergence tended to decrease
with increasing seeding rate from 54 plants m−2 to 216 plants
m−2 and was attributed to increased intraspecific competition
for nutrients and moisture. Plant density decreased with plant-
ing depth and increased with increasing seeding rates at each
of four statewide locations, which included Williston, North
Dakota in the eastern NGP. Seeding depth from 1.9 cm to
3.8 cm had little effect on seed yields, but increasing seeding
rate increased seed yield at six of the eight site-years including
Williston. Harker et al. [57] in Alberta studied the factors
affecting canola emergence and quality including seed type,
seeding speed, and seeding depth under low or high precipi-
tation. Hybrid and open-pollinated cultivars of canola were
seeded at ground speeds of 6.4 or 11.2 km h−1 and at depths
of 1 or 4 cm. Seed quality and yield of hybrid canola were
superior to that of open-pollinated canola. There was no dif-
ference in emergence density, but hybrid canola emerged ear-
lier and grew faster and covered the ground more quickly than
open-pollinated canola. Decreasing seeding depth from 4 to
1 cm did not influence canola yield, but emergence improved
from 37 to 62 %, days to emergence decreased, ground cover
increased, and days to flowering and maturity decreased.
Seeding speed influenced canola to a much smaller degree
than cultivar or seeding depth. In northeastern Montana,
Allen [3] suggested that camelina seeded deeper than 0.6 cm
(compared to 1.3, 1.9, and 2.5 cm) decreased crop density and
competitiveness with weeds, though grain yield was similar
among seeding depths.

Canola and other oilseeds typically respond to lower plant
population by increasing pods per plant through increasing
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branching and increased pod retention at each node. In
Alberta, Kondra [79] reported statistically similar yields for
conventional press drills and air seeders used for seeding ca-
nola, but differences existed for row spacing. In southeastern
Saskatchewan, Angadi et al. [8] investigated the relationship
between plant population and yield or yield components of
canola. Canola maintained similar yield levels across a wide
range of populations (20 to 80 plants m−1) under slightly
above normal precipitation whereas seed yield declined with
populations <40 plants m−1 in a year of below normal precip-
itation. In eastern Oregon, Wysocki and Sirovatka [148] re-
ported that wide row spacing of winter canola was feasible at a
seeding rate of about 5 kg ha−1 provided sufficient moisture
was available for stand establishment in late August and early
September. In southernMontana, camelina exhibited ability to
maintain seed yield across a wide range of stand reductions
under dryland conditions, particularly at the rosette growth
stage [93]. In another Montana study, seeding rates greater
than 2.2 kg ha−1 increased seed yield and decreased weed
biomass at harvest [3].

Fertility

Fertility management of oilseeds integrated into traditional
wheat rotations requires growers to recognize physiologically
based differences between oilseeds and wheat in their nutrient
requirements. Northwestern USA and western Canada N fer-
tilizer recommendations reflect these crop differences [see
78]. Spring canola uptake per unit of grain of the major nutri-
ents N, phosphorus (P), potassium (K), and sulfur (S) is gen-
erally 50 to 100 % higher for canola compared to wheat. On
the other hand, with the exception of S, the percentage of
whole plant N, P, and K removed by grain harvest is lower
in canola than wheat, leaving nutrients in oilseed residues to
recycle and contribute to the nutrition of subsequent crops in
rotation [65].

Recommended unit N requirements (UNRs) range from 5
to 11 kg total (soil + fertilizer) N supply (100 kg grain)−1 as
reported by Koenig et al. [78]. Some of the variation in N
recommendations is attributable to different approaches to es-
timating soil N supply contributions from N mineralization
and variable root depths utilized to estimate residual nitrate-
N supply [103]. Variable N responses and UNRs can also be
attributed to varying yield potentials, which are largely driven
by temporally and spatially variable available water. For in-
stance, individual spring canola yields of a 12 site-year N
response experiment in eastern Washington varied from 730
to 2580 kg ha−1, while UNRs ranged from 9 to 24 kg total N
supply (100 kg grain)−1, wherein higher economically optimal
UNRs were associated with lower yield potentials [103].
Sulfur is typically recommended to balance N inputs at a rel-
atively lower N:S ratio than is recommended for wheat, at

ratios of 7:1 [64, 67]. As with N, S recommendations should
account for soil test residual S in the upper root zone that
accumulates from previous S fertilization of wheat and oil-
seeds in rotation [71].

