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DRYLAND WINTER CANOLA WATER AND NITROGEN USE  

IN EASTERN WASHINGTON 

 

Abstract 
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Washington State University 
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Chair: William L. Pan 

 

In the low-intermediate rainfall zones of Washington state, a wheat-fallow 

cropping sequence is dominant.  Winter canola is a relatively recent rotational option, 

boosting subsequent wheat yields due to weed control possibilities, pest cycle disruption, 

and potential soil health benefits.  Little is known about the water and nitrogen (N) 

requirements of winter canola.  Field experiments were conducted to assess the growth 

and water and N use of winter canola throughout three distinct “seasons”: fall (vegetative 

growth), winter, and harvest (spring regrowth to harvest).  Water use varied widely based 

upon location, though a sigmoidal relationship between fall water use and growing 

degree days emerged.  Canola water extraction patterns were showed water depletion 

throughout the soil profile.  An additional planting date study revealed the influence of 

seeding date on water use and winter survival.  Soil water and N dynamics over winter 

were tracked, and eventual grain harvest enabled yield-based factors, such as water use 

efficiency.  Nitrogen use efficiency and its components were determined on both a 

seasonal and total-season basis, with harvest season N metrics similar to spring canola. 
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CHAPTER 1 

INTRODUCTION AND REVIEW OF LITERATURE  

Canola and its place in Washington agriculture 

“Canola” is the registered name of an edible rapeseed.  Originating in Canada in 

the 1970s, canola has low erucic acid and glucosinolate contents; the moniker canola was 

created from “Canada oil low acid” (Kandel and Berglund 2011).  It is a member of the 

Brassicaceae family.  Brassica rapa and B. napus are the two most common species, 

with B. napus the most popular due to its higher yield potential (Kandel and Berglund 

2011).  North Dakota has traditionally led the nation in canola production, with 89% of 

the domestic crop in 2010.   

Canola research and interest in the Pacific Northwest began as early as the 1970s 

(Divine et al 1977).  Acreage remained small, with the USDA not tracking Washington 

canola plantings until 2011.  Production has since increased dramatically, especially in 

the past few years, with an estimated 45,000 acres planted currently (National 

Agricultural Statistics Service 2014).  Canola cultivation attempts have been mainly in 

the drier dryland regions of eastern Washington where growers practice a wheat-fallow 

rotation, though there is some irrigated production.  This research focuses on winter 

canola seeded into fallow, as is typical in the low (<300 mm annual) and intermediate 

(300-450 mm annual) rainfall areas.   

The largest portion of Washington’s arable land falls into the low or intermediate 

precipitation zones (Sowers et al 2012).  This semi-arid climate receives a majority of its 

rainfall and snow in the winter and early spring.  Variety trials have established that 
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winter canola has consistently higher yields than spring-seeded canola in dry areas of 

eastern Washington (Davis et al 2008, Young et al 2012).   

Washington growers have several motives for adopting oilseeds as an alternate 

crop in their wheat rotations.  Wheat following canola has had higher yields and protein 

contents compared to wheat following wheat (Angus et al 1991, Kirkegaard et al 1997, 

Larney et al 1994).  In the Pacific Northwest (PNW), growers have anecdotally noted a 

20-30% yield increase in their subsequent wheat crop (Sowers et al 2012).  Canola 

provides a disease and pest break, reducing wheat pathogens by depriving them of a host 

for a season (Kirkegaard et al 1997).  It is also thought that canola tap roots may improve 

subsoil structure, finding tiny cracks or weak points in compacted layers and creating 

macropores; however, scientific evidence has been inconclusive (Cresswell and 

Kirkegaard 1995).  Another attractive aspect is the option of herbicide tolerant or 

resistant varieties; growers often incorporate genetically modified canola in their rotation 

as a means to control weeds (Esser and Hennings 2012).  The increased market demand 

and the presence of local PNW processing plants have also made canola production more 

economically feasible (Sowers et al 2012). 

Ultimately, growing canola must generate revenue for famers.  The adoption of 

canola will be driven by its market place and price in relation to winter wheat, as well as 

reduced production risk from further experience and research.  The understanding that 

rotational benefits may change the break-even point over multiple years will also 

influence the decision to grow canola (McCraken and Connolly 2013). 

Some of the largest challenges of canola production in the PNW are emergence 

and establishment (Sowers et al 2012, Young et al 2014).  A seeding rate of 4.5 kg/ha in 
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the low rainfall areas of Washington is sufficient for acceptable yields (Young et al 

2014).  In both tilled and no-tilled fields, planting seeds with a drill – as opposed to 

broadcasting – is common (Young et al 2012).  After seedling establishment, large basal 

rosette leaves form during the autumn vegetative stage.  An additional consideration not 

present with spring canola is that winter canola plants must overwinter; winter-kill can be 

a major problem some years in some locations (Young et al 2014).  In some cases, the 

plants are too small and don’t achieve enough biomass and plant resources to survive 

harsh winter conditions (Velicka et al 2006, Balodis and Gaile 2011).  Conversely, plants 

that are too large also don’t overwinter well; if canola begins to bolt, the vulnerable 

crown rises above the soil surface and is thus not protected by soil insulation and snow 

cover.  This stem elongation and subsequent winter sensitivity has been observed in 

several studies (Darby 2013, Balodis and Gaile 2011, Laaniste et al 2007). 

Optimal winter survival is seen from canola with 6-8 leaves, a taproot length of 

150 cm, and a distance between the terminal bud and the ground of no more than 3 cm 

(Velicka et al 2006).  During winter canola hardening, plants accumulate sugars, proteins, 

unsaturated fatty acids, and other frost-protective mechanisms (Hurry et al 1995).  If 

development and hardening conditions are favorable, canola can withstand 0-15°C frost 

without protective snow, and with a snow cover can survive -20°C (Laaniste et al 2007).  

Plant density, sowing date, and climatic conditions all contribute to the winter 

preparedness of canola (Velicka et al 2006).  Dramatic temperature swings and late frosts 

(February) are particularly difficult to overcome. 

 Upon warmer spring temperatures, vegetative growth resumes.  Vernalization and 

subsequent warmer, longer days allow plants to bolt and leads to flowering.  Flowering 
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begins on the lowest bud on the stem and lasts for at least 14-21 days (Kandel and 

Berglund 2011).  After flowering initiation, lower leaves are shaded up to 70% and they 

senesce, translocating any stored carbon (Diependbrock 2000).  Like at the seedling 

stage, canola is vulnerable to drought and heat stress during flowering.  Nuttall et al 

(1992) found that a 3°C increase over the optimum 20°C temperature resulted in a 430 kg 

ha-1 yield decrease.  Temperatures above 30°C generally results in flower cessation in 

eastern Washington (Schillinger 2015). 

Open pollinated varieties rely upon wind or insect mediated pollination, and 

hybrid varieties are becoming popular.  Long, thin seed pods form, each of which 

contains 15-25 seeds (Australian Government 2008).  Canola pods, stem, and cauline 

leaves (upper non-rosette leaves) photosynthesize (Kirkegaard et al 2012).  In fact, King 

et al (1997) found that carbon fixed by the pod can contribute up to 60% of the seed’s dry 

matter.  Canola has an indeterminate growth habit, achieving maximum yields with even 

severe stand reductions (Susko and Superfisky 2009, Young et al 2012).  Mature seeds 

are hard and dark brown or black, and canola is prone to shattering losses (Australian 

Government 2008).  Typically, PNW canola is directly combined, and the seeds are 

transported to one of several crushing plants. 

  Seeds have oil contents of 35-45% and are processed for biofuel or food grade oil 

(Shahidi 1990).  The by-product of oil extraction is canola meal, which is a high protein 

livestock feed supplement (Newkirk 2009).  Grazing the vegetative growth of winter 

canola in the field is also gaining in popularity (Kirkegaard et al 2008). 
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A closer look at canola development: growing degree days, biomass accumulation, and 

nitrogen use metrics 

In many plant and animal species, temperature is a determining factor in 

developmental timing.  Reaumur introduced the concept of “heat units” in 1730, and 

many methods of calculating thermal time have since been investigated (McMaster and 

Wilhelm 1997).  In plant studies, growing degree days (GDD) have enabled prediction of 

development far more accurately than calendar days (Russelle et al 1984).  The formula 

for daily GDD depends upon subtracting a species-specific base temperature from the 

day’s average temperature.  The base temperature (Tb) is the minimum temperature 

required for development to proceed.   

In canola, some studies have assumed a Tb of 5°C (Morrison et al 1989, Wilson et 

al 1992).  However, germination and seedling growth does occur – albeit slowly – at 

temperatures ranging from 0 to 5°C, and more recent research has pinpointed 0°C as a 

more accurate Tb (Kondra et al 1983, Robertson et al 2002, Vigil et al 1997).   

There have been very few GDD modeling studies for canola; most pertain to 

spring seeded canola and have been developed in Canada.  Table 1.1 integrates spring B. 

napus GDD data from S. Brandt and P. Miller, presented in the Canola Council of 

Canada’s growers manual (Thomas 2014).  Similar values have been echoed in other 

studies as well (Malhi et al 2007, Miller et al 1998). 
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Table 1.1.  Canola growth stage and corresponding growing degree day accumulation. 

Description of Growth Stage Growing Degree Days 

Cotelydons completely unfolded 152-186 

Two leaves unfolded 282-324 

Four leaves unfolded 411-463 

Flowering initiation 582-666 

Flowering 50% complete 759-852 

Seed fill begins (10% of seeds full) 972-1074 

Seed begins to mature (10% of seeds mature) 1326-1445 

40% seeds mature 1432-1557 

Canola in Canada is often swathed at approximately 40% maturity for uniform 

dry-down and easier harvest, rather than direct combining after total pod dry-down as is 

the practice in Washington.  Growing degree days to this full maturity point were 

quantified by Nanda et al (1996), who noted an average of 1060 GDD from flowering to 

complete maturity.  They also saw progressively fewer GDDs required for later planting 

dates in colder temperatures, which was attributed to a vernalization-like response 

(Nanda et al 1996).  Tesfamariam et al (2010) observed stress effects on GDD 

progression; water stress during flowering delayed maturity by 114 GDD.  On the other 

hand, moisture stress during seed fill resulted in maturity 127 GDD earlier than the well-

watered comparison (Tesfamariam et al 2010). 

 Harvest index (HI) is a useful measure that quantifies the percent of above-ground 

dry matter present in seed.  Dryland spring canola HI ranges from 20-30% (Gan et al 

2009b, Hocking et al 1997a, Robertson and Kirkegaard 2005).  A greater proportion of 

above-ground biomass is harvested in wheat production, as wheat HI is around 40% 

(Stapper and Fischer 1990). 

Very high positive correlations exist between biomass accumulation and yield, 

indicating that plant size is important in determining plant seed yield (Campbell and 

Kondra, 1978).  Under dryland conditions, carbon allocation by spring canola to 
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grain:straw:root:rhizodeposits is: 

0.13:0.53:0.21:0.13 respectively (Gan et al 2009b).  

Gan et al (2009b) found a carbon mass of 1371 

kg/ha in straw and 534 kg/ha in roots.  Malhi et al 

(2007) observed that maximum biomass was 

reached during the middle/end of the pod forming 

stage (750-973 GDD).  Maximum rate of biomass 

accumulation was 146-190 kg/ha and occurred 

during the bud forming stage (390-498 GDD).  

