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Abstract

:

Ultra-early seeding of spring wheat (Triticum aestivum L.) on the northern Great Plains can increase grain yield and grain yield stability compared to current spring wheat planting systems. Field trials were conducted in western Canada from 2015 to 2018 to evaluate the impact of optimal agronomic management on grain yield, quality, and stability in ultra-early wheat seeding systems. Four planting times initiated by soil temperature triggers were evaluated. The earliest planting was triggered when soils reached 0–2.5 °C at a 5 cm depth, with the subsequent three plantings completed at 2.5 °C intervals up to soil temperatures of 10 °C. Two spring wheat lines were seeded at each planting date at two seeding depths (2.5 and 5 cm), and two seeding rates (200 and 400 seeds m−2). The greatest grain yield and stability occurred from combinations of the earliest seeding dates, high seeding rate, and shallow seeding depth; wheat line did not influence grain yield. Grain protein content was greater at later seeding dates; however, the greater grain yield at earlier seeding dates resulted in more protein production per unit area. Despite extreme ambient air temperatures below 0 °C after planting, plant survival was not reduced at the earliest seeding dates. Planting wheat as soon as feasible after soil temperatures reach 0 °C, and prior to soils reaching 7.5–10 °C, at an optimal seeding rate and shallow seeding depth increased grain yield and stability compared to current seeding practices. Adopting ultra-early wheat seeding systems on the northern Great Plains will lead to additional grain yield benefits as climate change continues to increase annual average growing season temperatures.
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1. Introduction


Canada is a key global producer of high-quality spring wheat (Triticum aestivum L.), and in 2018 was the world’s third largest exporter (19.7 MT) and sixth largest producer (31.8 MT) of wheat [1]. Spring wheat production in western Canada has increased from an annual average of 14.3 MT (1961–1970) to 19.8 MT (2008–2017), while the annual area seeded to spring wheat decreased by 31% over the same period [2]. The average annual grain yield increase over this period, from 1.5 MT to 3.0 MT per million hectares, is attributed to improved wheat genetics and agronomic management, increased and more efficient fertilizer use, and adoption of technology and mechanization [3]. A short frost-free period is commonly referenced as a grain yield-limiting factor on the northern Great Plains; however, increases in the average frost-free period from 1961 to 2018 are rarely referenced as contributing to wheat grain yield increase [4,5,6,7]. Ultra-early wheat seeding systems based on soil temperature triggers as described in Collier et al. [8] can produce greater grain yield by capturing the benefits of longer frost-free periods: early season growing degree-day accumulation, increased vegetative growth periods, early season precipitation, increased day-length at anthesis and reduced average temperatures at grain fill.



Iqbal et al. [9] reported one of the primary limiting factors of wheat grain yield on the northern Great Plains was the short frost-free period that limits the length of the growing season. Lanning et al. [10] investigated the yield of “Thatcher” wheat from six locations in Montana, USA, over 56 seasons and reported a grain yield increase of 23.5 kg ha−1 year−1 and an average planting window shift of 0.24 days year−1 earlier. The grain yield increase of Thatcher was attributed to earlier planting and longer growing seasons. Cutforth et al. [11] calculated the average frost-free period in western Canada to be 114 days in 2000, an increase of 28 days from the average frost-free period of 96 days in 1940. This increase was a result of both earlier final spring frosts and later first fall frosts. The shift to earlier final spring frosts has been accompanied by a corresponding increase in average growing season temperature. This can decrease wheat grain yield due to increased daily temperature maximums and fewer precipitation events during grain fill [10,12,13,14]. Studies investigating wheat and small grain cereals seeding dates reported the greatest yield resulted from the earliest seeding dates [15,16,17,18,19]. However, these studies initiated plantings based on an arbitrary calendar date, meaning the planting times within individual seasons were not standardized to account for variability between growing seasons, an issue accounted for by moving to soil temperature-triggered seeding in the study conducted by Collier et al. [8]. Multiple studies have identified earlier seeding as an important method to avoid grain yield reduction caused by increased growing season temperatures [8,14,20,21]. Specifically, Kouadio et al. [20] reported the least yield loss due to increased temperatures during grain fill occurred in earlier-seeded wheat.



Collier et al. [8] investigated ultra-early wheat seeding on the northern Great Plains using conventional and cold-tolerant spring wheat lines and seeding times based on soil temperature triggers of 0 °C through 10 °C. That study reported ultra-early seeding maintained grain yield, and that ultra-early seeding was not dependent on the concurrent development of cold tolerant spring wheat genetics. The latest planting time in the study, based on a 10 °C soil temperature trigger, resulted in the lowest yield at locations south of 51° N latitude, but was not different from the early seeding dates at sites north of 51° N latitude. The greatest growing system stability, based on high grain yield and low variability in grain yield, was observed from plantings at 2 °C and 4 °C soil temperatures. Studies conducted in the Australian grain belt evaluating early seeding have reported grain yield increases as a result of better establishment, deeper rooting, increased access to soil moisture, sustained vegetative growth periods and reduced heat during flowering and grain fill [22,23]. Successful establishment of wheat in an ultra-early seeding system on the northern Great Plains may have the potential to increase yield compared to current practices, and may provide long term benefits by avoiding grain yield loss due to reduced precipitation and increased temperatures during grain fill, impacts commonly predicted as a result of climate change.