Winter canola N needs can be divided into two main grow-
ing stages, (1) from summer planting to winter freezing in-
duced vegetative dieback and (2) from spring regrowth to
maturity. While research on winter canola N use efficiency
for the Pacific Northwest is presently being initiated, field
research on BrassicaN accumulation for winter Brassica cov-
er cropping [142] can be used as a surrogate source of infor-
mation on stage 1, and spring canola N responses described
above may be substituted as a first approximation to stage 2.
Late summer sown mustard and rapeseed planted in the CP
accumulated 50 to 140 kg N ha−1 under irrigation [142], sug-
gesting a significant supply of available N is required to sup-
port vegetative growth during the first stage of winter
Brassicas, depending on water and growing degree days.
Late summer, dryland winter canola seeding in eastern
Washington accumulated 30–150 kg N ha−1 prior to winter
freezing, with water availability accounting for differences in
rates of growth and N uptake [113]. A fraction of the frost-
killed vegetative N may recycle into the root zone for re-
uptake during stage 2, but the efficiency of this process has
yet to be elucidated in the Pacific Northwest. Given the sen-
sitivity of winter canola to banded N at planting, the N supply
required to satisfy this early vegetative need requires a balance
of residual soil N supply and pre- or post-plant fertilizer N
applications.

Subsurface placement of fertilizer also improves crop com-
petitiveness and gives greater yields and less weed biomass
than surface broadcast application [6, 17, 20, 76, 111]. While
this has become standard practice in one-pass fertilization and
seeding for direct-seeded wheat in both regions [139], caution
must be exercised in canola seeding, due to morphological
differences of cereal fibrous root systems versus tap-rooted
oilseed crops, which are more susceptible to fertilizer-
induced salt desiccation and ammonia toxicity that cause root
and seedling death [86]. Germination and emergence of crops
can be reduced by fertilizer placed in the seed row as seeds are
sensitive to the salt effect of fertilizers [47, 108]. Qian et al.
[109] found that rates of ammonium sulfate above 20–
30 kg S ha−1 were associated with significant reductions in
emergence and biomass of many Brassica species and culti-
vars. For this reason, ammoniacal and sulfate-S fertilizers are
commonly side-banded in no-till systems to prevent damage
to seedlings [82, 87, 143].

Seed row-placed ammonium sulfate and potassium chlo-
ride adversely affect seed germination and seedling growth
because of high salt index [109]. Row spacing wider than
30 cm can increase seedling injury from seed-placed fertilizer
because of higher concentration in rows resulting from re-
duced seedbed utilization. Advanced fertilizer technology
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has lessened these problems. Specifically, polymer mem-
branes, which allow water to diffuse inside a fertilizer granule
to create a solution that is then released at a rate controlled by
soil temperature, have improved canola seed germination
[166]. Plus, urea can be treated with urease inhibitors that slow
the rate of urea hydrolysis to ammonium (NH4) thereby
preventing N losses from volatilization denitrification and in-
creasing safety of side-band placed urea or UAN by slowing
the release of ammonia and ammonium from N fertilizer [50].

By promoting early rapid growth, P availability provided
by starter P fertilizer applied at planting can improve winter
hardiness of wheat [11]. Most importantly, oilseed crops need
P early in their growth by placing P where the roots of the
seedling can readily access it [48, 49]. In eastern Oregon,
winter canola stand establishment and seed yield were 42
and 13 % better for N and P fertilizer applied at time of
seeding versus fertilizer applied in spring [143]. However,
recent testimonials by several successful CP winter canola
producers indicate that N application at the time of seeding
is detrimental to plant stand establishment, winter survival,
and seed yield. These producers further claim that P should
be applied near the seed at the time of seeding even if soil
available P levels are high. Phosphate has a low salt index but
not when combined with ammoniacal fertilizers. Accordingly,
seed l ing emergence was grea t ly reduced when
monoammonium phosphate fertilizer was placed in the seed
row and only 10 % of the seed bed was utilized [96]. Soil P
availability has increased, due to widespread use of P fertil-
izers [43], such that the yield benefit of P fertilizers has de-
creased in western Canada [82, 92].