Dry matter accumulation generally follows a 

sigmoidal pattern during the spring growing 

season (Figure 1.1).  Amounts and distribution patterns of biomass accumulation depend 

upon growth stage and environmental conditions (Malhi 2007).   

Nutrient accumulation is also influenced by these factors.  For example, seed 

nitrogen (N) content is higher in non-water-stressed canola (Gan 2010).  Nitrogen is the 

most important agronomic nutrient and is often the most limiting for growth.  The critical 

N curve, which models the minimum N concentration (N) required to reach maximum 

above-ground biomass (W), is N = 4.48W-0.25 for winter canola (Colnenne et al 1998).   

Maximum nutrient uptake occurs at flower initiation to early ripening (597-945 

GDD) (Malhi et al 2007).  The highest rate of nutrient uptake, however, takes place 

earlier, from branching to early budding (142-399 GDD) (Malhi et al 2007).  Berry et al 

(2010) found that N taken up after flowering was the most important in determining yield 

differences.  Other studies have confirmed that canola N uptake during and after 

Figure 1.1.  Canola dry 

matter accumulation and 

distribution.  From Koenig et 

al 2012. 
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flowering can be up to 33% of total (Hocking et al 1997a, Malagoli et al 2005).  In 

contrast, other research has noted very little N uptake after flowering (Rossato et al 2001, 

Malagoli et al 2004).  In general, the uptake curve follows a pattern similar to Figure 1.1 

(Malhi et al 2007, Hocking et al 1997a). 

Canola accumulates more N (as well as phosphorus, potassium, and sulfur) than 

wheat, when an equivalent yield is considered (Koenig et al 2011).  In the PNW, canola 

base N requirements are 6-10 kg N per 100 kg yield (Koenig et al 2011, Wyosocki et al 

2007, Maher and Guy 2002). 

During autumn growth, winter canola accumulates 25-30% of its total N uptake, 

around (40-80 kg N ha-1) (Rathke et al 2006).  Some of the nitrogen initially present in 

autumn leaves and stems appears to be recycled to spring growth and is later remobilized 

during reproduction (Malagoli et al 2005, Rossato et al 2001).  Endogenous N flow 

analysis shows a complicated dynamic, with remobilization to the pods originating from 

leaves (36%), stem (34%), inflorescences (22%) and taproot (8%) (Malagoli et al 2005). 

Nitrogen use efficiency (NUE) is commonly defined as the seed yield per unit N 

use (Moll et al 1982).  There is much discussion regarding agronomic management 

techniques to maximize NUE, such as early sowing to prevent N losses from leaching 

(Rathke et al 2006).  Canola NUE decreases as fertilizer rates increase (Gan et al 2008, 

Erley et al 2011, Hocking 1997a). 

Though its ability to scavenge N from the soil is high, canola has a low NUE 

compared to wheat.  This is partially due to the fact that canola seeds are high in lipids 

and require 45% more assimilate per kilogram than starch-rich wheat grains (Sinclair and 

de Witt 1975).  Also, canola has a greater seed N concentration and a higher ratio of seed 
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N:total biomass N than wheat (Dreccer et al 2000).  Finally, a significant portion of N 

remains in canola crop residues and a significant portion of N (up to 15%) is lost to the 

soil due to leaf death during the growth cycle (Erley et al 2011, Schjoerring et al 1995, 

Hocking et al 1997a, Rossato 2001).  Abscised leaves retain an N content of 3-4%, 

compared to less than 1% for wheat (Malagoli et al 2005).   

Soil water, canola rooting, and water use efficiency 

 When compared to the vast quantities of water cycling through the earth and its 

atmosphere, the amount of water stored in soil is miniscule, approximately 0.05% 

(Dingman 2002).  However, this small pool is immensely important to plant life.  Many 

methods have been devised to quantify soil moisture content.  The standard technique is 

to oven dry a sample at 105°C (cool enough to avoid loss of organic materials) until 

water loss ceases, generally around 24 hours (ASTM 1979, Robinson 2008).  Capacitance 

sensors, time domain reflectometry, and heat pulse sensors are examples of soil moisture 

technology (Evett and Parkin 2005, IAEA 2008).   

In actuality, gravimetric or volumetric water content (VWC) measurements are 

not very helpful in understanding the moisture status of a soil.  VWC quantifies the 

amount of water present but does not provide any information about the energy status of 

that water.  Soil water potential provides this key piece of information in discerning the 

water status of a soil.  Water potential is the difference between energy levels of pure 

water at a reference state and the soil water (Brady and Weil 2010).  In most soil 

situations, water potential is a function of gravitational, matric (adhesive forces and 

capillarity), and osmotic (solute presence) forces (Brady and Weil 2010).  The 
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relationship between soil water potential and soil water content is termed a water release 

characteristic curve. 

Soil texture and structure influence the water characteristic curve.  For example, 

at a given potential, a clay 

soil holds much more water 

than a sandy soil (Figure 1.2).  

Also, water is held much 

tighter in clay soils at a given 

water content.  A compacted 

soil can hold less water and it 

will be held tightly in small 

pores (Brady and Weil 2010).   

Water characteristic curves for specific soils are determined via laboratory 

analysis.  One technique to relate water potential and moisture content is the dew point 

method.  A soil sample is placed in an instrument such as the WP4C (Decagon Devices, 

Pullman WA), and an internal mirror is chilled until condensation is formed.  This dew 

point, along with the sample’s temperature, is used to calculate relative humidity which 

can then be converted to water potential through the Kelvin equation (Campbell and 

Norman 1998).  Water content of the sample is then determined gravimetrically.  This 

technique works well in drier soils, from -0.1 to -300 MPa.  For the wetter portion of the 

curve, another method must be used, such as tensiometer readings.  The UMS Hyprop is 

an example of a machine that employs natural drying; it integrates two tensiometers at 

different heights in a cylinder of undisturbed soil with an electronic base that sits on 

Figure 1.2.  Soil water characteristic curves for 

representative mineral soils, from Brady and Weil 

2010 
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precision scale.  The water potential gradient within the soil samples, along with the 

change in mass from evaporation, allow for determination of hydraulic conductivity 

(Schindler and Müller 2006).  The range of this technique is limited, as tensiometers will 

cavitate in dry situations (<-0.08 MPa). 

 The soil water characteristic curve is very useful once established.  Field water 

content measurements are easily made, and the water characteristic curve gives these 

values more practical meanings.  There are several noteworthy soil moisture conditions.  

In a saturated soil, all the pore spaces are filled with water.  After the downward force of 

gravity has drained water, the remaining soil water content is termed field capacity, FC 

(Veihmeyer and Hendrickson 1931).  The physical characterization of FC is commonly 

the soil water content at -33 MPa matric potential for fine or moderately course soils 

(Richards and Weaver 1944).  Richards and Weaver (1943) also determined that -1.5 

MPa potential generally corresponds to the permanent wilting point (PWP).  PWP is the 

water content at which plants wilt and fail to recover upon rewatering (Briggs and 

Schantz 1912).  The difference between soil water contents at FC and PWP is deemed 

plant available water (PAW). 

Some researchers have contested the -33 and -1.5 MPa standards for FC and PWP 

respectively by asserting that field measurements are more accurate than laboratory 

evaluations (Ratliff et al 1983).  However, a laboratory-created soil water characteristic 

curve remains the literature standard for relating potentials to water contents and 

establishing FC and PWP. 

The rooting system is the plant organ that interacts with soil water, utilizing 

PAW.  Rooting architecture is dependent upon both root genetic code and environmental 
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factors (Yu et al 2007).  In semiarid environments, a deep exploratory rooting system is 

ideal for yield stabilization (Gregory and Brown 1989).  Unlike the fibrous, multiple-axis 

growth of cereal roots, canola exhibits a taproot architecture.  One main root radical 

grows vertically and lateral branches progress horizontally.  At the base, winter canola 

taproots can be 2.54 cm in width, tapering to 1 mm at 0.33 m depth (Pan et al 2013). 

Spring canola root growth progresses rapidly from emergence to flowering, 

achieving maximum root surface area in late flowering (Cutforth et al 2013, Lui et al 

2011a, Gan et al 2011).  Canola’s root growth rates are comparatively higher than other 

oilseeds and legumes (Lui et al 2011b, Angadi et al., 1999).  Root length density and 

associated parameters decline during pod filling and maturation (Lui et al 2011a).  This 

temporal growth pattern seems to hold true regardless of soil moisture status (Merrill et al 

2002, Lui et al 2011a).   

Spatially, canola’s root length density decreases with depth (Lui et al 2011b); 

about 44% of roots are concentrated in the top 20 cm of soil and 70% in 0-40 cm (Gan et 

al 2011).  Over 75% of root carbon is contributed by roots in the top 40 cm (Gan et al 

2009b).  Using standard minirhizotrons, Merrill et al (2002) found that dryland spring 

canola has an average greatest root length density of 25 km∙m-2, which occurs around 45 

cm depth.  Conversely, Lui et al (2011b) found canola’s greatest root length density to 

occur in the top 10 cm, consistent with other observations (Cutforth et al 2013).  Yet 

compared to other crops, canola has a higher percentage of roots below 60 cm, ranging 

from 18% - 25% of total plant roots (Gan et al 2011, Cutforth 2013).  Canola can obtain 

45% of its total water use from water stored in soil below 60 cm, leaving more water in 
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the upper soil profile than cereals especially in the wetter summers of North Dakota 

(Merrill 2004).   

Canola has been observed to increase total root growth in drier years (Gan et al 

2011, Merrill et al 2002).  However, Lui et al. (2011a) saw that roughly doubling the 

amount of soil water increases root length density by 70%, root surface area by 67%, and 

the number of root tips by 79%.  Canola’s response was much more drastic than other 

oilseeds, pulses, or wheat.  However, canola had a larger root system than the other 

oilseeds compared (flax and mustard) even under the limited water condition, making it 

potentially more resilient to drought conditions (Lui et al 2011b).    

Several studies, whether by direct observation or water extraction patterns, have 

confirmed spring canola maximum rooting depth between 1.14 – 1.3 m (Merrill et al 

2002, Cutforth et al 2013, Johnson et al 2002).  Nielson et al (1997) found that canola 

extracted water at a depth of 1.65 m, though 92-95% of the water use originated in the 

top 1.19 m.  Maximum root depth is achieved during late flowering to late pod stages 

(Cutforth et al 2013, Lui et al 2011a, Gan et al 2011).  Furthermore, canola tends to send 

roots deeper as water content at depth increases (Merrill et al 2002, Cutforth et al 2011). 

While the most densely rooted soil layer may be more important than maximum 

root length in soil water use (Yu et al 2007), water deep in the soil profile is used later in 

the growing season during seed filling (Passioura 2006, Kirkegaard et al. 2007).  This 

deep soil water may make a large contribution to grain yield (Passioura 2006).  The water 

use efficiency of the water deeper in the soil profile can be up to three times greater than 

the season WUE (Kirkegaard et al 2007).  
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Water withdrawal patterns are consistent regardless of soil moisture availability 

(Gan et al 2009).  Cutforth et al (2013) found the following spring canola water use 

(delineated by wheat growth phases): emergence to early boot 29.9 mm, early boot to 

anthesis 52.2 mm, anthesis to ripe 61.6 mm, for a total water use of 145.4 mm.  This total 

water use was 13 mm less than wheat yet more than pulses, which are common rotational 

crops in the higher rainfall zones of the PNW.  Similarly, Gan et al (2009) found spring 

canola used 10 fewer mm of water than wheat, with a total water use of 296 mm.   