The present study objective was to evaluate the responses of grain yield and grain quality to manipulations in agronomic management practices in an ultra-early wheat seeding system in the western Canadian region of the northern Great Plains. Four plantings based on soil temperature triggers initiated at 0–2.5 °C were evaluated in combination with cold-tolerant spring wheat genetics, sowing density and depth manipulations, to determine if ultra-early seeding systems coupled with optimized agronomic practices could provide a grain yield advantage over current seeding practices.




2. Materials and Methods


2.1. Site Description, Experimental Design, and Determination of Planting Time Using Soil Temperature Triggers


This study was conducted at five sites in western Canada over 4 years from 2015–2018, generating 13 total site-years (Figure 1, Table 1). The treatment structure consisted of a factorial randomized complete block arrangement of 32 total treatments with four replicates. Treatmentcombinations consisted of four planting times, two wheat lines, two planting rates, and two planting depths. The planting times were based on soil temperature triggers of 0–2.5, 5, 7.5 and 10 °C as measured with an OmegaTM TPD42 soil temperature probe (Omega Environmental, St-Eustache, QC, Canada) at 5 cm depth at 10:00 AM each day prior to seeding. If soil conditions made seeding impossible at the first soil temperature trigger (0–2.5 °C) each seeding date was adjusted so that there was a 2.5 °C temperature difference between each remaining seeding date. Sites located in southern Alberta and Saskatchewan were generally able to seed at 0–2.5 °C soil temperatures. In some cases, sites in central and northern Alberta were unable to seed at the earliest soil temperature trigger due to excess moisture and saturated soils; in these cases, seeding occurred as early as equipment could access field sites.



The wheat lines used were two experimental lines selected for spring growth habit and improved cold tolerance as previously described in Collier et al. [8]. These lines, “LQ1299A” and “LQ1315A”, were developed by intercrossing two previously identified cold tolerant spring wheat lines derived from a cross between “Norstar” Canada Western Red Winter (CWRW) wheat and “Bergen”, a Dark Northern Spring (DNS) wheat grown in North Dakota (Table 2) [24].



Two sowing densities were used to represent sub-optimal (200 seeds m−2) and optimal (400 seeds m−2) wheat seeding rates. Germination tests were performed and used to standardize treatments at 200 and 400 viable seeds m−2, respectively. Seeding depths of 2.5 and 5 cm were used to approximate the upper and lower ranges of standard wheat seeding depths in western Canada.




2.2. Seeding Operations, Nutrient Management, and Pest Management


Seeding equipment varied between sites but remained similar to the drill designed and built by Agriculture and Agri-Food Canada Lethbridge, which utilized ConservaPakTM knife openers (8) (Model CP129, Vale Industries, Indian Head, SK, Canada) spaced 24 cm apart, a ValmarTM air product delivery system (Valmar Air Inc., Elie, MB, Canada), a RavenTM hydraulic seed calibration and product control system (Raven Industries Inc. Sioux Falls, SD, USA) and MorrisTM seed cups (Morris Industries Ltd. Saskatoon, SK, Canada). Macronutrient fertilizer (N, P, K, S) was applied based on soil test recommendations and yield goals appropriate to each site (Western Ag Labs PRS® soil test system, Saskatoon, SK, Canada). If required, applied fertilizer forms were: urea nitrogen (46-0-0-0), monoammonium phosphate (11-52-0-0) (Koch Fertilizer, LLC. Wichita, KS, USA), potassium chloride (0-0-60) (The Mosaic Company, Tampa, FL, USA), and ammonium sulphate (21-0-0-24) (Yara Canada, Regina, SK, Canada). Fertilizer granules were incorporated as a band below and to the side of the seed row at seeding. All seed was treated with a fungicide seed treatment to control common seedling diseases (Raxil PRO—Tebuconazole [(RS)-1-p-chlorophenyl-4,4-dimethyl-3-(1H-1,2,4-triazol-1-ylmethyl)pentan-3-ol] 3.0 g L−1 + prothioconazole [(RS)-2-[2-(1-chlorocyclopropyl)-3-(2-chlorophenyl)-2-hydroxypropyl]-2,4-dihydro-1,2,4-triazole-3-thione] 15.4 g L−1 + metalaxyl [metyl N-(methocyacetyl)-N-2,6-xylyl-dl-alanite] 6.2 g L−1 [Bayer CropScience Canada Inc., Calgary, AB, Canada]). Plots were uniformly seeded directly into the previous crop stubble at target seeding rates across the desired length plus 50 cm on either end. The front and back of each two to four-meter-wide plot was then trimmed or rototilled to provide the desired plot length (6 m to 8 m depending on trial location). The preceding crop at all sites was either canola (Brassica napus L.), chem-fallow, or barley silage (Hordeum vulgare L.); no trials were seeded into wheat stubble. Seeding depth was adjusted as needed for each plot using appropriate spacers to accurately provide the two seeding depths evaluated.