Canola’s high requirement for S coupled with expansion of
canola acreage has resulted in many soils in western Canada
becoming S deficient [90]. Sulfur is important for proper seed
pod formation and fill and for increasing seed oil concentra-
tion [48, 64, 95]. Nitrogen and S must be present in the correct
proportions because both are required for synthesis of the
same proteins [48, 97]. Therefore, soil S deficiencies become
more severe when N is applied without S [88]. Under dry
conditions, S applied under the soil surface in bands will be
better accessed by roots early in the growing season than shal-
low surface placement [89]. Soils in the NGP are derived from
gypsum-rich glacial till. Though only slightly soluble, this
form of sulfate may supply a source of deep, supplemental
S. In Montana, winter wheat did not respond to S fertilization
under goodmoisture conditions when mineralization, gypsum
weathering, and decomposition of soil organic matter are in-
creased, producing more available sulfate-S [66]. However,
given that the S demanded by canola is twice that of cereals
[12], oilseed response to applied S may occur on sites where
no response occurs in cereals [97 cited in 48].

Adapted Oilseed Cultivars and SpeciesBreeders and agron-
omists have been searching for traits that contribute to

emergence and stand establishment in canola and other oilseed
crops. The growing point of canola is susceptible to extreme
temperatures, desiccation, insects, and other environmental
factors [78]. Emergence of winter canola is problematic under
the dry and high soil temperature conditions in the CP and
with spring canola under low soil temperatures and hard
spring frosts in both the CP and NGP. By losing water and
dying from dehydration, seedlings often do not survive the
hot, dry soil conditions encountered during seeding in late
summer. Plants that do survive the summer may not survive
freezing winter temperatures. Delaying planting of spring oil-
seeds may reduce the rate of plant growth, limiting the ability
of plants to flower before the onset of drought, and reduce
yields as a result of the shorter growing season [2].

Seed vigor plays an important role for the establishment of
oilseed crops in both regions and is characterized by rapid
germination, emergence of seedlings, and seedling growth
rates [13]. A vigorous seedling plays a significant role in crop
establishment under low temperature conditions [2]. In central
Montana, Chen et al. [31] found a wide range in the number of
growing degree days for emergence among 17 cultivars of
spring canola. In general, cultivars that emerged quickly re-
quired the least number of days to 50 % flowering and pro-
duced the best yields. They recommended using genotypes
that require the least heat units for emergence when seeding
in early spring and that tolerate cold soil temperatures and
frequent frosts that may be encountered. Hybrid cultivars of
canola are more likely to have the desired traits needed for
stand establishment under cold conditions than open-
pollinated cultivars [24]. Though a difference in emergence
density was not evident, Harker et al. [55] reported that hybrid
canola emerged earlier, covered the ground more quickly, had
shorter flowering duration, matured earlier, and yielded more
than open-pollinated canola.

Stand establishment of winter canola on fallow is a crucial
factor affecting weed competition and seed yield in the CP.
Seeding in early summer allows the developing seedling to
access the soil moisture that is available in fallow soils at this
time [141, 149]. If winter canola is seeded in early summer, it
would remain vegetative due to vernalization requirements
and grow to be large enough to survive the winter in north
central Oregon even though plants had used all available
moisture stored during the fallow period be early September.
Farmers in the intermediate precipitation zone in Oregon have
reported success with that technique (J. Newtson, personal
communication, 2014), whereas this method has not been
successful in the colder and drier east central Washington.
Breeding lines from the University of Idaho are under devel-
opment that have increased winter hardiness in the seedling
stage to allow fall planting and are better adapted for no-till
systems in the CP [41]. These breeding efforts recognize that
small but important differences in winter survival that are
known to exist between winter canola cultivars are important
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since winter canola offers a 50 % yield advantage over spring
canola [140]. Cultivars with winter hardiness from Kansas
State University are being evaluated in the CP [161].