However, five years of data in the Pacific Northwest show that winter canola uses 

statistically the same amount of water as winter wheat, and post-harvest winter soil 

recharge is the same for winter canola and winter wheat fields (Schillinger 2012).  Canola 

withdraws a larger portion of its water requirement earlier in the growing season 

compared to pulses and cereals (Cutforth et al 2013).  Canola has been observed to 

extract water below the soil’s theoretical permanent wilting point (Gan et al 2009).  

Water use and soil water depletion depends upon precipitation and growing season 

length, not necessarily root growth parameters (Merrill et al 2004). 

The relationship of water use to plant production is: B = mT/E0, where biomass 

(B) depends upon a crop-specific constant (m) and crop transpiration (T) divided by free 

water evaporation (E0) (de Wit 1958).  Agronomy and breeding efforts focus on these 

parameters when aiming to increase production under water stress (Passioura 2006).  

Capturing the maximum amount of water supply, exchanging CO2 and water more 

efficiently, and converting more biomass into harvestable organs are the main areas of 

water use research (Passioura 2006). 
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 Crop water use efficiency (WUE) is a commonly quantified parameter, one that 

relates the grain yield to plant evapotranspiration (often estimated by water use).   A crop 

with higher WUE may not translate to a more drought-tolerant one (Blum 2009).  More 

effective use of water, and not necessarily WUE, should be the target of breeding.  

Nevertheless, WUE serves as a useful benchmark and is still widely used.  See Table 1.2 

for B. napus WUE values. 

Table 1.2.  Canola WUE ratios from various studies. 

Source and Location Notes 
WUE 

(kg∙ha-1mm-1) 

Tesfamariam et al 2010, 

South Africa 

Winter canola, water stress during 

flowering 

4.45 

Winter canola, water stress during seed fill 5.3 

Winter canola, well watered 7.09 

Anderson et al 2003, 

Mandan ND 

Spring canola, no difference in WUE 

between wet and dry years 
4.5 

Gan et al 2009a, 

Saskatchewan 

Spring canola, rainfed 2.89 

Spring canola, irrigated 3.1 

Azooz and Arshad 1998, 

British Columbia 

Spring canola, no till 3.61 

Spring canola, conventional tillage 4.16 

Cutforth et al 2006, 

Saskatchewan 

Spring canola, no till into tall stubble 5.76 

Spring canola, conventional tillage 4.2 

 Cocks et al (2001) proposed a maximum WUE of 13 kg∙ha-1mm-1.  Hocking et al 

(1997b) calculated a very similar WUE frontier of 12.5 kg∙ha-1mm-1.  Actual WUE values 

observed in both these studies varied widely across location and year, from 3 – 18 kg∙ha-

1mm-1.  Robertson and Kirkegaard (2005) evaluated 42 datasets of dryland spring canola 

for WUE and they found the middle 60% to have WUE values between 8.5 – 14 kg∙ha-

1mm-1.  The lowest observed was 3.8 kg∙ha-1mm-1, and the highest was 18.3 kg∙ha-1mm-1.  

Crops sown late and crops with low yields and HI tended to have lower WUE.  Roberson 

and Kirkegaard (2005) fit an upper WUE limit of 15 kg∙ha-1mm-1, comparable to the two 

aforementioned studies.   
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WUE can be thought of as the slope of the line between yield and water use (or 

seasonal water supply) (Robertson and Kirkegaard 2005).  The intercept of this line is 

essentially the threshold of water supply for any yield to occur, though it is often 

interpreted as water evaporation from the soil surface (Robertson and Kirkegaard 2005, 

Angus and van Herwaarden 2001).  In a well-known paper, French and Schultz (1984) 

quantified this intercept as 110 mm, and many studies use this baseline (Hocking et al 

1997b).  Robertson and Kirkegaard (2005) fitted a slightly higher intercept of 120 mm.  

Soil evaporation is lower for varieties with early vigor and in early-sown crops 

(Robertson and Kirkegaard 2005). 

 Management practices affect WUE, with problems like poor fertility or disease 

pressure lowering WUE values.  Even in well-managed situations, unfavorable timing of 

precipitation and water losses can negatively impact WUE (Robertson and Kirkegaard 

2005).  WUE varies between species as well.  In general, wheat displays higher WUE 

values compared to canola; wheat’s WUE frontier is around 20 - 25 kg∙ha-1mm-1 

(Passioura 2006, Angus and van Herwaarden 2001).   
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OBJECTIVES 

Field based experiments will: 

1) Determine total water and nitrogen use of winter canola seeded into fallow in 

low-intermediate rainfall regions of eastern Washington state 

2) Monitor water content at depth increments throughout the soil profile to 

clarify where and when canola uses water, as well as the maximum root depth 

3) Use biomass, yield, and water use to calculate water use efficiency parameters 

4) Ascertain nitrogen use efficiency throughout seasonal growth based upon 

periodic soil and biomass nitrogen content measurements 

5) Relate growing degree days to biomass accumulation, nitrogen uptake, and 

water use 

Multiple Washington locations will allow for comparisons of these factors across 

varied landscapes and environments.  The planting date study can reveal any differences 

in these factors due to sowing time.  Taken together, this information can lead to a better 

understanding of canola’s fit in Mediterranean dryland wheat-fallow cropping system 

rotations. 
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CHAPTER 2 

WINTER CANOLA WATER USE AND PLANTING DATE EFFECTS  

 IN RITZVILLE, WA 

 

ABSTRACT 

 Winter canola is a potential alternative crop for the low precipitation farming 

areas of Washington State, which typically follow a winter wheat – fallow rotation.  

Because canola is a fairly new crop in Washington’s dryland regions, the body of 

conclusive agronomic research is relatively small and farmers have many production-

related questions and issues.  For example, seasonal canola water use in this region is 

unknown.  Additionally, stand establishment is a large impediment to winter canola 

growth.  Planting earlier than the traditionally recommended August window may 

provide cooler and moister seed bed conditions.  A study in Ritzville, WA was initiated 

in summer 2013 to address both water use and planting date.  Winter canola was seeded 

June 10, June 26, August 5, and August 12, along with a fallow check.  Soil water content 

was measured biweekly to a depth of 180 cm by neutron probe and gravimetric cores, and 

laboratory tests were conducted to determine permanent wilting points.  Over the course 

of five months (June – October), fallow plots lost an average of 7.27 cm due to 

evaporation.  Clear graduated differences in water use due to planting date were 

observed; the earliest date used 15.82 cm of available water before winter dormancy, 

compared to 7.94 cm by the latest date.  The middle two planting dates, June 26 and 

August 5, used 15.58 cm and 14.2 cm respectively.  The first two planting dates extracted 

all available water during fall growth, while the August 12 planting date water use was 
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not statistically different than the evaporative losses seen in fallow plots.  Water use 

correlated with growing degree day accumulation in a sigmoidal fashion.  Canola 

extracted moisture to a depth of at least 180 cm, though water was first accessed in the 

top 30 cm.  High amounts of winter kill were observed, and no spring data were 

collected.  Greater winter mortality correlated to both higher fall water use and increased 

crown height due to premature bolting.  The earliest planting date had the least amount of 

soil water after winter, while the latest planted canola had the highest spring soil water 

content. 

INTRODUCTION 

Overview 

Literature contains many canola planting date studies, but they generally focus on 

spring canola and are highly location dependent (Homayounifar et al 2013, Nanda et al 

1996, Miralles et al 2001, Pavlista et al 2011, Kirkland and Johnson 2000, Angadi et al 

2004).  Planting date affects growth rate and pattern (Nanda et al 1996, Nanda 1995), 

winter survival (Laaniste 2007), flowering date (Balodis and Gaile 2011), yield, and oil 

content (Chen et al 2005).  Planting date choice must account for good germination 

conditions, optimization of seed yield, and avoidance of unfavorable conditions such as 

disease or drought (Balodis and Gaile 2011).  In the low and intermediate precipitation  

regions of Washington, Young et al (2014) have determined August 5 to 25 as the best 

planting window, with the caveats of a visible moisture line within 10 cm of the surface 

and forecasted upcoming cooler weather (no warmer than 30°C). 

Recently, some researchers have examined the idea of planting canola earlier in 

the summer fallow period, to capture cooler temperatures and moister seed beds (Hulbert 
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et al 2010, Wysocki 2015).  One of the largest barriers to canola growth in the PNW is 

emergence and establishment (Sowers et al 2012, Young et al 2014).  Even experienced 

winter canola farmers in the low precipitation area encounter 20% or greater 

establishment failure rate (Painter and Roe 2007).  Canola exhibits epigeal emergence, so 

the cotyledons and growing point are exposed to environmental stresses (Koenig et al 

2011).  Often it is hot, dry seed bed conditions that lead to stand failures.  Interestingly, 

there may be varietal differences in winter canola’s ability to germinate under low soil 

moisture (Huggins et al 2008).   

A study conducted in Pendleton, OR, examined planting winter canola in June, 

July, and late August/early September windows (Wysocki 2015).  In 3 of 4 years, the 

early planted canola yielded higher than the other plantings.  The researchers attribute the 

increased yield to better stand establishment (44 – 78 plants∙m-2 vs ≤ 12 plants∙m-2) in the 

cooler and wetter seed zone.  In terms of water consumption, the early-planted canola 

used 4.5 cm of water by the time canola was planted in the later traditional window.  

However, all plantings used about the same amount of available water by the end of the 

season.  In the year that early-seeded canola yielded less, an unusually dry March 

couldn’t sufficiently increase the water content of the depleted soil profile of the early 

plantings (Wysocki 2015). 

Measurement of Soil Water Content 

A technique to measure soil water content by neutron scattering was introduced in 

1950 by Blecher.  The neutron probe includes a source of fast neutrons (mean energy 5 

MeV), often a radioactive mixture including beryllium (IAEA 2008, McHenry 1963).  

About 109 neutrons per second are emitted, and these neutrons repeatedly collide with 
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nuclei of atoms in the soil (Johnston 1992).  The common soil components aluminum and 

silicon redirect neutrons with little energy loss (Robinson et al 2008).  However, a 

collision with hydrogen generally halves the energy of the neutron due to their similar 

radius.  Nineteen collisions on average will thermalize a neutron, or reduce its speed 

(IAEA 2008).  The neutron probe also contains a detector for these slow neutrons 

(Johnson 1992).  This estimate of hydrogen nuclei in the soil is calibrated to determine 

volumetric water content; calibration of the probe is essential and is based on a linear 

relationship between count ratio values and independently determined volumetric water 

content (Hodnett 1986).  The sphere sampled depends upon water content and can range 

from 0.15 m to 0.5 m (Robinson et al 2008). 

Advantages of the neutron attenuation method include highly accurate, in-situ, 

non-destructive, repeatable measurements (Hodnett 1986).  Aluminum access tubes in the 

soil allow the probe to be lowered incrementally, leading to a profile-wide description of 

soil water content.  Because neutrons escape from the soil surface causing significant 

error, some other form of soil moisture monitoring must be employed for the upper 0.3 m 

of soil.     