Weed control was achieved using in-crop herbicide applications performed at BBCH 12–22, generally in late-May. To address growth stage variation within replications due to planting date variation, herbicide products with restrictive crop staging, residual properties or auxin type active ingredients were not used. Herbicide selection was limited to herbicides or combinations of herbicides from the Weed Science Society of America (WSSA) groups 2, 6, and 27 [26]. All post-emergent herbicide applications were made using motorized sprayers calibrated to deliver a carrier volume of 45 L ha−1 at 275 kPa pressure.




2.3. Data Collection


Days to emergence was determined when 50% of the plants in a plot had emerged. Crop anthesis was recorded in days from planting date when 50% of the heads in a plot first extruded anthers, and maturity was assessed at physiological maturity, when kernel moisture content in the lower third of a head contained less than 40% moisture content. The period from emergence to maturity was broken down into segments from emergence to anthesis, anthesis to maturity and emergence to maturity, all measured and reported in days. This removed the influence of longer planting to emergence periods experienced by the early seeded treatments and avoided potentially false conclusions regarding the effects of ultra-early planting on the length of vegetative and reproductive growth periods of wheat. Leaf area index (LAI) at the Lethbridge, Alberta sites was recorded using an AccuPAR LP 80 Ceptometer (Decagon Devices, Pullman, WA, USA) placed between rows with measurements recorded above and below the canopy at solar noon [27,28]. The LAI measurements were performed four times from June 1 to July 1 to capture leaf area prior to and during the summer solstice. Growing degree-days base 0 °C (GDD B0) at the Lethbridge, Alberta sites for each season (2015–2018) were recorded and calculated using the Government of Alberta, Alberta Climate Information System (ACIS) [29]. Plant count determination was completed at BBCH 20 to BBCH 49, and calculated from viable plants in two, one-meter long areas of the second and third rows, and the second and third last rows of each plot. The lengths of row used for plant counts were marked and used later in the growing season to count the number of heads m−2. Heads plant−1 was calculated using the number of heads divided by the plant count for each staked section of row. Plant height was recorded from two, randomly selected but representative areas of each plot, measuring the height of five main spikes, excluding awns.



Each plot was harvested in its entirety with a Wintersteiger Nurserymaster Elite (Wintersteiger AG Salt Lake City, UT, USA) or similar plot combine equipped with a straight cut header, pickup reel and crop lifters. Grain yield for each plot was weighed after samples were dried and corrected to 14% grain moisture content and was used to calculate total grain yield per ha (Mg ha−1). A 2 kg subsample of grain was retained to determine seed mass (from 500 kernels) and grain bulk density (kg hL−1). Near infrared reflectance spectroscopy technology was used to determine whole grain protein concentration from the same subsample (Foss Decater GrainSpec, Foss Food Technology Inc., Eden Prairie, MN, USA) [30].




2.4. Statistical Analyses


The MIXED procedure of SAS (Version 9.4, Cary, NC, USA) was used to perform an analysis of variance (ANOVA), and any outlier observations detected by tests for normality using PROC UNIVARIATE were removed before completing a combined analysis across years and environments (site-years). The combined ANOVA was completed using site-year, replication, soil temperature at seeding, wheat line, seeding rate and seeding depth as variables in the CLASS statement [31,32]. Error variances were heterogenous among environments, and corrected Akaike’s information criterion (AICc) regarding model fit indicated that modelling residual variance heterogeneity resulted in improved fit. Variance heterogeneity was modelled using the RANDOM statement in PROC MIXED with the group option set to environment and the Satterthwaite approximation for degrees of freedom. Environment and the interactions associated with environment were considered random effects, while treatment effects were considered fixed and significant when p ≤ 0.05 [33]. Contrast statements were used in the MIXED procedure to determine linear and quadratic relationships of planting date and response variables as well as differences in LAI between groupings of planting dates and seeding rates.



The effect of planting date on yield was evaluated using an analysis of covariance (ANCOVA) as described by Yang and Juskiw [34]. The use of ANCOVA reduced the error mean square, accounted for missing data, and increased the precision of the resulting regression analysis. Planting date was used as a covariate and classification variable by generating a second column of data identical to the planting date to be used as the covariate. Type I sums of squares was specified with the METHOD statement in PROC MIXED [34]. Direct regression variables (covariates) s and s × s represented linear and quadratic responses to planting date and were part of the MODEL statement. Environment or group interactions with s and s × s are used to evaluate linear and quadratic responses that are heterogeneous compared to planting date. A significant, negative linear regression was observed and used to represent grain yield decline with delayed planting.



A biplot grouping methodology originally described by Francis and Kannenberg [35] was modified and used to explore system stability and the variability of wheat yield. The methodology proposed by Döring and Reckling [36] was used to generate an adjusted coefficient of variation (aCV) for use in place of the standard coefficient of variation (CV) described by Francis and Kannenberg [35]. The subsequent use of aCV in the place of CV on biplot horizontal axes accounts for the impact of yield data conforming to Taylor’s Power Law where the CV value is dependent on the yield and will tend to decrease relative to yield increases [37,38]. The aCV and means across years and replications were estimated for each treatment combination. Means were then plotted on the vertical axis against the aCV on the horizontal axis and used to categorize the data into four groups/quadrants: (Group I) high mean grain yield and low variability, (Group II) high mean grain yield and high variability, (Group III) low mean grain yield and high variability, and (Group IV) low mean grain yield and low variability.