Canola and other Brassicaceae oilseeds have relatively
small-sized seeds that produce short, weak hypocotyls.
Compared to seedlings from smaller seed, Elliott et al. [45]
found that seedlings from larger seed had improved establish-
ment, shoot weight, and biomass and yield, and were more
vigorous and tolerant to flea beetles, which are known to feed
on and damage canola seedlings. Seedling vigor and tolerance
was due to higher initial shoot biomass and higher growth rate
when flea beetle damage exceeded 80 %. These workers con-
cluded that it may be possible to breed for larger seed or
develop seed production practices that increase seed weight.
Molecular breeding efforts are underway at Washington State
University to develop large seed-sized varieties of camelina
and canola that have sufficient stored reserves in seed for
deeper sowing [WSU Office of Commercialization brochure,
p. 7 (http://commercialization.wsu.edu/Documents/Content/
Clean-Tech-Brochure.pdf)]. This research is especially
important in light of surface-retained wheat stubble that can
reduce canola growth and yield as a result of reductions to the
quantity and quality of light under the stubble and the associ-
ated elongation of the hypocotyl at the expense of a smaller
root system [28].

Most research efforts in the NGP and CP have focused on
B. napus canola, which is adapted for cool, moist environ-
ments [68]. Research has shown that canola yields are reduced
under hot and dry conditions [7]. Attention has been given to
Camelina sativa, which has yielded around 550 kg of seed
ha−1 following winter wheat without fallow under normal an-
nual precipitation levels of 240 mm at Lind, WA [124], and
yielded 639 kg ha−1 following durum in a 5-year study near
Froid, MT, that had average annual precipitation that ranged
from 338 to 524 mm [4]. Camelina is best adapted to cooler
climates where excessive heat during flowering does not occur
[21]. The potential for Brassica carinata as an oilseed crop for
warmer, drier areas of western Canada was identified by
Taylor et al. [133]. B. carinata is known to be a late-maturing,
but high-yielding oilseed with excellent resistance to disease
and insect pests. Specific genetic modifications have been
made to produce industrial B. carinata lines now delivering
oils abundant in very long chain fatty acids.

Holzapfel [61] performed a study in southern Saskatchewan
in which B. carinata yield was greater than B. juncea when
tested under dry (320 mm of growing season precipitation) con-
ditions despite maturing 13 days later. These results suggest that
B. carinata may have potential to become a bioenergy crop for
the CP. In the low precipitation (275 mm) zone near Echo, OR,
different rotations with carinata, spring wheat, spring barley, or
spring triticale following winter wheat are currently being com-
pared. Two rotational years of data that have been obtained since
2014 show the average yields of spring crops to be

barley>wheat> triticale>carinata (D.S. Long, unpublished da-
ta). In 2015, which was an extremely dry year, average yields
were barley>carinata in a ratio of 13.3:1 thus indicating that
carinata apparently may be less well adapted for the CP than
barley.

Oilseed Crop Research Needs in the Northwestern
Region

Brassicaceae oilseeds are considered to be a small but an
important part of the total biological feedstocks that will be
needed to reach proposed targets for renewable fuels under the
Renewable Fuel Standard. Canola is being increasingly incor-
porated into dryland wheat production systems in the western
USA and is well established in North Dakota because of ideal
weather and access to Canadian markets and infrastructure.
Expansion into the northwestern region is also occurring in
response to grower interest in alternative rotation crops. A
barrier to adoption is poor germination and stand establish-
ment, which are critical stages in the development of oilseed
crop yield. Oilseed crops have a delicate hypocotyl that is
exposed to freezing temperatures, desiccating winds, hot soil
temperatures, drought, predatory insects, and other environ-
mental factors. A sufficient number of seedlings per unit area
must survive potentially adverse conditions before reaching
the autotrophic phase when growth is dependent on photosyn-
thesis alone and the stand is established. This report has pri-
marily focused on cultural practices that have been developed
in the CP and NGP to overcome the environmental conditions
that limit stand establishment. Below, recommendations for
further research are given with respect to tillage, crop rotation,
weed management, seeding methods, and oilseed cultivars.

The NGP and CP both experience short growing seasons that
are characterized by temperature and moisture stress. No-till has
improved soil moisture and led to diversification of the tradition-
al wheat-fallow system in the NGP. In the CP, however, best
retention of seed zone moisture often requires tillage during
mid- to late spring to create a dry soil mulch that resists evapo-
ration during the hot, dry summer. Results of research show that
one pass with an undercutter sweep having wide, shank-
mounted blades that travel under the soil to break soil capillary
pores with minimum soil lifting or disturbance with simulta-
neous injection of fertilizer is a best management practice for
summer fallow [104]. This treatment leaves the soil surface intact
with clods and residue, resists wind erosion, and preserves seed
zone water that is crucial for seed germination. Improved deep
furrow drill prototypes have been developed that create a better-
defined furrow with less soil covering the seed row and pass
through high-residue tilled fallow without plugging. Effective
use of these technologies will require detailed tillage prescrip-
tions customized for specific oilseed crops, soil types, and soil
and environmental conditions in each region.