A neutron probe, along with gravimetric methods, was utilized to quantify soil 

water content in a study that examined the water use of winter canola seeded in both early 

and traditional planting windows.  The results are presented in this chapter. 
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MATERIALS AND METHODS 

2013-2014 (2013 season) 

The 2013 season study was on the Ron Jirava farm located 8 km west of Ritzville, 

WA.  The winter canola variety Falstaff was used.  Twenty 30 m by 2.5 m plots, 

surrounded by a spring wheat crop, were planted with four replicates.  Four planting dates 

and a fallow check were replicated in a randomized completed block design.  The 

planting dates were June 10, June 26, August 5, and August 12.  Canola was seeded into 

no-till fallow with a John Deere HZ deep furrow drill, with a target depth of 3 cm into 

moisture.  Seeding rate was 6 kg/ha, with a row spacing of 40 cm.  Two 1-m row sections 

in each plot were assessed to determine winter survival (plant counts in the late fall and 

again in the spring) and crown heights.   

 Soil moisture measurements were obtained at the time of the first planting on June 

10 and then on a bi-weekly basis from August 2 to December 2, 2013.  The initial water 

content of the June 26 planting was assumed to be the same as June 10.  Permanent 

aluminum access tubes were installed in early August to a depth of 180 cm in the center 

of each plot, and a Hydroprobe (Campbell Pacific Nuclear Model 503DR, Raleigh, NC) 

was used to measure volumetric water content at 0.15 m intervals.  The top 0.3 m of soil 

was sampled with a lined AMS slide-hammer hand probe (American Falls, ID) rather 

than the neutron probe.  These cores were divided into 0.15 m samples in the laboratory 

for gravimetric moisture analysis.  Wet weights were obtained, and the samples were then 

dried in a 105°C oven for 24 hours for an oven-dry weight.   

 Soil bulk density was determined in 0.15 m increments.  A ring of known volume 

was used to collect soil to be dried and weighed.  A dewpoint hygrometer (Decagon 
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Devices WP4C, Pullman, WA) was used to determine matric potentials in the -0.1 – -300 

MPa range.  At least 10 soil samples from each 0.15 increment were brought to varying 

moisture contents and measured.  A power law function was used to fit the curves and 

determine water content at -1.5 MPa for each depth increment.  Preliminary tests with a 

HYPROP (UMS, Munich Germany), which characterizes the wetter portion of the soil 

water characteristic curve, were compared with total water content values measured in 

the fall of the 2013 season.  Because the soils were never at field capacity during this 

time, it is assumed that available water is water content above the permanent wilting 

point as determined by the WP4C.  If measured water content was below the determined 

permanent wilting point, it was assumed available water was zero. 

 Results were analyzed using SAS PROC GLM (SAS 9.3, Cary NC).  The 

assumptions of normality, equal variance, and independence were verified.  Multiple 

comparison was accomplished using the Tukey-Kramer method with alpha of 0.05, and 

Tukey HSD was also used. 

2014-2015  

 Several planting dates in Ritzville were attempted with a Cross Slot no-till drill in 

the same plot arrangement as the 2013 season.  Although excellent stands were achieved, 

plants died soon thereafter.  It was discovered that a sulfonylurea herbicide with a long 

soil-residual life used to kill broadleaf weeds had been inadvertently applied to the plot 

area.  Thus, no planting date data in Ritzville was obtained for the 2014 season. 

2015-2016  

 Average precipitation occurred during the winter of 2014-2015, but spring and 

summer were abnormally dry.  An excellent stand was achieved from the first planting on 
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May 28. However, air temperatures over 35°C for several days beginning June 8 resulted 

in complete stand kill.  The site received no rain from May 14 to August 30.  No other 

planting dates were possible. 

Calculations 

gravimetric water content (
g water

g soil
)  =  

soil wet weight−soil oven dry weight

soil oven dry weight
  

volumetric water content (
cm3 water

cm3 soil
) =  gravimetric water content ×

             soil bulk density  

centimeters of water in increment measured =  volumetric water content × 

length of increment (cm)  

growing degree days (GDD): 

τn =  ∑(Ti ave − Tb)∆t

n

i=1

  

Where: 

τn = cumulative thermal time or GDD 

Ti ave = average daily temperature during day i, 
Tmax + Tmin

2
 

Tb = species-specific base temperature, 0°C for canola 
  Δt = time increment, 1 day 
  Note: if Ti ave - Tb is negative for a particular day, a value of zero is imposed. 

available soil water = total volumetric water content – permanent wilting point  

water use = extracted available soil water + precipitation 
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RESULTS AND DISCUSSION 

Ritzville received an unusually high amount of rainfall in June 2013 (Figure 2.1).  

An accordingly high moisture content in the topsoil allowed for planting and successful 

establishment in June. 

 
Figure 2.1.  Monthly precipitation and mean ambient temperature for the 2013-2014 

growing season in Ritzville, WA.  Data obtained from AgWeatherNet station on site. 

Data from fall vegetative growth confirmed that planting date affects seasonal 

moisture in the soil profile.  At its lowest water content, the earliest planting date’s soil 

profile (June 10) contained only 50% of its initial water content at planting.  The lowest 

water content of August 12’s soil profile (the latest planting date) was 80% of its initial.  

The results were even more dramatic when comparing available water contents instead of 

total water.  The two June planting dates depleted over 96% of the initial available water, 

while the latest planting date used 37% of initial.  These total and available initial vs. 

final water contents for all planting dates are shown in Figure 2.2.  Fallow plots lost 3.77 

cm of initial available soil water from August 12 to November 4 due to evaporation. 
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Figure 2.2. Mean water contents in 1.80 m soil profiles for four winter canola planting 

dates and a fallow check in 2013.  Total water amounts are shown in blue, with available 

water in green.  The upper limit of the light colors indicate values at planting, while 

darker colors signify the lowest water contents during the fall growing season (see Table 

2.2 for dates).  The fallow initial baseline value was obtained on June 10. 

 These water content values do not directly reflect precipitation, however.  A better 

parameter is crop water use, defined as the composite value of precipitation and soil 

water extraction (Table 2.1, Figure 2.3).   

Table 2.1.  Mean available water use and corresponding standard deviations for each 

planting date in 2013.  Values followed by the same letter indicate no significant 

difference, as determined by Tukey-Kramer method with α = 0.05. 

Planting Date Mean Available Water Use (cm) Standard Deviation 

June 10 15.82a 0.05 

June 26 15.58a 0.71 

August 5 14.20a 0.96 

August 12 7.94b 1.76 

Fallow 7.27b 3.44 
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Figure 2.3.  Mean available water use (or water loss, in the fallow check) for each 

planting date and the fallow check, with precipitation and soil water extraction factors 

shown.  Standard error bars are included. 

The earliest two planting dates, though they captured more after-planting rainfall, 

used a significant amount of water, nearly 16 cm.  By the time of the latest seeding on 

August 12, the June 10 planting date had used 10 cm of available water, and June 26 

planting date had consumed 4.5 cm.  Somewhat surprisingly, canola in the August 5 

planting date did not use statistically more water in the fall than the first plantings, though 

planted 5 to 8 weeks later.  It did continue growth longer than the earlier plantings (Table 

2.2), which may partially explain the similar water use.  Canola in the August 12 planting 

date utilized only 7.94 cm of water, not statistically different from the evaporative water 

loss seen in fallow plots. 

For all planting dates, increased thermal time correlated with more canola water 

use in a sigmoidal fashion (Figure 2.4).  The earlier planting dates accumulated more 

growing degree days before the onset of winter.  Within each planting date, water use 

eventually decreased – soil water content increased – signifying soil profile refilling by 
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precipitation and the end of plant growth.  Canola in the first two June planting dates 

ceased growth in October, while the August planting dates continued growth well into 

November (Table 2.2). 

 
Figure 2.4.  Mean water use for each planting date (signified by different colors) as 

growing degree days accumulate.  Five-parameter sigmoidal regression equation is 

shown, with an R2 of 0.92. 

 

Table 2.2.  Approximate end date of soil water extraction for each planting date.  After 

this sampling date, total soil water content increased, indicating plant growth termination 

and precipitation refill. 

Planting Date Termination of Fall Soil Water Extraction 

10-Jun October 21 (2386 GDD) 

26-Jun October 21 (2152 GDD) 

5-Aug November 4 (1396 GDD) 

12-Aug November 18 (1293 GDD) 

To examine canola water extraction, the total volumetric water content) at several 

different sampling dates for each planting date is shown in Figure 2.5.  This pattern of 

water extraction is common to other PNW locations as well as other studies (see Chapter 
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3, Figure 3.5, Cutforth et al 2013, Gan et al 2009).  Canola initially uses water in the top 

30-60 cm of soil, then utilizes water stored deeper in the profile.  Winter canola plants 

continue to use deep stored water while precipitation recharges some moisture in the top 

30 cm, evident in the August 5 planting date, November 18 sampling date.  Eventually, 

fall growth and water extraction ceases, allowing winter precipitation to be added to the 

profile. 

 Winter canola is extremely efficient in accessing available water (Figure 2.5).  

The first two planting dates in particular extracted all available water and reached 

permanent wilting point (values shown in Table 2.3) by the beginning of September.  

This observation was also seen by Gan et al 2009.   

There was a consistent pattern of volumetric water contents below the permanent 

wilting point for the 30 – 45 cm depth increment (Figure 2.5).  A possible explanation for 

this phenomenon is that this measurement was the first to be quantified by the neutron 

probe; above this depth measurements were gravimetric.  There is a risk of neutron loss 

to the surface, which would cause a low value, although this error should be minimal at 

30 cm.  An additional explanation may be a preponderance of roots at this level.  Gan et 

al 2011 quantified 70% of canola roots above 40 cm, and Merrill et al 2002 found the 

highest root length density at 45 cm.  If indeed the Ritzville canola roots were 

concentrated around 30 - 45 cm, this zone of soil would be more depleted of water.  

However, other Washington sites surveyed gravimetrically did not display marked canola 

water use at this depth (see Chapter 3, Figure 3.4, Figure 3.5). 
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Figure 2.5.  Mean volumetric water content graphed as soil depth increases for each 

planting date.  Several sampling dates are shown, as well as permanent wilting point at 

each depth.  Tukey HSD at each depth is also plotted. 

 

Table 2.3.  Permanent wilting point in volumetric water content at each soil depth 

increment. 

Soil Depth 

(cm) 

Permanent Wilting Point  

(% water by volume) 

0 – 15 7.93 

15 – 30 9.59 

30 – 45 9.26 

45 – 60  7.36 

60 – 75  9.05 

75 – 90  8.46 

90 – 120 8.43 

120 – 150 8.43 

150 – 180 8.32 
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Soil in the first planting date showed a decrease in volumetric water content from 

18.1% on June 10 to 9.5% on October 21 at the 180 cm depth (based on average values).  

Soil in the second planting date – June 26 – decreased from an average of 17.9% water on 

August 2 to 9.6% water on October 21.  This clear extraction of nearly half the total 

water indicates that the early-planted canola’s effective rooting depth was past 180 cm, 

deeper than other studies have measured to or found (Merrill et al 2002, Cutforth et al 

2013, Johnson et al 2002, Nielson et al 1997).   

 Figure 2.6 shows the percentage of total water extracted at each depth during the 

fall season for the later two planting dates.  These two plantings show very similar 

patterns of water use by depth.  About 55% of the amount of water extracted during the 

season was pulled from 91 cm and above.  Around 75% of total soil water extraction 

occurred at or above 122 cm, meaning that a quarter of the fall water use – even in these 

later plantings – originated from deep subsoil reserves.  Merrill et al (2004) also reported 

that a significant portion of canola’s water is accessed from deep portions of the soil 

profile. 

  

Figure 2.6.  Percentage of the total soil water extraction that occurred at each soil depth 

increment measured for 5-Aug and 12-Aug planting dates. 
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The winter of 2013-2014 was fairly harsh, with two sub- -18°C events and 

minimal snow cover.  These conditions resulted in high amounts of winter-kill in this 

experiment (Table 2.4), and no spring data was collected.   

