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Weather conditions are often unfavourable for malting barley quality in southern Alberta, but agronomic practice may improve the probability of attaining acceptable quality.  The objective of this study was to determine optimum agronomic practice (cultivar, fertilization, seeding date and seeding rate) for yield and quality of malting barley in southern Alberta.  Field trials were conducted at 12 dryland sites and 2 irrigated sites over a three-year period (2001-2003).  At each site, five experiments were conducted with the following treatments: 1) N rate (0, 40, 80, 120, and 160 kg N ha-1), 2) P rate (0, 6.5, 13 and 19.5 kg P ha‑1), 3) K rate (0, 25 and 50 kg K ha‑1), 4) S rate (0, 10, and 20 kg S ha‑1), and 5) seeding date (three dates at 10-day intervals) and seeding rate (150, 200, 250, 300, and 350 viable seeds m‑2).  Seven cultivars were included in the first experiment and two cultivars were included in the remainder of the experiments.  Maximum grain yields were achieved when fertilizer + available soil N (estimated from unfertilized grain N yield) exceeded 25 kg N Mg-1 maximum grain yield, whereas protein concentrations were usually acceptable if fertilizer + available soil N was between 15 and 25 kg N Mg-1 maximum grain yield.  Higher N rates generally reduced kernel size.  Unfertilized grain N yield was poorly correlated to pre-seeding soil NO3-N (0- to 0.6-m).  Cultivar differences in N response were negligible.  Application of P, K, or S did not affect malt yield or quality.  Seeding delays of ≈20 days reduced grain yields by an average of 20%, with relatively greater yield declines under drought stressed conditions.  Delayed seeding did not affect or slightly increased grain protein concentration.  Kernel size was both increased and decreased by delayed seeding.  Increased seeding rates from 150 to 350 viable seeds m-2 generally provided small yield gains, slight reductions in grain protein concentration and reduced kernel size.  The most beneficial agronomic practices for malt barley production in southern Alberta were early seeding and application of N fertilizer at rates appropriate to the expected availability of moisture and soil N.
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Barley must meet a number of criteria in order to be acceptable for malting (Canada Grains Commission 2004; Canadian Malting Barley Technical Centre 2004).  Only certain cultivars are utilized for malting.  Two-row cultivars must have (80% plump kernels, (3% thin kernels and a protein concentration of 100 to 125 mg g-1.  Six-row cultivars must have (70% plump kernels, (4% thin kernels, and a protein concentration of 105 to 130 mg g-1.  Malting barley must also have very low levels of disease, weathering, damage and contamination.

The rate of N fertilizer application is among the most critical decisions for malting barley production due to its large impact on grain yield and quality.  In southern Alberta, Bole and Pittman (1980) found that N rates greater than 100 kg N ha-1 could be used if available soil water was greater than 150 mm, but only 20 to 50 kg N ha-1 could be applied if available soil water was less than 100 mm due to excessive protein concentrations.  Kernel size is less responsive to N fertility, but may be reduced with increasing N fertility (Clancy et al. 1991; Baethgen et al. 1995).

Phosphorus fertilizer applied at relatively low rates (6.5 to 13 kg P ha-1) generally provides an economic yield benefit for barley in southern Alberta (McKenzie et al. 2003), although the magnitude and frequency of response is much less than for N addition (McKenzie et al. 2004, 200x).  Malting quality may be improved with the addition of P fertilizer (Atkins et al. 1955).

Exchangeable soil K is usually greater than 500 kg ha-1 in southern Alberta soils and barley yield is not increased with application of K fertilizer (McKenzie et al. 2004, 200x).  Low rates of KCl application (14 and 28 kg K ha-1) slightly increased malting barley grain yield and the proportion of kernels that were plump at sites in North Dakota with exchangeable soil K levels ranging from 248 to 1060 kg K ha-1 (Zubriski et al. 1970).  Response to KCl in soils high in exchangeable K may be due to benefits of Cl (Fixen et al. 1986) or to factors limiting K availability, such as low rooting density (Shaw et al. 1983).

Barley response to S fertilization occurs infrequently in southern Alberta due to the presence of sulphates in irrigation water and subsoils (Bole and Pittman 1984).  Kernel weight and malt enzymatic activity were increased by S fertilization at S-deficient soils in a study conducted in eastern Washington (Reisenauer and Dickson 1961).

Advantages of early seeding of spring grains have been widely recognized by farmers and agronomists.  Typically, the highest grain yields are achieved with the earliest feasible seeding date, with initially a gradual decline, then a much more rapid decline, when seeding is delayed (Beard 1961; McFadden 1970; Ciha 1983; Lauer and Partridge 1990; Juskiw and Helm 2003).  The impact of delayed seeding on grain yield varies among years and cultivars (Ciha 1983; Juskiw and Helm 2003).  Yield losses may be as high as 50% when seeding is appreciably delayed due to increased disease (Nass et al. 1975), shorter vegetative and grain-filling periods (Juskiw and Helm 2003), less solar radiation and higher vapour pressure deficits/lower water use efficiency (Tanner and Sinclair 1983).  In addition to yield loss, malting quality is often lower in late-seeded crops due to a reduction in the proportion of kernels that are plump and, in many cases, increased grain protein (Beard 1961; Lauer and Partridge 1990; Weston et al. 1993; Juskiw and Helm 2003).

High seeding rates may increase crop yield potential.  A reciprocal relationship generally exists between crop yield and plant density (yield = a + b/density, where a and b are constants): yield approaches a maximum as plant density increases (Baker and Briggs 1983).  In southeastern Saskatchewan, barley yields were close to maximum at seeding rates of 81 to 108 kg ha-1 (136 to 176 plants m-2), but maximum rates were generally obtained at the highest seeding rate of 161 kg ha-1 (262 plants m-2) (Lafond 1994; Lafond and Derksen 1996).  Optimum plant populations to maximize barley yield in northeastern North Dakota ranged from 178 to 334 plants m-2 (Hanson and Lukach 1992).  Optimum plant densities are generally less under conditions of limited moisture (Pelton 1969; Ciha 1983).  Kernel weight also declines with increasing seeding rate (Kirby 1969; Lafond 1994), thus reducing malt acceptability.