3. Results


3.1. Environmental Conditions


Environmental conditions varied between locations, and years at each location. The earliest planting was in 2016 in Lethbridge, when the initial soil temperature trigger was observed and planting occurred on 16 February. In the same year, the first seeding date at the Dawson Creek location was not until 21 April, a differential of 64 days. This difference in initial seeding date was due to geographic location and variation in weather and winter thaw patterns between sites (Figure 1). The following year the initial planting at Lethbridge was not triggered until 20 March, 32 days later than the year before. The date of initial soil temperature trigger satisfaction and first planting is listed in Table 1 for each location and year. In general, the initial planting date occurred prior to the accumulation of 5% of seasonal GDD B0. GDD B0 accumulation at the Lethbridge, Alberta was zero at initial planting in 2015 and 2016, 1.1% in 2017, and 4.4% in 2018 (Figure 2).



Precipitation events over the course of the study also varied between years and locations. Accumulated precipitation in 2015 was below average at all trial locations. Precipitation in 2016 exceeded the 30-year average for all trial locations except Lethbridge, Alberta which was 11% below the 30-year average. In 2017 and 2018, all sites received below average precipitation (Table 1).



All sites recorded ambient air temperatures below 0° C after seeding, with the exception of Edmonton, Alberta in 2017. Eight of 13 sites recorded air temperatures below −5.0 °C after the initial seeding date; the most severe observations were −10.2 °C at Lethbridge, Alberta in 2016 and −9.8 °C in Scott, Saskatchewan in 2016. Several locations recorded air temperatures below 0 °C for multiple nights after initial planting. Eleven of 13 sites recorded more than ten nights with air temperatures below 0 °C. In 2015 and 2016, Lethbridge, Alberta recorded 37 and 36 nights, respectively, ambient air temperatures below 0 °C after initial planting. In 2016 and 2017, Scott, Saskatchewan recorded 21 and 27 nights, respectively, ambient air temperatures below 0 °C after initial planting (Table 1).




3.2. Grain Yield, Grain Quality and Yield Components


Grain yield was greatest at the earliest planting dates. The latest planting date, corresponding to a soil temperature trigger of 10 °C, resulted in reduced grain yield relative to each of the three earlier planting dates (Table 3). Grain yield from the earliest to the latest seeding date decreased linearly by 0.38 Mg ha−1 (Table 3). The optimum seeding rate of 400 seeds m−2 resulted in greater grain yield than the 200 seeds m−2 seeding rate (Table 3). Grain yield reduction from the earliest to latest seeding date was greater at the sub-optimal seeding rate of 200 seeds m−2 than at the optimal seeding rate of 400 seeds m−2 (Figure 3). The optimum seeding rate resulted in a 0.26 Mg ha−1 greater grain yield than the sub-optimal seeding rate. Seeding depth and wheat line did not significantly affect grain yield.



Delayed planting resulted in a linear increase in grain protein concentration, which corresponded to a concurrent linear decrease in grain yield (Table 3, Figure 3). Similarly, increased seeding rates resulted in reduced grain protein concentration, but greater overall grain yield (Table 3). Grain protein concentration increased by 0.3% from the earliest to latest planting date, and by 0.1% from the optimum to low seeding rates. There was also a minor difference in grain protein concentration between wheat lines, as “LQ1299A” had a 0.1% higher grain protein concentration than “LQ1315A”. Seeding depth did not alter grain protein concentration (Table 3).



Thousand kernel weight and grain test weight were most affected by seeding rate. The optimum seeding rate resulted in a 0.5 kg hL−1 increase in test weight and a corresponding 0.3 g decrease in thousand kernel weight (Table 3). Planting date and seeding depth had no effect on test weight, however, thousand kernel weight increased linearly from the earliest to latest plantings and increased at the deeper seeding depth (Table 3). “LQ1315A” exhibited a greater seed test weight than “LQ1299A”.



Plant height was not affected by any treatment with the exception of wheat line; “LQ1315A” was one cm taller than “LQ1299A”. Initial plant counts were lower for the last two planting dates relative to the second planting date. Plant counts for the first planting date were similar to the other planting dates, and the combination of wheat line “LQ1315A”, the lower planting rate, and the deeper planting depth resulted in lower plant counts. Tillering (heads plant−1) was not affected by planting date or seed depth but did increase with suboptimal sowing density. Conversely, heads m−2 decreased with delayed seeding. The last two planting dates had fewer heads m−2 than the first two planting dates (Table 3). Lower planting rates and deeper planting also led to reduced numbers of heads m−2 (Table 3). The only significant interactions for grain yield, grain quality, and yield component parameters was observed in the wheat line x seeding rate interaction for plant height and heads plant−1. At the higher planting rate “LQ1315A” was slightly shorter and produced relatively fewer heads plant−1 than at the lower planting rate.