Table 2.4.  Mean percentage of plants in each planting date that survived the winter to 

regrow in the spring of 2014. 

Planting Date Average Percent Winter Survival 

June 10, 2013 0 

June 26, 2013 0 

August 5, 2013 31 

August 12, 2013 55 

 High water use and plant bolting both correlated with the observed winter kill.  It 

was noted that plants of the two earlier planting dates had begun to bolt before the onset 

of winter.   This phenomenon was quantified by crown height measurements, which are 

shown in figure 2.7 plotted against winter survival percentages.  The stem elongation 

may have reduced the insulating properties of soil proximity and eliminated the shielding 

effect of snow cover.  This result has been cited in literature (Darby 2013, Balodis and 

Gaile 2011, Laaniste et al 2007), with Topinka et al (1991) in particular noting very 

similar planting date effects on stem elongation and winter survival.  There was also a 

correlation between vegetative season water use and winter kill (Figure 2.8).  Later-

planted canola that used less water had higher survival rates.   
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Figure 2.7.  Mean crown heights for each planting date, plotted against the corresponding 

percentage of plants that survived winter.  A linear regression line is shown. 

 

  
Figure 2.8.  Mean available water use (cm) during the fall vegetative growing season is 

shown by the bars and corresponds to the left axis.  The mean winter survival percentage 

of each planting date is represented by the line and relates to the right axis. 

 Producers in water-limited areas worry that winter precipitation will not provide 

enough moisture to refill the depleted soil profiles of early-planted canola.  Early-planted 

canola (June 10) had less soil water in early spring, while the soil profile under the latest 
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seeded canola contained the most water (Figure 2.9).  This observation was supported 

statistically (Table 2.5).  The differences seem to occur in the mid-lower portions of the 

measured profile (Figure 2.9). 

 
Figure 2.9.  Mean volumetric water content as measured on March 31, 2014 as soil depth 

increases for four planting dates and a fallow check.  Tukey HSD is also plotted. 

 

Table 2.5.  Mean available water as measured on March 31, 2014 for each planting date 

and a fallow check.  Values followed by the same letter indicate no significant difference, 

as determined by Tukey-Kramer method with α = 0.05. 

Planting Date Average available water in soil profile (cm) 

June 10 10.5 a 

June 26 13.1 b 

August 5 13.6 b 

August 12 17.2 c 

Fallow 13.5 b 
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CONCLUSION 

 Stand establishment is a large impediment to winter canola production in the low 

precipitation zone of east-central Washington and north-central Oregon.  Planting early, 

before the recommended August window, may capture cooler soil temperature and more 

moisture; however, excessive water use by these early-planted fields is a concern.  One 

year of data from Ritzville showed that ideal stand establishment is possible in June, 

given adequate moisture.  Fall season water use was heavily dependent upon planting 

date, with plantings on June 10 and 26 using 15.8 cm and 15.6 cm respectively, compared 

to 14.2 cm and 7.9 cm used by canola planted August 5 and August 12.  All canola 

plantings accessed water to at least 180 cm soil depth and were efficient in scavenging 

available water.  Planting date also appeared to affect winter survival; canola planted in 

June bolted, stopped growth earlier in the fall, and suffered 100% winter mortality.  The 

earliest planting date depleted all available water in the fall and winter rains did not 

increase the soil water to the same degree as other planting dates.  It had the lowest soil 

water content after winter, while the August 12 planting date had the highest spring water 

content.  Based on the single year of data, early planting may not be advisable due to soil 

water depletion and winter kill risk.  However, this planting date study should be 

continued for several seasons to more fully understand the impact of early planting on 

winter canola water use, growth, and yield.  Additionally, weed and insect pressure 

should be monitored, as these dynamics may change with altered planting times.  

Techniques to control water use could be explored, such as fall season mowing or 

grazing. 
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CHAPTER 3 

THREE DISTINCT STAGES OF WINTER CANOLA WATER AND NITROGEN 

USE IN DRYLAND EASTERN WASHINGTON 

 

ABSTRACT 

 Growers have noted increased wheat yields following winter canola in the fallow 

dryland farming regions of Washington State, due to rotational benefits.  Farmers have 

produced canola throughout eastern Washington for many years, but questions regarding 

best agronomic practices remain.  Research was conducted in Okanogan (north-central) 

as well as Pomeroy and Cloverland (south-east) to characterize winter canola during its 

major growth periods.  Gravimetric water content was measured to a depth of 120 cm or 

bedrock, and permanent wilting point was determined to estimate available water.  Soil 

nitrogen (N), aboveground dry matter, and plant N accumulation were also monitored.   

 Data from Cloverland revealed the dependence of water content on soil depth to 

bedrock.  At the other two sites, winter canola growth was analyzed in three seasons: fall 

vegetative growth, winter, and spring regrowth until harvest.  Canola at Pomeroy 

extracted water to at least 150 cm in the fall and used nearly all available water by 

harvest.  In contrast, canola water use at Okanogan was relegated to the top 90 cm during 

fall, but then accessed moisture deeper in the soil profile during spring regrowth.  

Generally, late-summer and early-fall water use constituted 15-25% of total season water 

use.  Soil water content increases over the winter were not consummate with the amount 

of precipitation received, with retentions under 80%. 
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Nitrogen supply was determined for both fall and harvest seasons.  Pomeroy had a 

higher N retention efficiency in fall than harvest season, although unaccounted for N did 

not exceed 30%.  A much higher proportion, 75% of the N supply, was unaccounted for 

during the fall season at Okanogan.  Volatilization, immobilization, and ammonium 

fixation are loss pathways that may explain these discrepancies.  However, N in the 

Okanogan crop and soil at harvest exceeded the estimated fall season supply, which may 

be due to failure to capture whole-season balance owing to temporal fluctuation.  

Observed soil N increases during winter were likely because of release from fall-grown 

leaves.  The seasonal timeline of canola biomass and N accumulation followed a 

sigmoidal pattern, the expected curve as described by Hocking et al (1997).  Nitrogen 

uptake was roughly equal between the fall and harvest seasons, though much more dry 

matter accumulated in the harvest season.  

Yields were much higher in the comparatively water- and N- rich site of Pomeroy, 

and water use efficiency was also higher, at 4.5 kg∙ha-1mm-1 compared to Okanogan’s 3 

kg∙ha-1mm-1.  In both locations, harvest season NUE was greater than total season NUE 

and corresponded to spring canola expected values.  Total season unit N requirements 

were much higher than those reported in local extension literature. 

INTRODUCTION 

 Wheat has long been the main crop in dryland Washington farmland east of the 

Cascade mountain range.  In the lower precipitation zone, where the winter wheat-fallow 

rotation is dominant, winter canola is an emerging rotational crop.  Touted for its 

agronomic benefits and impact on subsequent wheat yields, canola was produced on 
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18,200 Washington hectares in the 2014-2015 season (National Agricultural Statistics 

Service 2014).   

 Winter canola, unlike spring varieties, develops a rosette in the fall season.  These 

basal leaves senesce and abscise as winter frosts begin.  The growing point at the crown 

remains viable throughout winter.  When temperatures warm in the spring, vegetation 

regrows and again forms a rosette.  Having satisfied its vernalization requirement, the 

stem elongates during bolting, and profuse branching occurs.  Yellow flowers set long, 

thin seed pods which are eventually harvested.   

 Yield in much of eastern WA is limited by water, and canola water use is of 

paramount concern for growers.  Seven years of data from Reardon, WA showed that 

winter canola uses the same amount of water as winter wheat, and post-harvest winter 

soil recharge is the same for winter canola and winter wheat fields (Schillinger 2012).  A 

relationship between spring canola yield and available water has emerged for the PNW, 

with a water use efficiency of 3 kg∙ha-1mm-1 (Pan et al, in review).  Wheat grown in this 

area has a higher WUE, 5.3 – 7 kg∙ha-1mm-1, but the efficiency is more similar to canola 

on an energy or protein basis (Pan et al, in review).  

Several studies, whether by direct observation or water extraction patterns, have 

confirmed spring canola maximum rooting depth between 1.14 – 1.3 m (Merrill et al 

2002, Cutforth et al 2013, Johnson et al 2002).  Nielson et al (1997) found that spring 

canola extracted water at a depth of 1.65 m, though 92-95% of the water use originated in 

the top 1.19 m.  Canola uses water efficiently, sometimes extracting water below the 

soil’s theoretical permanent wilting point (Gan et al 2009a).   
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The extensive taproot system of winter canola that enables water extraction also 

allows for high nutrient recovery.  Winter canola N uptake – along with biomass – 

follows a sigmoidal pattern, with the highest rate occurring from branching to early 

budding (Malhi et al 2007, Wysocki et al 2007).  During autumn growth, winter canola 

accumulates 25-30% of its total N uptake, around 40-100 kg N ha-1 (Rathke et al 2006, 

Wysocki et al 2007).  These vegetative leaves abscise during winter, and around 75% of 

N in canola residue is non-structural or associated with soluble cell components (Beard 

2013).  Although up to 15% remains in the soil, around 28% of the nitrogen initially 

present in autumn leaves and stems appears to be recycled to spring growth and is later 

remobilized during reproduction (Dejoux et al 2000, Erley et al 2011, Rossato et al 

2001).  Endogenous N flow analysis shows a complicated dynamic, with remobilization 

to the pods originating from leaves, stem, inflorescences, and taproot (Malagoli et al 

2005).  In some cases, over 60% of the N supply may be unaccounted for, not found in 

crop residue or soil (Maaz 2014). 

Current winter canola base N requirements in the PNW are 6-11 kg N supply per 

100 kg yield (Koenig et al 2011, Wyosocki et al 2007, Maher and Guy 2002).  However, 

more recent spring canola research has indicated higher N requirements, up to 22 kg N 

per 100 kg yield in drier areas (375 mm of precipitation annually) (Maaz 2014).  Nitrogen 

use efficiency (NUE) is a common metric that identifies the yield per unit N supply.  

Spring canola in the PNW has NUE around 4-12 kg∙kg-1, with lower values in drier 

regions (Maaz 2014).  A component of NUE is nitrogen utilization efficiency, the harvest 

N uptake per unit of N supply, and for winter canola this value is 25-35 kg∙kg-1 (Berry et 
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al 2010, Erley et al 2011).  Nitrogen harvest index, the seed N per unit N supply, is 60-

79% for winter canola (Dreccer et al 2000, Koenig et al 2011).   

A possible approach to analyzing winter canola N and water consumption is 

through three “seasons”: fall vegetative season, winter season, and harvest season (which 

spans spring regrowth to harvest).  Comparatively little is known about fall season 

growth, especially as spring varieties compose a large majority of Canada’s considerable 

canola acreage.  Changes in winter soil nitrogen and water content have also not been 

studied in the Pacific Northwest.  Finally, questions still remain about total-season water 

and nitrogen need. 