The objective of this study was to determine optimum agronomic practice (cultivar, fertilization, seeding date and seeding rate) for yield and quality of malting barley in southern Alberta.
Materials and Methods

Field experiments were completed at 14 locations across southern Alberta from 2001 to 2003 (Table 1).  Experiments were conducted at one irrigated location and at least one rainfed location in the Brown, Dark Brown and Black soil zones each year.  However, the irrigated site and the site in the Black soil zone were lost in 2002 due to hail. 

Prior to establishing the experiments, five large cores (50 mm) were obtained in each of three experimental subunits at each location.  Cores from each subunit were combined to provide composite samples of the 0- to 0.15-m, 0.15- to 0.3-m, and 0.3- to 0.6-m depths.  All samples were air-dried and ground to pass a 2-mm sieve.  Surface (0 to 0.15 m) samples were analyzed for soil pH (water)(Hendershot et al. 1993), available P (modified Kelowna method, 0.15 M NH4F - 0.25 M CH3COONH4 - 0.25 M CH3COOH)(Ashworth and Mrazek 1995), and available K (1 M CH3COONH4) (Knudsen et al. 1982).  All soil samples to a depth of 0.6 m were analyzed for nitrate and sulfate (0.01 M CaCl2)(Bettany and Halstead 1972). 

Precipitation from seeding till harvest was obtained using automated rain gauges (Tipping Bucket, Davis, CA) at each location.  Soil moisture depletion over the growing season was determined from gravimetric measurements of soil moisture in soil cores obtained to a depth of 0.9 m at seeding and harvest in four replicate plots of AC Metcalfe fertilized with 120 kg N ha-1 and 13 kg P ha-1.

Sites were cultivated once or twice with a cultivator and harrow just prior to seeding in 2001.  No-till practices were used in 2002 or 2003.  Nitrogen fertilizer consisted of urea that was banded in the fall or spring prior to seeding, at a depth of 70 to 80 mm and a band spacing of 200 mm.  Other fertilizers were seed-placed.  Barley seed was obtained from the same commercial source for all sites each year and seeded at 250 viable seeds m‑2.  Seeding rates were based on measured 1000-kernel weights and germination and an assumption of 5% mortality.  Row spacing was 178 mm at all sites.  Each plot contained 10 rows, with the two outer rows planted to winter wheat at all sites.  Plot length was 7 m.  Weeds were controlled using appropriate post-emergent herbicides. 

After crop emergence, plant stand was determined by counting all plants in two 1 m x 2 row areas in each plot.  Once all cultivars were mature, whole plots were harvested with a small plot combine.  Protein concentration was determined by near infrared spectroscopy (Foss NIRSystem Model #6500, Silver Spring, MD) and size fractions were determined by sieving (plump kernels retained on sieve with slots 2.38 x 19.05 mm, thin kernels passed sieve with slots 1.98 x 19.05 mm)(Canada Grains Commission 2004).  All yields and concentrations are reported on a dry weight basis.

Five experiments were conducted at each location:

Experiment 1:  The effect of N rate on yield and quality of malting barley was determined for seven barley cultivars.  Barley cultivars included the standard 2-row cultivar, Harrington, three other 2-row cultivars (AC Metcalfe, CDC Kendall, and CDC Stratus), and three 6-row cultivars (Excel, B1602 and CDC Sisler).  Urea (46-0-0) was banded at rates of 0, 40, 80, 120, and 160 kg N ha-1.  A blanket application of triple superphosphate (0-45-0) was applied with the seed at 13.1 kg P ha-1.  Plots were arranged in a split plot design with four blocks, barley cultivar as main plot treatment, and N rate as subplot treatment.  However, due to logistics, main plot treatments were not randomized between blocks 1 and 2 or blocks 3 and 4.

Experiment 2: The effect of P fertilizer rate on yield and quality of malting barley was determined for one 2-row cultivar, AC Metcalfe and one 6-row cultivar, Excel.  Monoammonium phosphate (12-51-0) was applied with the seed at rates of 0, 6.5, 13.1 and 19.6 kg P ha-1.  A blanket application of urea was banded prior to seeding at the recommended rate of N for each site.  Plots were arranged in a split plot design with four blocks, barley cultivar as the main plot treatment, and P rate as the subplot treatment.

Experiment 3: The effect of K fertilizer rate on yield and quality of malting barley was determined for AC Metcalfe and Excel.  Potassium chloride (0-0-60) was applied with the seed at rates of 0, 25 and 50 kg K ha-1.  Phosphorus fertilizer (0-45-0) was seed-placed at 13.1 kg P ha-1 and urea was banded prior to seeding at the recommended rate of N for each site.  Plots were arranged in a split plot design with four blocks, barley cultivar as the main plot treatment, and K rate as the subplot treatment.

Experiment 4: The effect of S fertilizer rate on yield and quality of malting barley was determined for AC Metcalfe and Excel.  Ammonium sulfate (21-0-0-24) was applied with the seed at rates of 0, 10 and 20 kg S ha-1.  Phosphorus fertilizer (0-45-0) was seed-placed at 13.1 kg P ha-1 and urea was banded prior to seeding at the recommended rate of N for each site.  Plots were arranged in a split plot design with four blocks, barley cultivar as the main plot treatment, and S rate as the subplot treatment.

Experiment 5: The effect of seeding date and seeding rate on yield and quality of malting barley was determined for AC Metcalfe and Excel.  Three seeding dates were included in this study.  The first seeding date was the same as previous experiments and was completed as early as possible.  Second and third seeding dates were each delayed by approximately ten days, depending on weather conditions.  At each date, barley was seeded at 150, 200, 250, 300, and 350 viable seeds m-2.  A blanket application of urea was banded prior to the first seeding date at the recommended rate of N for each site. Phosphorus fertilizer (0-45-0) was seed-placed at 13.1 kg P ha-1 in all plots.  Plots were arranged in a split, split plot design with four blocks, date of seeding as main plot treatment, cultivar as subplot treatment, and seeding rate as sub-subplot treatment.  However, due to logistics, main plot and subplot treatments were not randomized between blocks 1 and 2 or blocks 3 and 4.

Data from each site, all sites in each year, and all sites were analyzed with the Proc Mixed procedure of SAS (Littell et al. 1996).  Sites and blocks were included as random effects and treatments were included as fixed effects.  Treatment means were compared with the Tukey or Tukey-Kramer tests.