3.3. Crop Development


Earlier plantings emerged slowly, which increased the total length of time for these treatments to reach anthesis and to reach maturity. A similar effect was observed by Collier et al. [8] where the earliest plantings into cool soils took longer to emerge. As such, the growth period was broken down into segments from emergence to anthesis, anthesis to maturity and emergence to maturity to remove any confounding impacts of slow emergence on growth period lengths (Table 4). The earliest planting required 124.7 days from planting to reach maturity while the latest planting only required 104.7 days. The 20-day differential is an artifact of the earliest planting requiring 14.0 more days to emerge than the latest planted treatment, and 6.6 days longer to progress from emergence to maturity. The longer interval from emergence to anthesis and from anthesis to maturity for the earlier planted treatments included vegetative growth periods up to three days longer, and grain fill periods up four days longer than the latest planted treatments. Based on the four-year average GDD B0 accumulation at the Lethbridge, Alberta site during the course of this study the extra length of the vegetative and grain-filling periods would allow the utilization of up to an additional 140 GDD B0 for the earliest planting date relative to the latest planting date (Figure 4). In all cases, maturity was reached sequentially based on planting date; however, the time differential to maturation between the earliest and latest planted treatments narrowed to within a day or two.



The LAI measurements were initially greater for plantings triggered by 0–2.5 °C, 5 °C, and 7.5 °C soil temperatures than the 10 °C triggered planting (Figure 4). The differential in LAI between planting times decreased and was not significantly different at the second to fourth ratings. Similarly, LAI was greater at the optimum seeding rate for the first two LAI evaluations with no difference at the third and fourth ratings (Figure 5). Thus, prior to the summer solstice on June 21, the treatments seeded at 10 °C soil temperatures and those seeded at the sub-optimal seeding rate were able to achieve LAI values similar to the earlier planting dates and optimal seeding rate treatments; however, 42–45% of the total growing season GDD B0 had already accumulated by this date (Figure 4 and Figure 5).



The optimum seeding rate shortened days to emergence, and subsequent days to maturity were decreased by one day at the optimum seeding rate. A corresponding increase in the length of the emergence to anthesis period and a one day decrease in the length of the anthesis to maturity period at the optimum seeding rates resulted in no significant difference in the emergence to maturity period based on seeding rate. Deeper seeding depths increased days to emergence, anthesis and maturity, but did not have any effect on the length of the growth periods. Similarly, the wheat lines differed in the speed with which they emerged and reached anthesis, but this did not have an effect on the vegetative, reproductive, or total growth periods represented by the emergence to anthesis, anthesis to maturity, and emergence to maturity growth segments.




3.4. Grain Yield Stability


To visualize the stability of an ultra-early wheat seeding system, including optimized agronomics, we employed a version of the Francis and Kannenberg [35] biplot grouping method modified to include aCV values to remove dependence of system stability on grain yield (Figure 6) [36]. All combinations of seeding rate, seeding depth, and planting time are captured by sixteen points on each biplot based on the mean grain yield and aCV for each wheat line across years and replications. Data was categorized into four quadrants: (Group I) high mean grain yield and low variability, (Group II) high mean grain yield and high variability, (Group III) low mean grain yield and high variability, and (Group IV) low mean grain yield and low variability.



The modified Francis and Kannenberg [35] biplots in Figure 6 illustrate all data points associated with the latest planting time (based on a soil temperature planting trigger of 10 °C) are located in Groups III and IV, indicating a low mean grain yield. Group I, which is defined by the greatest grain yield and least variability in grain yield, contains ten points in total (31% of all possible treatment combinations). Of these points, 50% represent the earliest planting date (0–2.5 °C soil temperature trigger), while the second and third planting dates (5 °C and 7.5 °C soil temperature triggers) are represented by 30% and 20% of the data points in Group I, respectively. The optimum seeding rate is represented by 90% of the points in Group I. Both seeding depths are equally represented in Group I; however, the average aCV of data points associated with shallow seeding is lower than the average aCV of treatments associated with deep seeding. There are 12 data points in the least stable groups, Groups II and III (38% of all possible treatment combinations). Of the data points in Groups II and III, 17% are from the latest planting date, 50% from the deep seeding depth, and 67% are from the low seeding rate. The lowest yielding groups, Groups III and IV, contain 14 data points (44% of all possible treatment combinations). Of the data points in Groups III and IV, 57% are from the latest seeding date, 50% from the deep seeding depth, and 71% are from the low seeding rate. The greatest grain yield stability indicated in Figure 6 comes from combinations including the optimum seeding rate, early planting, and to a lesser extent, shallow seeding depth.