In this study, research was established in Pomeroy, Cloverland, Mansfield, and 

Okanogan (Table 3.1).  Pomeroy, WA, is a high-elevation site that receives an 

intermediate amount of precipitation (500 cm per year).  The soils are loamy with 

increasing clay content in the subsoil.  Cloverland, WA, is within 55 km of Pomeroy, 

though it receives less rainfall on average.  At Cloverland areas within the same field 

have extremely variable soil depth; basalt is the parent material bedrock, and it is covered 

by 0.3 – 3 m of topsoil.  Several producers near Pomeroy and Cloverland consistently 

grow winter canola, and some are experimenting with spring canola as well.  A few 

farmers in north-central Washington near Okanogan and Mansfield have also been 

growing winter canola for over a decade.  The Colville Confederated Tribes in this region 

expressed interest in canola for biofuel, and USDA-ARS/WSU researchers responded by 

introducing research trials to the area.  Their efforts increased winter canola acreage in 

Douglas and Okanogan counties from 200 acres in 2007 to over 10,000 acres in 2013 

(Young et al 2013). 
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This study tracked the dynamics of winter canola water and N use in both the fall 

and harvest growing seasons, as well as soil water and N changes over the winter.  

Analyzing water extraction, N use, and crop biomass in this research contributed to the 

growing body of literature concerning winter canola in the PNW. 

MATERIALS AND METHODS 

Winter canola variety trials were planted in late summer 2014 in Pomeroy, 

Okanogan, and Cloverland.  All sites were planted in late August with a hoe-type Ag 

ProTM no-till air drill at 40.5 cm spacing and 2 kg seed ∙ acre-1.  Plots were 3 m by 15 m 

and arranged in a randomized complete block design, with four replications of each 

variety.  Borders were also seeded to canola.  Plots were fertilized with N and sulfur (S) 

in October, and surviving plots were fertilized again in spring (Table 3.1).   

All N and water measurements were sampled in the Croplan 115 (CP115) variety 

plots at all locations.  The Cloverland site was surrounded by a grower’s field, planted 

one month earlier than the plots.  Samples were taken both in the plots and in the 

grower’s field at Cloverland to compare planting dates.  The field was planted with a 

Horsh-Anderson 40-15 drill, with a seeding density of 4 kg∙ha-1 at 38 cm row spacing. 

At Pomeroy and Cloverland, water data were obtained biweekly from planting to 

November 20, 2014.  At Okanogan, measurements were taken every 3 – 4 weeks.  

Measurements resumed in early March at both Okanogan and Pomeroy and continued 

periodically until harvest in late July.  In each CP115 plot, soil cores at 30-cm intervals 

were hand-extracted with a 180-cm, thin closed-wall Veihmeyer (King) tube down to 

bedrock.  Wet weights were obtained, and the samples were then dried in a 105°C oven 

for at least 24 hours for an oven-dry weight.   



 58 

 At Okanogan and Pomeroy, soil bulk density was determined in 30-cm 

increments.  At least 3 rings of known soil volume per increment were collected, dried, 

and weighed.  A WP4C dewpoint hygrometer (Decagon Devices, Pullman WA) 

determined water potentials in the -0.1 – -300 MPa range.  At least 10 soil samples from 

each 30-cm increment were brought to varying water contents and measured.  A power 

law function was used to fit the curves and determine water content at -1.5 MPa for each 

depth increment.  It was assumed that available water was water content above the 

permanent wilting point as determined by the WP4C.   

Every time soil water was quantified at each location, canola biomass was 

sampled in a 1-m linear row.  Plants were counted, severed at the soil level, placed in a 

paper bag, and weighed for a fresh weight.  Plant material was dried at 40°C for at least 

48 hours, reweighed, and then ground by a Wiley mill (Thomas Scientific, Swedesboro, 

NJ).  Total C and N of subsamples were determined via dry combustion in a LECO 

Truspec C and N analyzer (St. Joseph, MI).   

For soil N analysis, samples were taken in 30-cm increments at planting, first hard 

frost, upon spring regrowth, and at harvest.  Available ammonium and nitrate were 

extracted with 0.5M KCl and analyzed calorimetrically with a Lachat QuikChem 8000 

series FIA+ system and autosampler (Loveland, CO).  Weather monitoring stations were 

located in each field.  A Decagon datalogger stored information that was recorded every 

2 hours from an ECT air temperature sensor and an ECRN-100 high resolution rain gauge 

(Decagon Devices, Pullman WA). 

At every location, visual establishment ratings were determined on a 1-5 scale 

(1=poor, 5=excellent).  Two 1-m linear rows in each plot were counted in the fall and 



 59 

again in spring to assess winter survival.  Canola at Cloverland did not survive for spring 

growth and was therefore no harvest occurred.  In Pomeroy and Okanogan, a 

Wintersteiger plot combine was used to harvest 1.52 m by 15.2 m in each plot.  

Additionally, at Okanogan, three sections in the surrounding grower’s field, as well as the 

three border alleys in the trial, were harvested for a yield comparison of N rates.  The 

alleys received no fertilizer, and the grower’s field received 56 kg∙ha-1 N.  Seed was 

cleaned using a 9 mm sieve and wind separation.  In unharvested portions of the plots, 

plants in a 1-m row section were cut at ground level and placed in paper bags.  This seed 

was threshed mechanically, cleaned as described above, and weighed.  All chaff and 

biomass was collected and weighed, and harvest index was computed.  Plant material was 

ground and LECO combustion determined total C and N of subsamples. 

 Results were analyzed using SAS PROC GLM (SAS 9.3, Cary NC).  When 

applicable, multiple comparison was done using the Tukey-Kramer method with alpha = 

0.05 and Tukey honestly significant difference (HSD).  The assumptions of normality, 

equal variance, and independence were verified.  



 

 

6
0

 

Table 3.1.  Location characteristics and field operations for the 2014-2015 season. 

Location Soil Type 
Elevation 

(m) 

Region Average Precip 

(mm) 
Field History Planting Date 

Cloverland 

81% Neissenberg-Pataha 

Silt Loam 

19% Spofmore-Catheen 

Silt Loam 

848 397 No-till fallow 
Trial: 8/18/2014 

Grower Field: 7/18/2014 

Okanogan Farrell Fine Sandy Loam 455 301 No-till fallow 8/26/2014 

Pomeroy Palouse Silt Loam 1273 501 Conservation-till fallow 8/19/2014 

      

Location Field Operations Harvest Date 

Cloverland 

Field 7/18/14: 12.4 kg/ha N, 22.5 kg/ha P, 11.2 kg/ha K, 11.2 kg/ha S, 2.2 kg/ha Zn, 1.1 kg/ha B 

Field 9/10/14: 4.5 oz/ha glyphosate (Round Up) 

Trial 9/25/14: 22.2 oz/ha quizalofop p-ethyl (Assure II) 

Field and trial 10/31/14: 56.1 kg/ha N, 16.8 kg/ha S 

 

  n/a 

Okanogan 

10/9/14: 56.1 kg/ha N, 5.6 kg/ha S 

10/9/14: 22.2 oz/ha quizalofop p-ethyl (Assure II) 

3/13/15: 25.8 kg/ha N, 5.6 kg/ha S 

    7/8/2015 

Pomeroy 

10/3/14: 22.2 oz/ha quizalofop p-ethyl (Assure II) 

10/14/14 89.8 kg/ha N, 5.6 kg/ha S 

3/21/15: 33.7 kg/ha N, 16.8 kg/ha S, 0.56 kg/ha B 

 7/27/2015 
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Calculations 

gravimetric water content (
g water

g soil
)  =  

soil wet weight−soil oven dry weight

soil oven dry weight
  

volumetric water content (
cm3 water

cm3 soil
) =  gravimetric water content × soil bulk density  

centimeters of water in increment measured =  volumetric water content × 
length of increment (cm)  

growing degree days (GDD): 

τn =  ∑(Ti ave − Tb)∆t

n

i=1

  

Where: 
τn = cumulative thermal time or GDD 

Ti ave = average daily temperature during day i, 
Tmax + Tmin

2
 

Tb = species-specific base temperature, 0°C for canola 
  Δt = time increment, 1 day 
  Note: if Ti ave - Tb is negative for a particular day, a value of zero is imposed. 

available soil water = total volumetric water content – permanent wilting point (
cm water

cm soil
) 

total water use = fall growth extracted soil water + fall precipitation + spring growth  
extracted soil water + spring precipitation 

water use efficiency (
kg

ha mm
) = 

seed yield

total water use
 

fall biomass water use efficiency (
kg

ha mm
) = 

aboveground vegetative biomass 

fall water use
  

harvest index (
kg

kg
) = 

seed yield

total aboveground biomass
  

total mineralized N (
kg

ha
) = 15.14 

kg

ha
  X soil organic matter content (%) 

fall mineralized N (
kg

ha
) = % total GDD accrued in fall × total mineralized N 

fall residue N (
kg

ha
) = Ntf 

fall available N (
kg

ha
) = Navf = Ntf + soil N after fall growth ceases 

fall N supply (
kg

ha
) = Nsf = preplant available soil N + fall fertilizer N + fall mineralized N 

fall N uptake efficiency = NupEf =  
𝑁𝑡𝑓

𝑁𝑠𝑓
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fall N retention efficiency = NretEf = 
𝑁𝑎𝑣𝑓

𝑁𝑠𝑓
 

 

fall available N uptake efficiency = avNupEf = 
𝑁𝑡𝑓

𝑁𝑎𝑣𝑓
 

 

harvest residue N (
kg

ha
) = Nt 

 

harvest available N (
kg

ha
) = Nav = Nt + soil N at harvest  

 

grain weight (
kg

ha
) = Gw 

 

grain N content (
kg

ha
) = Ng 

 

harvest N supply (
kg

ha
) = Nsh = available soil N at spring regrowth + spring fertilizer N +  

spring mineralized N 
 

harvest N use efficiency = NUEh = 
𝐺𝑤

𝑁𝑠ℎ
 

harvest N uptake efficiency = NupEh = 
𝑁𝑡

𝑁𝑠ℎ
 

harvest N retention efficiency = NretEh = 
𝑁𝑎𝑣

𝑁𝑠ℎ
  

total season N supply (
kg

ha
) = Ns = preplant available soil N + fall fertilizer N + fall  

mineralized N + spring fertilizer N + spring mineralized N 
 

N use efficiency = NUE = 
𝐺𝑤

𝑁𝑠
 

 

N uptake efficiency = NupE = 
𝑁𝑡

𝑁𝑠
 

 

N utilization efficiency = NutE = 
𝐺𝑤

𝑁𝑡
 

 

N retention efficiency = NretE = 
𝑁𝑎𝑣

𝑁𝑠
 

 

available N uptake efficiency = avNupE = 
𝑁𝑡

𝑁𝑎𝑣
 

 

N harvest index = NHI = 
𝑁𝑔

𝑁𝑡
 

grain N utilization efficiency = grain NutE = 
𝐺𝑤

𝑁𝑔
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RESULTS AND DISCUSSION 

Fall vegetative season (planting –termination of growth at winter onset) 

 Excellent stands were achieved, with establishment at Cloverland averaging 4.8, 

Pomeroy 4.0, and Okanogan 4.3.  Soil depth to bedrock at the Cloverland location was 

extremely variable, even within a single plot.  Therefore, water and nitrogen use could 

not be compared across time or replications.  Total soil water content depended upon soil 

depth in a linear fashion (Figure 3.1). 

 
Figure 3.1.  Soil depth to bedrock and corresponding total water content at a selected 

sampling date in Cloverland. 

 A planting date comparison was seen in Cloverland, as the cooperating farmer 

planted the surrounding field a month before the plots (Figure 3.2).  Within the first 0.6 

m, the canola in the grower’s field used 13.46 cm of water and terminated growth for 

winter about October 5.  In contrast, the canola in the variety trial used 8.89 cm of water 

in the top 0.6 m of soil.  This later-planted canola continued to extract water long after  
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the early-planted canola had ceased, concluding fall growth around November 4.  These 

observations of early-planted canola using more water and ceasing growth earlier 

compared to later-planted canola are similar to the findings in Chapter 2. 