Results

Precipitation and soil moisture

Growing season precipitation ranged widely from year to year in this study (Table 2).  Precipitation during the growing season of 2001 was among the driest on record, ranging from 27 to 51% of long-term normals and with virtually no precipitation in July and August.  In contrast, growing season precipitation was well above normal in 2002, with very wet conditions in May and June.  The following year was again dry, with growing season precipitation ranging from 45 to 61% of long-term normals and very little precipitation in July or August.

Available soil moisture at planting ranged from 31 to 118 mm (Table 2).  Available soil moisture was less than 80 mm at all sites in 2001 except site 1E, which had been irrigated in the fall of 2000.  In 2002, one of the fallow sites had 102 mm of available soil moisture, while the other fallow site and the stubble site had less than 70 mm.  Due to the wet conditions in 2002, all of the 2003 sites had more than 80 mm of available soil moisture at planting.

In 2001 and 2003, barley (AC Metcalfe) depleted soil moisture to levels below the estimated wilting point (based on soil texture, Oosterveld and Chang 1980) at all sites (Table 2).  The dry summer in these years likely allowed barley to deplete soil moisture below a standard wilting point of –1.5 MPa (Cutforth et al. 1991).  Soil moisture was not completely depleted at all sites in 2002 or at irrigated sites.  Total water use by barley ranged from 133 to 497 mm, while water use efficiency ranged from 8 to 22 kg grain ha-1 mm‑1.  The average water use efficiency was 15 kg grain ha-1 mm‑1.

Plant stand and lodging

Plant stand was strongly affected by cultivar (Table 3).  Much of the effect of cultivar was due to differences in seed vigour among seed lots.  The cultivar with the poorest stand, Excel, had 52 to 81% fewer plants than other cultivars in 2001, but only 9 to 16% fewer plants in 2002 and the same number of plants in 2003 (Table 4).
Nitrogen fertilizer rate had no effect on plant stand except at the 2003 sites, which had 7% fewer plants in the unfertilized treatment than the fertilized treatments (Tables 3, 5).   The absence of negative effects of N fertilizer application on plant stand was due to the safe application of urea in a band separated from the seed (Tisdale et al. 1985).

Plant stand was strongly affected by seeding date (Table 3).  Delayed seeding had a strong negative effect on plant stand in 2001, but only a negative effect on the last seeding date in 2002 and a positive effect on plant stand in 2003 (Fig. 1).  The differences in seeding date effects on plant stand were largely due to differences in moisture conditions: initial soil moisture and May precipitation were much lower in 2001 than in 2002 or 2003 (Table 2).  

Plant stand was closely related to seeding rate at all sites (Table 6).  On average, 67% of viable seeds produced a plant.  No interaction of seeding rate and seeding date on plant stand was observed (Table 3).

Lodging only occurred at the irrigated site with the highest yield potential (site Ir1).  At this site, lodging in experiment #1 only occurred with the application of 80 or more kg N ha-1 (data not shown).  Lodging in experiment #5 was only significant at the first seeding date, with little or no lodging at the second or third seeding dates (Table 7).

Grain yield

Although grain yield was significantly affected by barley cultivar (Table 3), differences were relatively modest: the maximum difference in grain yield among cultivars never exceeded 13% within a year or 6% over all years (Table 4). 

Grain yield was strongly affected by rate of N fertilizer application (Table 3).  Maximum grain yields were obtained when the ratio of available N (fertilizer N + available soil N [estimated from unfertilized grain N yield]) to maximum grain yield (available N ratio) exceeded 25 kg N Mg-1 (Fig. 2a).  A single hyperbolic function provided a close fit for relative grain yields below this value.  Five sites (three sites in 2001, one site in 2002 and one site in 2003) had a reduction in grain yield at high rates of N (Fig. 2a).  Barley cultivar did not affect the response of grain yield to rate of N fertilizer application (Table 3).

Grain yield was not significantly affected by application of P or S at any site or in the study as a whole (Table 3).  However, four sites had an economic increase in grain yield (P<0.2) at the lowest rate of P fertilizer addition.  Application of K did not affect grain yield in the study as a whole, but significantly increased grain yield at 3 sites (site 2C by 3.0%, site 3B by 5.8% and site 3C by 2.3%).  The interaction of K rate and cultivar was significant in 2001: K application increased grain yield of AC Metcalfe by an average of 17%, but decreased grain yield of Excel by an average of 13% in 2001 (Table 8).  No interaction of K addition and cultivar were observed in 2002 or 2003.

Grain yield was strongly affected by seeding date and seeding rate, but not by the interaction of the two (Table 3).  Delayed seeding consistently reduced grain yield, with a greater impact in 2001 than 2002 or 2003 (Fig. 1b).  Grain yield increased with seeding rates up to 300 viable seeds m-2, but differences were not significant at rates ( 250 viable seeds m-2 (Table 6).

Grain protein

Grain protein concentration was affected by cultivar, N fertilizer application and the interaction of cultivar and N rate (Table 3).  Differences in grain protein concentration among cultivars were modest: maximum differences were 6 to 11 mg g-1 within a given year or over all years (Table 4).  Overall, Harrington had the lowest grain protein concentration and AC Metcalfe and CDC Kendall had the highest grain protein concentrations.  Grain protein concentration increased over the full range of available N ratio (Fig. 2b).  Grain protein concentrations were highest in 2001 and least in 2002, with differences of up to 25 mg g-1 between regression lines in the different years.  Drought conditions in 2001 and 2003 increased protein concentrations due to low potential yield and to other effects on protein concentration.  Grain protein concentrations were generally acceptable when the available N ratio was between 15 and 25 (Fig. 2b).  The interaction of barley cultivar with N rate was not significant within individual sites, but was significant overall due to slightly greater differences in protein concentrations among cultivars at higher rates of N application (data not shown).

Application of P, K or S did not significantly affect grain protein concentration (Table 3).

Grain protein concentration was significantly affected by seeding date and seeding rate, but not by the interaction of the two (Table 3).  Delayed seeding increased grain protein concentrations in 2001 and 2003, but had little impact in 2002 (Fig. 3c).  Higher seeding rates reduced grain protein concentrations, with an average decline of 4 mg g-1 from the highest two seeding rates to the lowest seeding rate (Table 6).