4. Discussion


4.1. Soil Temperature Based Planting


The large variation in environmental conditions observed in this study is typical on the northern Great Plains and justifies a management system based on soil temperature to initiate planting rather than one dependent on arbitrary calendar date [8,39]. Shen et al. [39] defined the onset of the growing season in Alberta, Canada as the first day of the year when five consecutive days record an average mean ambient air temperature of 5 °C, and the end of the growing season as the first day in the fall when the mean ambient air temperature is below 5 °C. No long-term trends for the start of the growing season, the length of the growing season, or the end of the growing season in Alberta were identified, though an increase in the frost-free period due to earlier final spring frosts and later first fall frosts from 1901 to 2002 was reported [39]. Thus, producers may generally begin seeding earlier; however, when seeding can safely begin occurs at a different time each year. Using soil temperature triggers to initiate seeding can standardize the start of seeding with environmental conditions from year to year more effectively than relying on an arbitrary calendar date. Soil temperature-based planting can also standardize planting across substantial distances within regions. Sites south of 51° N latitude can often access fields to begin planting earlier than planting is actually initiated, as producers tend to wait for certain calendar dates or a long-term forecast that indicates air temperatures below 0 °C are unlikely. The temperature buffering capacity of soils that have reached 0 °C or higher has shown to provide adequate protection from freezing temperatures for the sowing of spring wheat, thus providing a reliable indicator for safely initiating seeding on the northern Great Plains [8]. Sites on the northern Great Plains north of 51° N latitude tended to take longer to reach soil temperatures of 0 °C. However, once the darker soils north of 51° N latitude reached 0 °C, they tended to warm to 10 °C in fewer days than the lighter brown soils located south of 51° N latitude (Figure 1). Thus, the time elapsed between triggering the first and last planting based on soil temperature was greater at southern trial locations than at northern trial locations. This can be attributed to later snow cover ablation, greater water holding capacity, and greater solar energy absorption by the darker grey wooded luvisols, orthic black chernozems, and orthic dark brown chernozems primarily found north of 51° N latitude compared to the dark brown and brown chernozem soils primarily found south of 51° N latitude (Figure 1) [8,40]. The short window to benefit from ultra-early seeding in the more northern areas of the northern Great Plains region necessitates a simple, low cost, reliable system of confirming when planting can safely begin.




4.2. Grain Yield Response to Ultra-Early Wheat Seeding Systems


Our previous study. [8] compared three cold tolerant wheat lines, including the two wheat lines used in the present study, “LQ1299A”, and “LQ1315A”, to a Canada Western Red Spring (CWRS) wheat variety “Stettler” [41]. That study reported no detrimental grain yield effect of ultra-early seeding and no difference in growing system stability between conventional or cold tolerant wheat genetics in an ultra-early seeding system. Ultra-early seeding may not allow enough time for cold tolerant lines to fully acclimate to cold conditions, thus reducing their potential benefit to the system [42]. The present study builds on the results of Collier et al. [8] by incorporating agronomic management variables into ultra-early seeding systems. Increased grain yield and growing system stability was realized by using optimized agronomics. Combinations of the earliest planting dates, higher planting rate and, to a lesser extent, a shallow planting depth resulted in the greatest grain yield and greatest system stability (Figure 6). The greater grain yield from earlier planting is a result of multiple factors including plant survival equivalent or superior to later planted treatments, combined with an increased number of heads m−2 at the earlier plantings, and longer vegetative growth and grain fill periods. Shifting seeding earlier resulted in plants that were more physiologically advanced earlier in the growing season. The presence of greater leaf area earlier in the growing season for ultra-early seeded treatments and treatments planted at the optimum seeding rate improved their ability to utilize growing degree days accumulated prior to the summer solstice (Figure 4 and Figure 5). At the Lethbridge, Alberta site from 2015–2018, 42–45% of the total growing season GDD B0 accumulated prior to the summer solstice. Earlier seeded plants could more effectively utilize solar radiation during the long daylight hours leading up to the summer solstice, due to increased vegetative and root biomass accumulation and increased transpiration efficiency under the relatively cooler conditions, similar to the results reported by Porker et al. [43]. Additionally, these plants progressed to reproductive growth and grain fill earlier in the season than the later seeded plants, enabling more complete tiller viability and a greater proportion of grain fill to occur in early- and mid-July during days with more daylight hours (Table 4). Earlier initiation of grain fill avoided heat stress and drought which commonly occur in late-July and August on the northern Great Plains [44]. Increased temperatures during grain-filling and, reduced or more sporadic precipitation during the growing season, are identified as main factors in predicted reductions in wheat grain yield on the northern Great Plains by 2050 [10,12,13,14].



Similar avoidance strategies have been studied in the Mediterranean climates of Australia and the United States Pacific Northwest where wheat grain yield is limited due to heat and soil moisture availability [43,45]. Adoption of winter growth habit wheat cultivars and adjusting seeding to earlier dates in both regions was associated with significant grain yield benefit attributed to longer vegetative growth phases, increased root development and depth, increased transpiration efficiency, subsoil moisture availability and avoidance of heat stress at grain fill [45,46]. The implementation of a similar ultra-early seeding system for spring wheat on the northern Great Plains in response to increases in growing season temperature and reductions in growing season precipitation can serve as a mechanism to reduce future yield loss. The results of the present study indicate there is also an immediate benefit to grain yield and growing system stability by moving to an ultra-early seeding system (Figure 6). Earlier seeding can be easily implemented on the northern Great Plains to take advantage of early season soil moisture, increase early season LAI and utilization of GDD accumulated prior to the summer solstice, and avoid late season heat stress. This study indicates planting spring wheat as soon as soil temperatures exceed 0 °C can increase grain yield by as much as 6.8% over wheat planted at 10 °C soil temperatures. The negative linear association we observed between wheat grain yield and planting date suggests a soil temperature increase of 2.5 °C may cause a 0.13 Mg ha−1 decrease in realized grain yield. Moreover, the magnitude of decrease may increase with time as increasing growing season temperatures negatively impact wheat production on the northern Great Plains.