 
Figure 3.2.  Visual comparison of Cloverland plots surrounded by grower’s field on 

October 31, 2014.  

Pomeroy soil contained 27 cm of water at planting, nearly twice the initial water 

content of Okangan (15 cm).  Canola at Pomeroy used 13.67 cm of water during the 2014 

fall growing season, while canola at Okanogan utilized only 4.25 cm.  When combining 

data for these two sites, cumulative water use appears to increase exponentially (Figure 

3.3).  Canola water consumption rate may be greater in Pomeroy, perhaps due to greater 

soil water available initially (Figure 3.4, Figure 3.5). 
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Figure 3.3.  Mean available water use by canola as growing degree days progress from 

planting to winter onset in Okanogan (blue) and Pomeroy (green).  Polynomial regression 

for combined data shown by dashed line. 

Water extraction within the soil profile over time showed that canola at Pomeroy 

first withdrew water from the top 80 cm of soil, particularly above 60 cm (Figure 3.4).  

By November 4, nearly two and a half months after planting, water extraction was seen at 

120 cm. However, precipitation recharged some moisture in the top 30 cm, increasing the 

water content from the previous measurement on October 22.  The November 20 

sampling date reflects precipitation further increasing water contents and cessation of 

plant growth.   

Canola in Okanogan did not extract much soil water during fall season growth, 

and the usage was relegated to the upper 90 cm of the profile (Figure 3.5).  A hardpan  
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layer at approximately 20 cm was present at this location, which may have restricted 

early root growth and subsequent access to water.  By early November, water extraction 

had ceased and precipitation had increased soil water content in the topsoil, similar to the 

pattern seen at Pomeroy.   

 
Figure 3.4.  Mean volumetric water content in Pomeroy graphed as soil depth increases.  

Several fall season sampling dates are shown, as well as permanent wilting point at each 

depth.  Tukey HSD at each depth is also plotted. 
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Figure 3.5.  Mean volumetric water content in Okanogan graphed as soil depth increases.  

Several fall season sampling dates are shown, as well as permanent wilting point at each 

depth.  Bars indicate Tukey HSD at each depth. 

 Based on soil texture analysis by Mastersizer (laser diffraction of dispersed 

sample), Okanogan contained 15% sand, 70% silt, and 15% clay, and Pomeroy contained 

7% sand, 74% silt, and 19% clay (Nunez 2015, unpublished data).  The permanent 

wilting point is highly dependent upon soil texture, as indicated by the comparison of 

Pomeroy and Okanogan (Table 3.2).  The film of water surrounding soil particles is held 

tightly and not accessible to plant roots.  In relation to Okanogan, Pomeroy has more silt 

and clay.  Silt and clay are smaller than sand and have a proportionately larger surface 

area.  Thus, permanent wilting points are higher in the Pomeroy soil.  Okanogan has over  
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twice the sand content than Pomeroy; less water adheres to these large particles and 

therefore permanent wilting point is lower.  Additionally, Pomeroy has slightly higher 

bulk density values on average than Okanogan, probably because of the higher proportion 

of clay particles. 

Table 3.2.  Mean values for bulk density and volumetric permanent wilting point at 

several soil depth increments for the Pomeroy and Okanogan plot locations. 

POMEROY, WA 

Soil Depth 

(cm) 

Bulk Density 

(g∙cm-3) 

Permanent Wilting Point  

(% water by volume) 

0 – 30 1.17 13.00 

30 – 60  1.21 12.26 

60 – 90  1.18 12.66 

90 – 120  1.34 13.05 

120 – 150   15.04 

OKANOGAN, WA 

Soil Depth 

(cm) 

Bulk Density 

(g∙cm-3) 

Permanent Wilting Point  

(% water by volume) 

0 – 30 1.13 5.39 

30 – 60  1.00 3.94 

60 – 90  1.18 4.32 

90 – 120  1.19 4.60 

120 – 150   5.09 

 

 Pomeroy had a much higher N supply in the fall than Okanogan due to greater 

fertilization, mineralization, and initial inorganic soil N content (Table 3.3).  Pomeroy 

soil N was greatest in the upper 30 cm, at approximately 120 kg∙ha-1 (Figure 3.6).  N 

content generally decreased with soil depth, with only 20 kg∙ha-1 of N at 90 cm.  After fall 

canola growth, soil N was nearly depleted at 60 cm and below, though a fertilizer 

application sustained N in the topsoil. Of Pomeroy’s fall N supply, 38% was measured in 

fall vegetation and 33% remained in the soil after fall growth.  Only 29% remained 

unaccounted, some of which was contained in unmeasured root mass (Table 3.4).  In 

addition, N may have been removed from the system by deer, which grazed the plots. 
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At initial planting in Okanogan, soil N dramatically decreased with soil depth, 

ranging from 100 kg∙ha-1 in the upper 30 cm to only 1.7 kg∙ha-1 at 150 cm (Figure 3.7).  

By November, only 6 kg∙ha-1 (3% of fall N supply) remained in the entire profile.  

Although much of the available N was taken up by the crop (available NupE at 86%), the 

N retention efficiency was very low (21%) (Table 3.4).  There are several pathways for N 

loss in these agronomic systems that would contribute to the amount of unaccounted N.  

Possible losses include: immobilization, when converted from inorganic N to organic 

forms; volatilization, especially from the surface fertilizer applications; and ammonium 

fixation, whereby NH4
+ ions are trapped in the interlayer spaces of 2:1 clays (Hermanson 

et al 2000).  Leaching is another common cause for N loss, but these sites are relatively 

dry and downward nitrate movement would have been within the sampled depths.  

Finally, sampling errors and misrepresentation may be inherent issues. 

Table 3.3.  Total nitrogen supply (kg∙ha-1) including contributing components at Pomeroy 

and Okanogan, WA during the fall season. 

 Total Fall 

Season N 

Supply (Nsf) 

Initial Soil 

N at 

Planting  

(kg∙ha-1) 

Fall Organic Matter 

Mineralization 

Estimate  

(kg∙ha-1) 

Fall N Fertilizer 

Application 

(kg∙ha-1) 

Pomeroy 366 kg∙ha-1 262 14 90 

Okanogan 197 kg∙ha-1 134 7 56 

 

Table 3.4.  N uptake efficiency, N retention efficiency, and available N uptake efficiency 

(kg∙ha-1) at Pomeroy and Okanogan, WA during the fall season, as well as component 

factors. 

Fall Season 

 Available 

N (Navf) 

Aboveground 

Biomass N (Ntf) 

NupEf 

(Ntf/Nsf) 

NretEf 

(Navf/Nsf) 

avNupEf 

(Ntf/Navf) 

Pomeroy 248 kg∙ha-1 140 kg∙ha-1 0.38 0.71 0.54 

Okanogan 41 kg∙ha-1 36 kg∙ha-1 0.18 0.21 0.86 
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Figure 3.6.  Nitrogen content throughout the soil profile at several sampling dates at 

Pomeroy. 

 

 
Figure 3.7.  Nitrogen content throughout the soil profile at several sampling dates at 

Okanogan. 
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Canola above-ground biomass accumulation and N content followed a similar 

pattern throughout the 2014-2015 growing season (Figure 3.8).  Values increased in a 

sigmoidal fashion during fall vegetative growth, with the last sampling dates at Pomeroy 

showing growth cessation due to winter onset.  The pattern corresponds very closely to 

research at Pendleton, Oregon, and the biomass values were similar to Pomeroy values, 

though the N content was higher in Oregon canola (Wysocki et al 2007). 

 
Figure 3.8.  Mean biomass and biomass nitrogen accumulation as growing degree days 

progress in Pomeroy (green) and Okanogan (blue).  Canola biomass (solid lines) 

corresponds to the left axis, while biomass N (dashed lines) corresponds to the right axis.  

Standard error bars are shown. 

 

Winter season (winter onset – spring regrowth) 

Canola at Cloverland was extensively grazed by elk in the fall and suffered 

complete winter kill.  Canola averaged 42% and 69% winter survival at Pomeroy and 

Okanogan respectively.  In terms of the soil profile, nitrogen content changed over the 

winter.  A November sampling date revealed averages of 5 kg N∙ha-1 in Okanogan and 

108 kg N∙ha-1 in Pomeroy.  By early March, these values had increased to 20 kg N∙ha-1  
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and 148 kg N∙ha-1.  Elevated N levels may be due to some organic matter mineralization.  

Another contributor is release of N from abscised fall vegetation, as roughly 75% percent 

of the N in these leaves is non-structural or associated with soluble cell components 

(Beard 2013).  The N increase at Okanogan was relegated to the top 30 cm of the soil 

profile, but N levels generally increased throughout the entire sub-30 cm profile at 

Pomeroy, including at 150 cm (Figure 3.6).  Leaching of existing soil N, as well as 

recently mineralized N, is likely the cause for this downward migration in the wetter 

Pomeroy location. 

Although most of the annual precipitation occurred in the winter months at 

Pomeroy and Okanogan, not all precipitation was directly reflected in the soil profiles’ 

water content.  Fifty six percent of Pomeroy’s winter precipitation entered and remained 

in the soil profile, while Okanogan measurements indicate the soil absorbed 78% of its 

precipitation (Table 3.5).  These over-winter precipitation storage efficiency values are 

similar to those reported for winter wheat.  Surface run-off and evaporation are likely 

causes for the observed incomplete precipitation retention.  The increase in soil water 

remained in the upper 120 cm of soil at Pomeroy and appeared to reach 150 cm at 

Okanogan (Figure 3.11, Figure 3.12). 

Table 3.5.  Precipitation during winter months and soil water content increase over the 

same time period for Pomeroy and Okanogan, WA.   

 

 
Winter Precipitation 

(Late November – 

Early March) 

Increase in Soil Water 

Content (Late November –  

Early March) 

Precipitation 

Retention 

Efficiency 

Pomeroy 22.6 cm 12.6 cm 56% 

Okanogan 13.4 cm 10.5 cm 78% 
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Harvest season (spring regrowth – harvest) 

A majority of winter canola water consumption occurred in the harvest season – 

86% in Okanogan and 75% in Pomeroy (Figure 3.9).  Total water use varied between 55 

cm (Pomeroy, higher rainfall site) and 30 cm (Okanogan, drier location).   

 
Figure 3.9.  Water use in Okanogan and Pomeroy during fall (green) and harvest seasons 

(yellow).  The total height of the column represents total water use (cm). 

 Compared to the more gradual, exponential water use increase in the fall (Figure 

3.3), cumulative water use followed a steeper, linear trend in the harvest season (Figure 

3.10).  The available soil water contents at spring regrowth were greater than the water 

contents at planting (27 cm vs. 14 cm in Okanogan, 32 cm vs. 27 cm in Pomeroy).  This 

greater water availability, combined with stored root reserves, allow for a quicker growth 

flush and accordingly more transpiration. 
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Figure 3.10.  Mean available water use by canola as growing degree days progress from 

spring regrowth to harvest in Okanogan (blue) and Pomeroy (green).  A linear regression 

is shown by the dashed line. 

The November 20 sampling date provides a reference for late fall soil water 

content in Pomeroy, and it appears that winter precipitation increased the water content in 

the upper 120 cm of soil (Figure 3.11).  From early March to the end of April, minimal 

water extraction occurred, with the plants sustained mainly by precipitation.  By harvest, 

however, the canola roots accessed much of the stored soil water.  Essentially all 

available water in the upper 90 cm was taken up, with water use extending to 150 cm.  