Bioenerg. Res.

Author's personal copy

http://commercialization.wsu.edu/Documents/Content/Clean-Tech-Brochure.pdf
http://commercialization.wsu.edu/Documents/Content/Clean-Tech-Brochure.pdf


Crops are highly susceptible to drought in semi-arid envi-
ronments. According to the Palmer Drought Severity Index
(PDSI) (Fig. 4), droughts have occurred frequently over the
past 120 years (1895–2015) lasting from a few months to
several months or years. Severe, multiple year droughts
(PDSI≤−3.0) occurred within both regions in the 1930s, late
1980s, and early 1990s (Fig. 3). Though the near normal cat-
egory is represented by a majority of time in the 120-year
climate record, the total time of known moderate, severe,
and extreme droughts is 24 years (20%) in the CP and 34 years
(29 %) in the NGP (Table 1). Climate change will likely wors-
en this situation. In the CP, projected increases in average
temperature and hot weather episodes and decreases in sum-
mer soil moisture could reduce yields of wheat by 25 % [94].
The NGP is expected to see a trend towards more winter and
spring precipitation coupled with a dramatic increase in the
number of days with the hottest temperatures [127]. This re-
gion would remain vulnerable to drought because the increase
in precipitation is expected to occur in cooler months while
increasing temperatures will result in additional evapotranspi-
ration. New oilseed cropping systems need to be developed
that can overcome limitations and offer improved resiliency to
climate change.

Since 2011, however, many areas of the CP have received
substantial rain every July or August (i.e., now 5 years in a
row). From a long-term standpoint, such summer rains are
highly unusual, but perhaps summer rainfall patterns in the
CP are changing as a result of climate change. Several farmers
in the low precipitation zone of the CP have taken advantage
of this recent summer rain phenomena to successfully practice
no-till fallow. No-till fallow can be successfully practiced

essentially every year in the 400–450 mm annual precipitation
zone (i.e., upper-end intermediate portion) of the CP evenwith
dry summers. To maximize the benefits of oilseed crops and
predict their success under different climatic conditions; how-
ever, we need to better understand the factors underpinning
the observed rotational benefits, whether they are related to

Fig. 4 Palmer Drought Severity Index (PDSI) between 1895 and 2015 for easternWashington of the Columbia Plateau (WA8) and northernMontana of
the northern Glaciated Plains (MT3). An index less than or equal to −3.0 indicated severe drought

Table 1 Value, drought category, and time in category of the Palmer
Drought Severity Index in the Columbia Plateau of Washington and
northern Great Plains of Montana from 1985 to 2015

Index value Drought category Time in category

Years Percent

Columbia plateau

≥4.00 Extremely moist 6.2 5.2

3.00–3.99 Very moist 7.8 6.5

2.00–2.99 Moderately moist 10.7 8.9

−1.99–1.99 Near normal 72.0 60.0

−2.99–−2.00 Moderate drought 9.8 8.2

−3.99–−3.00 Severe drought 6.0 5.0

≤−4.00 Extreme drought 8.0 6.7

Northern Great Plains of Montana

≥4.00 Extremely moist 4.3 3.6

3.00–3.99 Very moist 7.8 6.5

2.00–2.99 Moderately moist 12.8 10.7

−1.99–1.99 Near normal 61.6 51.3

−2.00–−2.99 Moderate drought 13.3 11.1

−3.00–−3.99 Severe drought 6.8 5.7

≤−4.00 Extreme drought 13.8 11.5
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changes in weather patterns, increases in water use efficiency
and nutrient availability, or reductions in weeds and soil-borne
pathogens. The number of long-term cropping system exper-
iments of oilseeds in rotation with wheat should be continued
and expanded as needed to quantify rotation benefits and eco-
nomic returns.