A calendar date of May 1 corresponds to traditional spring wheat planting at Lethbridge, Alberta. Recorded soil temperatures from the ACIS station at the Lethbridge Research and Development Centre, Agriculture and Agri-food Canada on May 1 in 2015, 2016, and 2017 (2018 data not available) were used to generate a three-year average PD value to insert in the linear regression equations for grain yield developed in this study (Figure 3) [29]. By delaying planting to May 1, an average of 14.1% of the total GDD B0 accumulation for the growing season would have elapsed prior to planting, accounting for 339 GDD B0. Grain yield from a planting date of May 1 at a planting rate of 200 seeds m−2 is predicted to be 4.20 Mg ha−1, a decrease of 0.63 Mg ha−1, or 15%, relative to the grain yield expected from planting at 0–2.5 °C at 200 seeds m−2. At a planting rate of 400 seeds m−2 and planting date of May 1, the predicted grain yield is 4.53 Mg ha−1, a decrease of 0.51 Mg ha−1, or 11%, relative to the grain yield expected from planting at 0–2.5 °C and 400 seeds m−2. Using an average wheat grain value of $246.00 Mg−1 (September 2015 to December 2019 average southern Alberta price for CWRS wheat, 13.5% protein content) [47] seeding ultra-early at 0–2.5 °C soil temperatures and planting at the optimum seeding rate of 400 seeds m−2 would result in a gross economic benefit to the grower of $206.64 ha−1 relative to delaying seeding to May 1 and using a lower planting density of 200 seeds m−2. Current crop insurance standards in western Canada dictate that field crops must be planted by a set date to be viable and thus, be compensable in the event of crop failure. This date sets a de facto limit on how late into the growing season crops can be sown successfully. This study reports a significant yield penalty for delayed planting of wheat; in addition to providing increased yield and economic benefit to the grower, an ultra-early wheat growing system provides a basis for insurance providers to incentivize earlier planting.




4.3. Agronomic Management of Ultra-Early Wheat Seeding Systems


A modern and innovative cropping system is composed of interwoven G × E × M interactions where G is genotype, E is environment and M is crop management [3]. In the hypothesized ultra-early wheat seeding system, the requirement for a specific cold tolerant genotype was not apparent in the Collier et al. [8] study. Thus, in its current state, ultra-early wheat systems tend to be optimized through management factors. This is not to say genetics be overlooked, but the reality is that wheat lines selected and bred in the northern latitudes of North America likely evolved by expressing tolerance to abiotic pressure related to cold soils (E). Improvements over conventional genetics may be needed if planting spring wheat in late-fall or early-winter was adopted as opposed to late-winter or early-spring planting, which would necessitate the consideration for a “flex wheat” that would possess traits tailored to an ultra-early seeding system.



Crop management strategies for reducing the impact of environment on ultra-early wheat seeding systems should reduce abiotic and/or biotic stresses and increase grain yield and growing system stability, thereby moving the growing system closer to achieving potential yield [48]. A systems-based approach focused on managing G × E × M interactions has been shown to improve grain yield and resiliency. Kirkegaard and Hunt [49] implemented a systems-based management approach accounting for wheat genetics, agronomic management and environmental variation in a wheat cropping system and demonstrated the ability to increase growing system stability and yield potential by three times. In this approach, the total yield benefit was greater than the sum of the individual components indicating a synergistic effect of successful G × E × M management. Growing systems designed to capitalize on G × E ×M interactions can maintain current yield potential in the presence of adverse environmental effects, and result in increased grain yield and increased growing system sustainability providing an avenue for future intensification [50,51,52]. In the proposed management of ultra-early wheat growing systems, the use of high performing spring wheat cultivars already available to growers combined with optimal seeding rates and shallow seeding depths further enhance grain yield and stability of yield over time. These enhancements are derived from system exploitation that leads to greater plant stands, increased crop uniformity from reduced tillering and more main stems across the field, capture of early-season GDD accumulation and extended vegetative and grain-fill periods [50]. Additional management strategies to limit negative effects of abiotic stress early in the growing season can be stacked onto these components. For example, previous studies have reported on the beneficial effects of fungicidal and dual fungicidal/insecticidal seed treatments to reduce abiotic stress, disease and insect pressure, and increase plant stand and grain yield in cereals [53,54,55]. This study included a fungicidal seed treatment to reduce seed and soil borne diseases as confounding effects. Cold wet soils at planting, extended periods from planting to emergence, and observed reduced emergence from deeper seeded treatments suggest effective seed treatments should be considered an integral part of abiotic and biotic stress management for optimized ultra-early wheat seeding systems.