Kernel size

The proportion of kernels that were plump or thin was affected by cultivar, N fertilizer application and the interaction of cultivar and N rate (Table 3).  Much of the difference in kernel size among cultivars was due to cultivar type: two-row cultivars had a higher proportion of plump kernels and a lower proportion of thin kernels than 6-row cultivars (Table 4).  Among 6-row cultivars, BI602 had the smallest proportion of plump kernels and the highest proportion of thin kernels.  Application of N fertilizer reduced the proportion of kernels that were plump (Table 5).  The greatest impact of N application occurred in 2003, when N addition decreased kernel plumpness by as much as 38%, whereas declines in other years ranged from 4 to 10% and were often not significant.  The interaction of cultivar with N rate was significant because N rate had a greater negative effect on kernel plumpness of 6-row cultivars than 2-row cultivars (data not shown).

Other fertilizer nutrients did not affect kernel size except at a few sites (Table 3).  

Kernel size was significantly affected by seeding date and seeding rate, but not by the interaction of the two (Table 3).  Date of seeding affected plump kernels at all sites, but the type of effect depended on year.  The proportion of kernels that were plump generally increased with delay in seeding date in 2001, but decreased or was unaffected by date of seeding in 2002 and 2003 (Fig. 1c).  Higher seeding rates reduced the proportion of kernels that were plump (Table 6).

Extractable soil nutrients and crop response

Extractable soil NO3-N was not closely correlated to unfertilized grain N yield (NY0) if all sites are included in the analysis (Fig. 3), even though both variables provide estimates of available soil N.  Deviations of extractable soil NO3-N from available soil N depend on the amount of soil N mineralized, immobilized, acquired from below the depth of sampling, or lost from the time of soil sampling until crop N acquisition is complete.  Deviations of unfertilized grain N yield from available soil N depend on the amount of N that is present in non-harvested crop materials, left in soil at the end of the period of crop N acquisition, or removed by competing soil processes. Although little soil NO3-N is usually left in unfertilized soil after crop acquisition is complete, three values of NY0 were lower than pre-seeding soil NO3-N in 2001 (Fig. 3), indicating that residual soil NO3-N was likely present.  Unfertilized grain N yield was greater than pre-planting soil NO3-N at the remaining sites: the difference can be interpreted as a minimum estimate of N mineralization and/or acquisition of available N from below the depth of sampling.  Site Ir2 had the greatest difference between unfertilized grain N yield and pre-plant soil NO3-N (108 kg N ha-1).  A large rainfall event (145 mm) in early June of the previous year may have leached N below the depth of sampling at this site, while dry conditions during the crop year would have favored water and NO3-N acquisition from depth.  A similar explanation may account for the second greatest difference between unfertilized grain N yield and pre-plant soil NO3-N (56 kg N ha-1) at site 3A, which was the only rainfed site in 2003 that was fallow in the wet year of 2002.  A relatively small difference between unfertilized grain N yield and pre-plant soil NO3-N at the 2002 sites located on fallow (2A and 2B) may be due to losses of soil NO3-N during the same rainfall event in early June.  Mineralization can likely account for the 18 to 41 kg N ha-1 difference between unfertilized N yield and pre-plant soil NO3-N at the remaining sites.

Extractable soil P ranged from 14 to 62 kg P ha-1 in this study, with the lowest levels in 2002 (Table 1).  Responses were not correlated with extractable soil P.

Extractable soil K ranged from 600 to 1200 kg K ha-1 (Table 1).  Grain yield response due to KCl application (expressed as percent yield increase over check) was negatively correlated to extractable soil K if only 2002 and 2003 sites were included in the correlation (r = -0.57, n = 9), but unrelated to extractable soil K levels if all sites were included in the correlation.

Extractable soil SO4-S ranged from 4 to 85 kg S ha-1 in the 0- to 0.15-m depth and 19 to 2377 kg S ha-1 in the 0- to 60-cm depth (Table 1).  Sulfur fertilizer did not increase grain yield over this range of extractable soil SO4-S levels.

Discussion

Weather conditions had a greater impact on malting quality than agronomic practices in this study.  For example, none of the agronomic practices tested (cultivar, fertilizer application, seeding date, seeding rate) were sufficient to ensure acceptable malting quality under the extreme drought conditions in 2001.  Similarly, few agronomic practices were sufficient to degrade acceptable malting quality in 2002.  However, agronomic practices had significant effects on malting quality and can be used to increase the probability of achieving acceptable malting quality.

Cultivar

Differences in grain yield and quality among the seven cultivars included in this study were modest.  Average grain yields were within 3% of the average yield of Harrington, the standard malting barley cultivar in this region over the past 20 years.  Based on desired grain protein concentration and kernel size, acceptable malting quality was attainable at 50 to 64% of sites tested, with no difference between the 2-row and 6-row types.

Nitrogen fertilizer

The rate of N fertilizer addition was the most influential agronomic variable affecting yield and quality of malting barley in this study. 

The amount of available N required for maximum grain yield (25 kg N Mg-1 grain) was similar to that found previously for a wide range of barley cultivars  (~28 kg N Mg-1 grain) (McKenzie et al. 200x).  The small difference in N required for maximum yield in these studies can be attributed to the relatively small difference in yield, protein concentration and N utilization efficiency among cultivars (Table 4, McKenzie et al., 200x).  Other studies have observed significant differences in maximum yield under certain environments and corresponding differences in optimum N fertilizer rate per unit area (e.g., Grant et al. 1991a).

Protein concentration at the optimum rate of N fertilizer addition for grain yield exceeded 130 mg kg-1 at 43% of sites tested, in comparison to 15% of sites tested in a previous study conducted from 1997 to 1999 in southern and central Alberta (McKenzie et al. 200x).  The main difference between these two studies was the drier conditions in this study: growing season precipitation was less than 150 mm at 64% of sites in this study (Table 2), but only 5% of sites in the previous study (McKenzie et al. 200x).  Many studies show increased protein concentrations under water-limited conditions (e.g., Bole and Pittman 1980; Grant et al. 1991b).  Much of this increase in grain protein concentration is due to the reduced yield potential under water-limited conditions, but water-limited conditions also shift protein concentrations upwards due to factors unrelated to yield potential (Fig. 2b).

The variable response of kernel plumpness to N addition is consistent with previous studies that show occasional small negative effects of N addition on kernel size (Zubriski et al. 1970; Clancy et al. 1991; Baethgen et al. 1995).  The proportion of kernels that were plump was reduced by the addition of N fertilizer most strongly at sites with good early-season moisture and late-season drought (e.g., 2003 sites).  At these sites, the negative effect of improved N fertility on kernel plumpness can be attributed to the increase in tiller and spike number during early growth due to N addition, which increased the number of kernels beyond what could be supported during the grain-filling stage (Baethgen et al. 1995).