New commercial lines of canola are increasingly available
providing herbicide tolerance to glyphosate, glufosinate, and
sulfonylurea. However, the use of the undercutter sweep, di-
verse crop rotations, seeding methods, competitive crop vari-
eties, and other non-herbicide options must be significant
components of integrated weed management systems to man-
age weeds at all growth stages, reduce reliance upon in-crop
herbicides, and prevent development of herbicide-resistant
weeds. Integrated weed management will not only increase
the effective life of remaining chemicals but also protect
new products and modes of action that have yet to be devel-
oped. For example, applying a non-selective herbicide prior to
seeding an oilseed crop may be effective against weeds and
seeding a drought-tolerant species at a sufficiently high rate
adds a synergistic effect. Integrating oilseeds with wheat in
diverse rotations not only will aid growers in managing dis-
eases and weeds but may also improve grain yields due to the
rotation effects. Researchers have documented the value of
including oilseed crops into wheat-based production systems
and growers are becoming increasingly interested in diversi-
fying with oilseed crops. Research is needed to develop inte-
grated weed management systems for different situations and
document their efficacy and profitability.

A wide variety of seeding methods and systems have
been investigated to enhance germination and stand estab-
lishment in the CP and NGP. Research should continue to
evaluate winter canola seeding dates to optimize stand
establishment and enhance survival under winter condi-
tions in the CP. Sub-studies need to be included to deter-
mine the effect of mowing or grazing of established plants
on soil water use and subsequent winter survival and seed
yield. Camelina has been found to be cold tolerant and
should be investigated as a means to develop alternatives
to spring-based cropping systems in the NGP. Growers
may manipulate the depth, date, or ground speed of
seeding to enhance germination; date or row spacing of
seeding to enhance germination, increase crop competitive-
ness over weeds, or both. The combination of no-till and
precision agriculture technologies has enabled growers to
vary seeding rate, row spacing, and distance from adjacent
row. Research will be needed to determine how to vary
the seeding parameters with inherent soil and landscape
variability, with allowance for yield history and plant
available water, and document the agronomic and econom-
ic benefits. The stripper header and other innovative stub-
ble management practices should be investigated for abil-
ity to enhance canola emergence. Effective use of the

various seeding methods and systems will require that they
are prescribed for specific crops, soil types, soil condi-
tions, and environmental conditions.

Nitrogen, P, and S are commonly applied nutrients in oil-
seed crop production. Weeds respond to fertilizer applications
and make N and P less available to crops yet there is little
information on how weeds respond to increasing levels of
these nutrients. Fertilizer practices are needed that reduce weed
populations while optimizing crop yields. It is well known that
applying ammoniacal and S fertilizers close to time of planting
and placing them in a band away from the seed should improve
germination and crop establishment, enhance crop competi-
tiveness, and improve fertilizer use efficiency. However, data
on crop response to applications of N, P, and S are limited with
regard to site-years and cultivars. Further research is needed to
determine when and how much N to apply to canola and other
Brassica oilseeds to achieve economically optimal yields for
different production zones. Optimal fertility management also
needs to be defined for maximizing winter hardiness. As cli-
mate change imposes increasing crop reliance on stored soil
moisture, future research should focus on subsoil fertility status
and needs for maximizing root exploration and water and nu-
trient use throughout the growing season.

Seed vigor, drought resistance, and freezing tolerance are im-
portant for the establishment of oilseed crops. Emergence char-
acteristics of Brassica genotypes vary widely and should be
evaluated in different high-stress environments to identify germ-
plasm that emerges quickly and requires the least time to flower.
Future breeding work should focus on improving emergence
characteristics in new canola germplasm by increasing seed ger-
mination and hypocotyl emergence. In the CP, growers need
cultivars that emerge and grow rapidly when moisture is limited
and with up to 10 cm of dry soil covering the seed. Improvement
can also be achieved by manipulating genes that control hypo-
cotyl length and seed size. There is genetic variability in the
response of Brassica genotypes to water deficits. Adaptation of
oilseed crops for hot, dry conditions will likely require refine-
ment of the flowering period to limit the life cycle length to short-
season cultivars. Most breeding and agronomy research has been
conducted using B. napus canola varieties, which can succumb
to winterkill. Therefore, more research is needed on B. rapa
canola varieties that were bred in Sweden for cold tolerance.
Though B. rapa varieties have lower yield potential than
B. napus types, both the CP and NGP are stress environments
where Boptimum^ yield potential is rarely realized. The B. rapa
canola also matures earlier and is thus less likely to encounter
severe heat stress.
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