Root length was at least 150 cm, as the volumetric water content was reduced by 65% at 

this depth during spring water use.  This observation is parallel to data in Chapter 2. 

In Okanogan, winter precipitation increased the water content throughout the 

entire 150 cm profile, particularly in the upper 60 cm (Figure 3.12).  The first month and 

a half of spring growth resulted in extraction from only that top section.  By harvest, 

however, canola roots accessed water throughout the profile.  Most of the available water 
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was used within the top 60 cm, with the final soil water content fairly close to the 

permanent wilting point.  Available soil water was left in the soil below 60 cm. 

 
Figure 3.11.  Mean volumetric water content in Pomeroy graphed as soil depth increases.  

The dashed line corresponds to the sampling date just before winter.  Several harvest 

season sampling dates are shown in solid lines, as well as permanent wilting point at each 

depth.  Tukey HSD at each depth is also plotted. 
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Figure 3.12.  Mean volumetric water content in Okanogan graphed as soil depth 

increases.  The dashed line corresponds to the sampling date just before winter.  Several 

harvest season sampling dates are shown in solid lines, as well as permanent wilting point 

at each depth.  Tukey HSD at each depth is also plotted. 

In Okanogan canola, harvest season N accumulation was 56% of its fall + harvest 

season N uptake, while Pomeroy canola’s harvest biomass contained 43% of fall + 

harvest season (Figure 3.13).  These numbers are lower than the 70-75% documented in 

Germany (Rathke et al 2006).  Based on these two site-years, it appears that roughly the 

same amount of N was utilized in the fall as in the harvest season.  However, much more 

biomass was accumulated in the harvest season than in the fall at both sites (Figure 3.14).  

Pomeroy amassed more biomass in the fall season than Okanogan, 3320 kg∙ha-1 versus 

1397 kg∙ha-1.  By harvest, canola biomass at Pomeroy (7800 kg∙ha-1) was nearly double 

of the biomass at Okanogan (4006 kg∙ha-1). 
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Figure 3.13.  Biomass nitrogen accumulation in Okanogan and Pomeroy during fall 

(green) and harvest seasons (yellow). 

 

 
Figure 3.14.  Biomass accumulation in Okanogan and Pomeroy during fall (green) and 

harvest seasons (yellow). 
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 As in the fall, Pomeroy had a much higher harvest season N supply than 

Okanogan (Table 3.6), and only 26% remained unaccounted (Table 3.8).  Compared to 

the fall N budgets (Table 3.4), this harvest N retention efficiency is higher, and more of 

the available N was contained in crop biomass.  The Pomeroy harvest season unit 

nitrogen requirement was 8, very near the predicted value for similarly-yielding spring 

canola in the PNW (Maaz 2014).  Harvest season NUE in Pomeroy was lower than 

Okanogan, which may reflect the fact that NUE generally declines with increasing N 

supply (Huggins and Pan 1993). 

An interesting phenomenon was observed at Okanogan, as more N was present in 

the biomass or in the soil at harvest than the estimated harvest season supply, generating 

a harvest N retention efficiency above 1 (Table 3.8).  Unrepresentative sampling or 

underestimation of N mineralization may have partially created this discrepancy.  Also, N 

dynamics are extremely complicated, and sampling at only a few select dates may have 

illuminated temporal fluctuations but failed to characterize a balance throughout the 

season; recall that 79% of the fall N supply was unaccounted at winter onset at Okanogan 

(Table 3.4), while the harvest values exceed the supposed spring season supply.  Thirty 

nine percent of available N was left in the soil at harvest, some of which may have been 

“stranded” by low volumetric water contents in the upper portion of the soil profile. As 

soil dries, root activity is curbed and can no longer access N in the soil solution.   
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Table 3.6.  Total N supply (kg∙ha-1) at Pomeroy and Okanogan, WA during the harvest 

season, as well as contributing components. 

 
Total Harvest 

Season N Supply  

(Nsh) 

Initial Soil N at 

Spring Regrowth  

(kg∙ha-1) 

Harvest Season 

Organic Matter 

Mineralization 

Estimate (kg∙ha-1) 

Spring N 

Fertilizer 

Application 

(kg∙ha-1) 

Pomeroy 207 kg∙ha-1 148 25 34 

Okanogan 59 kg∙ha-1 20 13 26 

 

Table 3.7.  Harvest season available N, biomass N, grain N, and grain weight (kg∙ha-1) at 

Pomeroy and Okanogan, WA. 

 Available N 

(Nav) 

Aboveground biomass N  

(Nt) 

Grain N 

(Ng) 

Grain weight 

(Gw) 

Pomeroy 154 kg∙ha-1 114 kg∙ha-1 87 kg∙ha-1 2454 kg∙ha-1 

Okanogan 80 kg∙ha-1 49 kg∙ha-1 34 kg∙ha-1 892 kg∙ha-1 

 

Table 3.8.  N use efficiency and contributing components at Pomeroy and Okanogan, 

WA during the harvest season, as well as the total season, which has an altered Ns. 

Harvest Season 

 NUEh 

(Gw/Nsh) 

NupEh 

(Nt/Nsh) 

NutE 

(Gw/Nt) 

NretEh 

(Nav/Nsh) 

avNupE 

(Nt/Nav) 

NHI 

(Ng/Nt) 

gNutE 

(Gw/Ng) 

Pomeroy 12 0.56 21 0.74 0.75 0.76 28 

Okanogan 15 0.83 18 1.36 0.61 0.69 26 

Total Season 

 NUE 

(Gw/Ns) 

NupE 

(Nt/Ns) 

NutE 

(Gw/Nt) 

NretE 

(Nav/Ns) 

avNupE 

(Nt/Nav) 

NHI 

(Ng/Nt) 

gNutE 

(Gw/Ng) 

Pomeroy 6 0.27 21 0.36 0.75 0.76 28 

Okanogan 4 0.21 18 0.34 0.61 0.69 26 

 Nitrogen use efficiency and its components were also computed across the total 

season, where N supply was defined as preplant soil N along with mineralized and 

fertilized N in both fall and harvest seasons (Table 3.8).  Total season N supply was 

higher than the harvest season N supply in Pomeroy and Okanogan, and the losses in fall 

and spring are compounded.  Therefore, the NUE and N uptake efficiencies are lower in 

total season compared to the harvest season.  Total season NUE is higher in Pomeroy 

than the low-precipitation site of Okanogan, which is expected because low water 

availability curtails N uptake and efficiency (Pan et al 2007).   
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Both total season N utilization efficiencies were close to those cited previously in 

the literature (Berry et al 2010, Erley et al 2011), as were N harvest indices (Dreccer et al 

2000, Koenig et al 2011).  The total season unit nitrogen requirement was higher than in 

the drier site of Okanogan (26, versus 17 in Pomeroy).  These values are much greater 

than the 6-11 kg∙100 kg seed-1 cited for winter canola in local extension publications 

(Koenig et al 2011, Mahler and Guy 2002, Wysocki et al 2007).   

Compared to past Pomeroy variety trial yields, the 2014-2015 harvest (over 2400 

kg∙ha-1, Table 3.9) was greater than the previous year’s but lower than 2012-2013 (Young 

et al 2013).  Yields of 900 kg∙ha-1 were obtained at Okanogan, less than past Okanogan 

variety trials, which have ranged from 1575 to 1700 kg∙ha-1 (Young et al 2014).  The 

yield difference between Pomeroy and Okanogan is likely due to water and N 

availability, as discussed earlier.  Additionally, Okanogan encountered high temperatures, 

and heat stress probably impacted flowering and seed fill, with a seed N% of 3.8. 

Harvest index at Okanogan was 21.9% and at Pomeroy 31.5% (Table 3.9), both 

within the expected range for canola (Gan et al 2009b, Hocking et al 1997).  Pomeroy 

also had a higher WUE (4.46 kg∙ha-1mm-1) compared to Okanogan (2.93 kg∙ha-1mm-1).  

Robertson and Kirkegaard (2005) found much higher WUE in their review of dryland 

spring canola (most 8.5 – 14 kg∙ha-1mm-1), which is likely due to the absence of fall 

vegetative water use.  However, recent research on spring canola in the PNW revealed 

similar WUE to the results presented here, with an average of 3 kg∙ha-1mm-1 (Pan et al, in 

review).  In terms of biomass, 23 and 27 kg∙ha-1 of dry matter in fall was produced per 

mm of water used at Pomeroy and Okanogan respectively.  Because Okanogan canola 

consumed very little water in the fall, the efficiency was higher than at Pomeroy. 
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Table 3.9.  Mean values for several yield and water relationships for the 2014-2015 

season in Pomeroy and Okanogan. 

Factor Pomeroy Okanogan 

Yield  

(seed kg ∙ ha-1) 
2454.06 892.11 

Harvest index  

(seed kg ∙ biomass kg-1) 
0.32 0.22 

Water use efficiency  

(seed kg ∙ ha-1mm-1) 
4.46 2.93 

Fall biomass water use efficiency 

(biomass kg ∙ ha-1mm-1) 
23.30 27.47 

 A correlation was noted between plant vigor and fertilization levels at Okanogan.  

The border alleys between the trial replications received no fertilizer and yielded 

significantly less than the fertilized plots and surrounding field (Figure 3.15). 

 
Figure 3.15.  Different fertilizer rates (line) at Okanogan, WA and corresponding seed 

yields (bars).  Yield values followed by the same letter indicate no significant difference. 
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CONCLUSION 

Winter canola plots were established at Pomeroy, Cloverland, and Okanogan.  

Canola growth analysis was approached in three distinct phases: fall vegetative season, 

winter season, and harvest growth.  Soil water, soil N, and plant biomass were monitored 

periodically throughout the fall and harvest growing seasons.  A planting date 

comparison at Cloverland echoed findings in Chapter 2, as early-planted (July 18) canola 

extracted more water and terminated growth earlier in the fall compared to late-planted 

canola (August 18).  Fall water use in Okanogan and Pomeroy varied from 4-16 cm, but 

was 15-20% of total water use.  Root activity reached 1.5 m in the fall, though water was 

first utilized in the upper portions of the soil profile.  Similar to water use, fall N use also 

varied, but was approximately equal to harvest season N accrual.  Fall biomass and N 

accumulation followed a sigmoidal pattern.  In both locations, N inefficiencies appeared 

to occur in the fall season to a greater degree than the harvest season.  Observed soil N 

increases during winter were likely due to organic matter mineralization and release from 

fall-grown leaves.  Soil water content also increased over the winter, though not 

consummate with the amount of precipitation received.  Yield was much higher at 

Pomeroy, which had greater soil water and N supplies.  Water use efficiency values were 

between 4.5 – 3 kg ∙ ha-1mm-1, similar to spring canola in the area (Pan et al in review).  

Harvest season winter canola N efficiency metrics were comparable to spring canola (Pan 

et al, in review).  The total season NUEs were lower than the harvest season NUE and 

contributed to regional data sets.  Overall, this study proposed a novel approach to 

analyzing winter crops throughout three distinct seasons.  Research should continue in 

order to build a comprehensive dataset for winter canola water and N use in the PNW.  
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Additional research questions raised by this study include: optimal timing and rate of N 

fertilizer, accurate estimate of N mineralization from fall vegetative leaves, and amount 

of N fixed in these soils. 
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