Prediction of optimum rates of N fertilizer application for malt barley production is difficult due to the uncertainty in estimates of available soil N and N demand.  Pre-plant soil NO3-N is often used to estimate available soil N under semi-arid conditions (Soper et al. 1971; Bole and Pittman 1980; Grant et al. 1991a).  Pre-plant soil NO3-N was generally 20 to 40 kg N ha-1 less than unfertilized crop N uptake in Alberta studies, but deviations of more than 50 kg N ha-1 were not uncommon (this study, McKenzie et al. 2004, 200x).  Nitrogen demand varies widely from year to year, depending primarily on available moisture.  A rational approach to predict optimum N rate for malting barley could be based on pre-seeding measurements of soil NO3-N and moisture and historical precipitation records, but deviations of actual from predicted optimum N rates will often be considerable.

Phosphorus, potassium and sulfur

Phosphorus fertilizer only provided an economic increase in barley yield at 29% of the sites in this study, in comparison to previous studies from this region where P fertilizer provided small but relatively frequent economic yield increases (McKenzie et al. 2003, 2004, 200x).  A partial explanation for the lack of response in this study is that yield benefits of P application are generally less when a hot, dry summer follows a cool spring, as occurred in 2001 and 2003, due to early-season depletion of soil moisture reserves critical for grain yield formation (Mitchell 1946).  An explanation for the absence of P fertilizer benefits in 2002 is unavailable, but might be related to conditions that were conducive for P uptake (moist soil, delayed seeding).  The minimal response of grain protein concentration and kernel size can be attributed to the lack of P yield response at most sites.  At the few sites with a significant response of kernel plumpness to P application, the proportion of kernels that were plump decreased with P addition.  This observation contrasts with the increase in kernel weight observed with P application by Atkins et al. (1955), but is consistent with the hypothesis that early-season P response may deplete soil moisture reserves critical for grain yield formation.

The small or negligible increase in grain yield due to K application in 2002 and 2003 was consistent with previous studies that found little or no yield benefit of K application if exchangeable soil K (0 to 0.15 m) was greater than 200 kg ha-1 (Dick et al. 1985; McKenzie et al. 2004, 200x).  Although interesting, the interaction of cultivar and K rate for grain yield only occurred in 2001 and may be an anomaly caused by extreme drought stress.  Kernel size did not benefit from application of K fertilizer any more than grain yield.

Although soil SO4-S was occasionally quite low (<10 kg S ha-1) in the 0- to 0.15-m depth, malting barley did not respond to added S fertilizer.  The presence of SO4-S at lower depths or mineralization from soil organic matter was sufficient to meet crop S requirements, and additional S had no impact on grain yield or quality.

The negligible response of malting barley to the addition of P, K, or S in this study must be interpreted with some caution.  Due to the large variation in growing conditions, testing at 14 sites over three years may still be insufficient for general conclusions to be reached.  For example, the probable effect of weather on P fertilizer response illustrates the importance of basing fertilizer recommendations on long time periods.  Land management practices and soil characteristics are also changing (e.g., adoption of conservation tillage, gradual depletion of soil K reserves), and crop responsiveness to nutrient amendments may also change.

Seeding date

Delayed seeding reduced grain yield at all but one site in this study, consistent with previous reports (Beard 1961; McFadden 1970; Ciha 1983; Lauer and Partridge 1990; Juskiw and Helm 2003).  The average yield loss of 20% at the latest seeding in this study was less than observed in Minnesota (35%, Beard 1961) and central Alberta (47%, Juskiw and Helms 2003), likely due to the shorter time period between the first and last seeding dates in this study (≈ 3 weeks) than the latter studies (5 to 6 weeks).  However, in a study conducted in Wyoming under irrigated conditions, average yield losses due to a 6-week delay in seeding date was only 15% (Lauer and Partridge 1990).  Yield losses due to late seeding may be less under conditions of good moisture availability.  Yield losses were greater in this study under the extreme drought conditions in 2001 and in the study of Lauer and Partridge (1990) when irrigation was discontinued during the grain-filling period.

Plant stand was unaffected by seeding date in previous studies (Duczek and Piening 1982; Juskiw and Helm 2003), but strongly affected by seeding date at most sites in this study.  The direction of the impact of seeding dates on stand establishment depended on year: plant stand was reduced by late seeding in 2001 and 2002, but increased in 2003.  Weather patterns have an important role on crop emergence, particularly under suboptimal seedbed conditions.

Grain protein concentration was unaffected or slightly increased by delayed seeding in this study, consistent with previous studies that found that grain protein concentration is either unaffected (Lauer and Partridge 1990; Juskiw and Helm 2003) or increased (Beard 1961; Weston et al. 1993) by delayed seeding.  The relative impact of seeding date was small: shifts in grain protein concentration were insufficient to alter acceptability of grain for malt at any of the sites tested.  Grain protein concentration was controlled primarily by drought stress and N fertility.

Previous studies consistently report that delayed seeding reduces kernel weight or the proportion of kernels that are plump (Beard 1961; Zubriski et al. 1970; Ciha 1983; Weston et al. 1993; Juskiw and Helm 2003).  A similar pattern was observed at the 2003 sites in this study, but the opposite pattern was observed at the 2001 sites.  A possible explanation for the trends observed in 2001 is that drought stress was earlier and more extreme in 2001 than 2003, which reduced plant stand and possibly kernel density in the late-seeded treatment, which in turn may have improved grain fill.

Seeding rate

The lowest seeding rate in this study was selected to provide 150 plants m-2, which is close to plant densities that resulted in near maximum yields in southeastern Saskatchewan (136 to 176 plants m-2) (Lafond 1994; Lafond and Derksen 1996).  Thus, the modest increase in grain yield with increased seeding rate was not surprising (i.e., up to 500 kg ha‑1 under irrigation, up to 300 kg ha‑1 under rainfed conditions).  The economic optimum rate of seeding depends on the cost of increased seeding rates relative to the value of harvested crop.  Assuming that grain yields must increase four times the increase in seeding rate, optimum seeding rates in this study were about 200 plants m-2 under rainfed conditions and 250 plants m-2 under irrigated conditions.

High seeding rates were more likely to reduce malt quality than increase it, although effects are mixed and relatively weak.  Similar to previous studies (Kirby 1969; Lafond 1994), increased seeding rates reduced kernel size.  The proportion of kernels that were plump declined by about 10% units under dry conditions and 2.5% units under wet conditions.  Countering this effect on malt quality, increased seeding rates reduced grain protein concentration by an average of about 4 mg g-1. A change in protein concentration of this magnitude is likely to have a smaller impact on malt acceptability than the observed changes in kernel size

High seeding rates were not effective in reducing the negative impact of late seeding.  A similar conclusion was reached by Ciha (1983) under short-season, water-limited conditions in eastern Washington, in contrast to results of Kirby (1969) obtained under long-season, moist growing conditions in England.

Conclusions

The rate of N fertilizer application was the most influential agronomic factor controlling yield and quality of malting barley.  Maximum grain yields were achieved when available N exceeded 25 kg N Mg-1 of potential grain yield, whereas protein concentrations were usually acceptable if available N was between 15 and 25 kg N Mg-1 of potential grain yield.  Available N was estimated by adding unfertilized grain N yield and the rate of fertilizer N addition.  Increased N additions reduced kernel size, particularly in a year with moist spring and hot, dry summer conditions, but factors other than N were more important in controlling kernel size.  Cultivar differences in N response were negligible.  Application of P, K, or S did not affect malt yield or quality in this study, although the lack of fertilizer response, particularly to P, might be due to the weather conditions over the three years of this study.

Seeding delays of ≈20 days reduced grain yields by an average of 20%, with relatively greater yield declines under drought stress.  Delayed seeding did not affect or slightly increased grain protein concentration.  Kernel size was both increased and decreased by delayed seeding, depending on year.  Increased seeding rates from 150 to 350 viable seeds m-2 generally provided small yield gains, slight reductions in grain protein concentration and reduced kernel size.

The agronomic practices that were most beneficial for malt barley production in southern Alberta were early seeding and application of N fertilizer at rates that were appropriate for expected levels of moisture and available soil N.
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	Table 1.  Site characteristics

	Site
	
	Soil type
	
	History
	
	Dates
	
	
	Extractable soil nutrients (kg ha-1)

	
	
	
	
	Chernozemic Great Group
	Tex-turez
	
	
	
	Previous crop
	
	Soil
	Fertiliz-ation
	First seeding
	
	 
	0 to 0.15 m
	
	0 to 0.6 m

	Code
	Location
	Year
	 
	
	
	 
	Tillage
	Fallow
	
	 
	test
	
	
	 
	pH
	NO3-N
	P
	K
	SO4-S
	 
	NO3-N
	SO4-S

	Rainfed sites
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	1A
	Bow Island
	2001
	
	Brown
	CL
	
	No-till
	50%
	Fallow
	
	18-Apr
	23-Apr
	30-Apr
	
	6.3
	20
	37
	997
	9
	
	44
	865

	1B
	Carmangay
	2001
	
	Dark Brown
	CL
	
	No-till
	50%
	Fallow
	
	19-Apr
	26-Apr
	2-May
	
	6.6
	27
	62
	1168
	61
	
	100
	1211

	1C
	Carmangay
	2001
	
	Dark Brown
	CL
	
	No-till
	50%
	Barley
	
	19-Apr
	26-Apr
	2-May
	
	7.0
	8
	47
	1007
	85
	
	39
	2271

	1D
	High River
	2001
	
	Black
	L-CL
	
	No-till
	None
	Barley
	
	23-Oct
	24-Apr
	1-May
	
	7.2
	6
	35
	598
	9
	
	22
	46

	1E
	Lethbridge
	2001
	
	Dark Brown
	CL
	
	Conv.
	None
	Oats
	
	17-Apr
	24-Apr
	26-Apr
	
	7.7
	10
	39
	751
	25
	
	48
	2234

	2A
	Bow Island
	2002
	
	Brown
	L-SiL
	
	No-till
	50%
	Fallow
	
	3-Oct
	17-Oct
	11-May
	
	7.5
	24
	23
	771
	33
	
	33
	327

	2B
	Carmangay
	2002
	
	Dark Brown
	SiC
	
	No-till
	50%
	Fallow
	
	19-Oct
	22-Apr
	16-May
	
	6.9
	19
	20
	1000
	28
	
	44
	86

	2C
	Carmangay
	2002
	
	Dark Brown
	SiC
	
	No-till
	50%
	Barley
	
	19-Oct
	22-Apr
	16-May
	
	7.2
	2
	14
	673
	13
	
	2
	115

	3A
	Bow Island
	2003
	
	Brown
	CL
	
	No-till
	50%
	Fallow
	
	15-Oct
	17-Oct
	30-Apr
	
	6.3
	4
	36
	662
	6
	
	18
	19

	3B
	Bow Island
	2003
	
	Brown
	CL
	
	No-till
	50%
	Wheat
	
	15-Oct
	17-Oct
	30-Apr
	
	6.9
	1
	26
	652
	15
	
	1
	312

	3C
	High River
	2003
	
	Black
	CL
	
	No-till
	None
	Wheat
	
	18-Oct
	18-Oct
	13-May
	
	7.1
	7
	39
	680
	37
	
	40
	422

	3D
	Lethbridge
	2003
	
	Dark Brown
	CL
	
	No-till
	None
	Wheat
	
	15-Oct
	16-Oct
	2-May
	
	6.5
	6
	49
	950
	4
	
	7
	109

	Irrigated sites
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Ir1
	Lethbridge
	2001
	
	Dark Brown
	CL
	
	Conv.
	None
	Oats
	
	17-Apr
	24-Apr
	26-Apr
	
	7.9
	6
	51
	793
	136
	
	45
	2262

	Ir2
	Lethbridge
	2003
	 
	Dark Brown
	CL
	 
	Conv.
	None
	Oats
	 
	11-Oct
	17-Oct
	2-May
	 
	7.1
	10
	40
	764
	30
	 
	24
	2377

	zSoil texture: C=clay, Si=silt, L=Loam


	Table 2.  Precipitation, soil moisture availability, and water use efficiency by fertilized AC Metcalfe at 14 sites in southern Alberta, 2001-2003

	Site
	
	Precipitationz (mm)
	
	Soil H2O (mm to 0.9 m)
	
	Water Use
	Water Use Efficiency  

	
	
	
	
	Spring, available
	Actual depletion
	
	
	

	 
	 
	My
	Jn
	Jy
	Ag
	Sum
	%y
	 
	
	
	
	(mm)
	(kg ha-1 mm-1)

	Rainfed sites
	
	
	
	
	
	
	
	
	
	
	

	1A
	
	13
	62
	20
	0
	95
	51
	
	31 ± 15
	60 ± 13
	
	155
	8 ± 2

	1B
	
	5
	55
	3
	1
	64
	27
	
	78 ± 68
	94 ± 25
	
	158
	22 ± 9

	1C
	
	5
	55
	3
	1
	64
	27
	
	56 ± 33
	69 ± 25
	
	133
	14 ± 5

	1D
	
	4
	65
	36
	2
	107
	40
	
	55 ± 17
	70 ± 14
	
	177
	15 ± 3

	1E
	
	9
	43
	7
	0
	59
	28
	
	125 ± 44
	171 ± 50
	
	230
	19 ± 7

	2A
	
	37
	209
	22
	48
	316
	168
	
	67 ± 30
	9 ± 16
	
	325
	13 ± 1

	2B
	
	28
	180
	41
	92
	341
	144
	
	102 ± 17
	93 ± 29
	
	434
	12 ± 1

	2C
	
	28
	180
	41
	92
	341
	144
	
	58 ± 11
	26 ± 15
	
	367
	12 ± 1

	3A
	
	39
	71
	4
	0
	114
	61
	
	113 ± 7
	180 ± 17
	
	294
	17 ± 1

	3B
	
	39
	71
	4
	0
	114
	61
	
	84 ± 20
	132 ± 29
	
	246
	17 ± 2

	3C
	
	20
	56
	28
	18
	122
	45
	
	118 ± 14
	151 ± 18
	
	273
	14 ± 1

	3D
	
	62
	47
	6
	4
	119
	56
	
	81 ± 16
	160 ± 23
	
	279
	10 ± 1

	Irrigated sites
	
	
	
	
	
	
	
	
	
	

	Ir1
	
	21
	190
	106
	0
	317
	NA
	
	122 ± 44
	53 ± 79
	
	370
	22 ± 5

	Ir2
	 
	62
	108
	257
	6
	434
	NA
	 
	120 ± 9
	63 ± 28
	 
	497
	13 ± 1

	zPrecipitation includes irrigation applied during the growing season, but excludes precipitation or irrigation received prior to seeding or after harvest.

	yPercentage of long-term average of the nearest meteorological station from May 1 to Aug. 31.


	Table 3.  Combined statistical analysis of treatment effects (all sites)

	Expt.
	Treatment
	Plant Stand
	Grain yield
	Grain protein
	Plump kernels
	Thin kernels

	#
	 
	(plants m-2)
	(kg ha-1)
	(mg g-1)
	(mg g-1)
	(mg g-1)

	
	
	
	
	
	
	
	
	
	
	
	

	1
	Cultivar
	***
	(79)z
	*
	(57)
	**
	(71)
	***
	(100)
	***
	(100)

	
	N rate
	*
	(21)
	***
	(93)
	***
	(100)
	***
	(86)
	***
	(86)

	
	Cult*N
	NS
	(7)
	NS
	(0)
	***
	(0)
	*
	(50)
	*
	(36)

	2
	P rate
	Not determined
	NS
	(0)
	NS
	(0)
	NS
	(21)
	NS
	(7)

	3
	K rate
	Not determined
	NS
	(21)
	NS
	(0)
	NS
	(7)
	NS
	(0)

	4
	S rate
	Not determined
	NS
	(0)
	NS
	(7)
	NS
	(7)
	NS
	(14)

	5
	Seeding date
	***
	(86)
	***
	(86)
	***
	(64)
	*
	(100)
	**
	(86)

	
	Seeding rate
	***
	(100)
	***
	(36)
	***
	(29)
	***
	(43)
	NS
	(43)

	
	Date*Rate
	NS
	(21)
	NS
	(0)
	NS
	(14)
	NS
	(7)
	NS
	(0)

	zPercentage of sites with significant (P<0.05) treatment effects.

	***P<0.001, **P<0.01, *P<0.05, NS not significant.


	Table 4.  Cultivar effects on plant stand, grain yield and grain quality (Expt. 1)

	Cultivar
	Rainfed sites
	Irrigated sites (n=2)
	All sites (n=14)

	 
	2001 (n=5)
	2002 (n=3)
	2003 (n=4)
	
	

	
	Plant stand (plants m-2)

	Harrington
	153bz
	186b
	154
	170
	163bc

	AC Metcalfe
	142b
	176bc
	140
	165
	152c

	CDC Kendall
	174a
	190ab
	150
	184
	172ab

	CDC Stratus
	152b
	181bc
	145
	179
	160c

	Excel
	96c
	165c
	150
	146
	133d

	B1602
	177a
	206a
	145
	194
	176ab

	CDC Sisler
	145b
	180bc
	153
	187
	161bc

	
	Grain yield (kg ha-1)

	Harrington
	2739a
	4021
	3620b
	6806ab
	3845ab

	AC Metcalfe
	2623ab
	3883
	3662ab
	6956ab
	3808ab

	CDC Kendall
	2689ab
	4166
	3682ab
	6890ab
	3890ab

	CDC Stratus
	2729a
	4109
	3711ab
	6462b
	3843ab

	Excel
	2643ab
	3892
	3950a
	7344a
	3955a

	B1602
	2425b
	3984
	3655b
	7043ab
	3768ab

	CDC Sisler
	2405b
	4082
	3649b
	6657b
	3727b

	
	Grain protein concentration (mg g-1)

	Harrington
	151b
	106b
	130b
	120
	131c

	AC Metcalfe
	157ab
	109ab
	136a
	125
	136ab

	CDC Kendall
	162a
	112a
	130b
	126
	137a

	CDC Stratus
	155ab
	110ab
	130b
	125
	134bc

	Excel
	150b
	109ab
	135ab
	121
	133bc

	B1602
	152b
	113a
	133ab
	118
	134bc

	CDC Sisler
	151b
	111ab
	135ab
	122
	134bc

	
	Plump kernels (mg g-1)

	Harrington
	698a
	928ab
	752a
	901
	803a

	AC Metcalfe
	731a
	930ab
	767a
	943
	826a

	CDC Kendall
	656ab
	946a
	763a
	940
	807a

	CDC Stratus
	644ab
	929ab
	757a
	943
	797a

	Excel
	524bc
	873c
	547b
	904
	676b

	B1602
	394c
	890bc
	440b
	874
	599c

	CDC Sisler
	627ab
	917abc
	485b
	856
	698b

	
	Thin kernels (mg g-1)

	Harrington
	23c
	6
	27b
	11
	16c

	AC Metcalfe
	20c
	5
	24b
	8
	14c

	CDC Kendall
	27c
	5
	25b
	8
	15c

	CDC Stratus
	25c
	5
	24b
	8
	15c

	Excel
	41b
	6
	44a
	9
	22b

	B1602
	82a
	7
	60a
	13
	34a

	CDC Sisler
	30bc
	6
	51a
	13
	22b

	zValues within columns followed by the same letter are not significantly different from each other.


	Table 5.  Nitrogen fertilizer effects on plant stand, grain yield and grain quality (Expt. 1)

	N rate
	Rainfed sites
	Irrigated sites (n=2)
	All sites (n=14)

	 (kg N ha-1)
	2001 (n=5)
	2002 (n=3)
	2003 (n=4)
	
	

	
	Plant stand (plants m-2)

	0
	146
	177
	140b
	169
	154b

	40
	150
	181
	146ab
	178
	159ab

	80
	151
	184
	150a
	176
	161a

	120
	149
	189
	152a
	174
	162a

	160
	146
	187
	152a
	178
	161a

	
	Grain yield (kg ha-1)

	0
	2303bz
	2426c
	2704b
	5879
	2956c

	40
	2577ab
	3622b
	3655ab
	6590
	3682b

	80
	2776a
	4367ab
	4048a
	7159
	4106ab

	120
	2699a
	4746a
	4109a
	7373
	4208a

	160
	2683a
	4938a
	4004a
	7398
	4217a

	
	Grain protein concentration (mg g-1)

	0
	125c
	97d
	116c
	114
	115d

	40
	148b
	103cd
	123c
	117
	127c

	80
	160ab
	108c
	133b
	123
	136b

	120
	166a
	117b
	142ab
	127
	143ab

	160
	171a
	125a
	150a
	132
	150a

	
	Plump kernels (mg g-1)

	0
	640
	929
	795a
	926a
	801a

	40
	613
	928
	729b
	923ab
	774ab

	80
	605
	926
	636c
	916ab
	745abc

	120
	578
	917
	577c
	903bc
	716bc

	160
	626
	885
	492d
	885c
	695c

	
	Thin kernels (mg g-1)

	0
	29
	6
	16d
	8
	14c

	40
	30
	5
	22cd
	8
	16bc

	80
	33
	5
	35bc
	9
	19abc

	120
	36
	6
	49ab
	11
	22ab

	160
	30
	7
	72a
	14
	25a

	zValues within columns followed by the same letter are not significantly different from each other.


	Table 6.  Effect of seeding rate on plant stand, grain yield and grain quality characteristics (Expt. 5)

	Seeding rate
	Stand
	Yield
	Protein
	Plumps
	Thins

	(Seed m-2)
	Plants m-2
	kg ha-1
	g kg-1
	g kg-1
	g kg-1

	
	
	
	
	
	

	150
	109ez
	3626c
	137a
	749a
	37

	200
	136d
	3717bc
	136ab
	737ab
	38

	250
	167c
	3769ab
	135bc
	720abc
	40

	300
	190b
	3844a
	133c
	721bc
	40

	350
	221a
	3833a
	134bc
	714c
	43

	zEach value is the mean of both cultivars (AC Metcalfe and Excel) at all 14 sites.  Values within columns followed by the same letter are not significantly different from each other.


	Table 7.  Lodging at site Ir1 (only site with appreciable lodging) as affected by seeding date and rate (Expt. 5)

	Seeding rate
	AC Metcalfe
	 
	Excel

	(Seeds m-2)
	1st date
	2nd date
	3rd date
	 
	1st date
	2nd date
	3rd date

	150
	2.8​z
	1.0
	1.0
	
	2.0
	1.0
	1.0

	200
	6.3
	1.0
	1.0
	
	1.8
	1.0
	1.0

	250
	5.5
	1.3
	1.0
	
	1.0
	1.0
	1.0

	300
	6.8
	2.5
	1.0
	
	2.5
	1.0
	1.0

	350
	3.8
	2.5
	1.0
	
	3.3
	1.0
	1.0

	
	
	
	
	
	
	
	

	P(Date)
	***
	
	*

	1 vs 2
	***
	
	*

	1 vs 3
	***
	
	*

	2 vs 3
	NS
	
	NS

	P(Rate)
	NS
	
	NS

	P(Date*Rate)
	NS
	 
	NS

	zRatings: 1 = no lodging, 9 = completely lodged.

	***P<0.001, **P<0.01, *P<0.05, NS not significant.


	Table 8.  Effect of K application on grain yield of AC Metcalfe and Excel barley (Expt. 3)

	Year
	AC Metcalfe
	 
	Excel

	
	K rate (kg K ha-1)
	Ave. %
	
	K rate (kg K ha-1)
	Ave. %

	 
	0
	30
	60
	increase
	 
	0
	30
	60
	increase

	2001
	2727bz
	3083a
	3277a
	17
	
	3415b
	3009a
	2945a
	-13

	2002
	4213
	4119
	4041
	-3
	
	3883
	4083
	4039
	5

	2003
	3923b
	3996ab
	4120a
	3
	
	4294
	4395
	4414
	3

	Irrigated
	7560
	7328
	7436
	-2
	 
	7945
	7970
	7812
	-1

	zValues within the same row followed by the same letter are not significantly different from each other.
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Fig. 1.  Effects of seeding date on a) plant stand, b) grain yield, c) grain protein, and d) plump kernels at rainfed sites.  Each point is the mean of two cultivars (AC Metcalfe and Excel) at one site.  Lines are best-fit linear regressions for each year.
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Fig. 2.  Effect of available N ratio (fertilizer N + available soil N [unfertilized grain N yield]) on a) relative grain yield and b) grain protein concentration.  Each data point is the mean of seven cultivars at one site.  Circled values in 2a are significantly less than values obtained at lower rates of N addition (i.e., sites with a significant reduction in grain yield at high rates of N addition).
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Fig. 3.  Relationship of unfertilized grain N yield and extractable soil NO3-N.
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