Optimizing the planting rate increased grain yield and grain yield stability in ultra-early seeding. The optimum planting rate used in this study (400 seeds m−2) increased grain yield by 5.5% over the lower planting rate, and was the variable most strongly tied to increased system stability (Table 3, Figure 6). The optimum planting rate increased the number of plants and leaf area per unit area despite having a greater mortality than the low planting rate treatments. The ability to withstand mortality and maintain a suitable plant stand is an important yield stabilizing characteristic of using optimum planting rates in an ultra-early wheat seeding system. Increased grain yield from both the optimum planting rate and earlier planting resulted in minor decreases in grain protein concentration, however, the increase in grain yield resulted in greater total protein production per unit area.



Reduced survival for plants seeded at a 5 cm depth compared to those seeded at 2.5 cm was indicated by a significant decrease in initial plant counts and heads m−2 (Table 3). This may be attributed to a combination of delayed emergence and reduced vigor, resulting from stressful growing conditions and extensive use of seed carbohydrate reserves. Semi-dwarf hexaploid wheats such as “LQ1299A” and “LQ1315A” tend to have reduced coleoptile length relative to conventional height wheats [56,57]. Reduced coleoptile length, combined with reduced vigor at emergence due to deeper seeding, may account for reduced plant survival. While no grain yield penalty was observed for planting at a 5 cm depth, the reduction in plant stand and minor observed increase in aCV at 5 cm depth versus 2.5 cm depth indicate overall yield potential may be negatively impacted by deep seeding. This impact may be more prominent when abiotic or biotic stresses result in increased mortality during the growing season. This recommendation differs from that of Cann et al. [45] primarily due to the availability of soil moisture after spring snow melt on the northern Great Plains.




4.4. Producer Level Implementation


Producer implementation of ultra-early wheat seeding on the northern Great Plains requires relatively minor adjustments to current management practices. Collier et al. [8] reported maximum wheat grain yield was realized when planting occurred prior to soils reaching 3.9 °C. The results of the present study corroborate this conclusion and indicate the ideal seeding window is between soil temperatures of 0 and 7.5 °C. Producers in the southern region of the northern Great Plains have the opportunity to adopt ultra-early seeding across larger regions as slower warming of the soil and less snow cover allow more area to be sown prior to reaching 7.5 °C soil temperatures. In the northern areas of the northern Great Plains producers may have to select fields based on drainage and accessibility in the early spring in order to successfully implement ultra-early seeding where it is best suited to their farm. Significant management and equipment adjustments are not required; however, consideration may be given to equipment that limits compaction, residual herbicide systems that can be applied in the fall as ultra-early seeding will preclude a spring pre-seed herbicide application, and fertilizer applications in the fall that can reduce downtime during spring planting. Producers should use optimum seeding rates of not less than 400 seeds m−2, and higher if seed quality is sub-optimal or variety specific optimum seeding rate data is available. A shallow seeding depth of 2.5 cm decreased time to emergence and increased plant stand. Combined with ample spring moisture at ultra-early seeding times, shallow seeding can help maintain growing system stability.





5. Conclusions


Wheat grain yield and growing system stability can be increased by moving wheat planting earlier in the year on the northern Great Plains. Ideal planting time can be determined using a soil temperature trigger-based seeding system, and seeding can begin as soon as is feasible after 0 °C soil temperatures are reached. Ultra-early wheat seeding systems can be optimized by using seeding rates of 400 seeds m−2 or higher, which increases grain yield and decreases grain yield variability, thus increasing overall growing system stability. Seeding depth did not have a direct effect on grain yield, however shallow seeding resulted in increased plant populations and maintained growing system stability. A delay in wheat plantings i.e., soil temperatures ≥7.5 °C to 10 °C will introduce greater yield instability and inferior yield attainment well below potential. For example, through the duration of this study, if planting wheat on May 1 in Lethbridge, Alberta when the average soil temperature was 13.6 °C as opposed to planting based on a soil temperature trigger of 0–2.5 °C, a grower would experience an annual loss in gross revenue of approximately $206 ha−1.



Future adoption of ultra-early seeding may be necessary due to climate driven increases in average growing season temperature and either decreases in, or changes to, precipitation patterns. Similar environmental factors constraining grain yield are currently faced in Australia and the United States Pacific Northwest where similar early-sowing approaches are being evaluated to improve G × E × M synergies. Future work in western Canada will evaluate weed management and fertility programs for ultra-early wheat seeding systems, as well as evaluate multiple classes of conventional western Canadian wheat and durum wheat for adaptation to ultra-early seeding systems.
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Figure 1. Geographical distribution of test locations for the assessment of planting date, rate, depth and wheat line on ultra-early wheat seeding systems on the northern Great Plains. (The Atlas of Canada—Natural Resources Canada. http://ftp.geogratis.gc.ca/pub/nrcan_rncan/raster/atlas_6_ed/reference/bilingual/prairies_out.jpg). Adapted from Collier et al. [8]. 
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Figure 2. Growing degree day (base 0 °C) (GDD B0) accumulation at the Lethbridge, Alberta sites, 2015–2018. The position of each triangle indicates the initial seeding date in each year in relation to GDD B0 accumulation for the growing season (March 1 to September 1). 
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Figure 3. Wheat grain yield as a function of planting date (PD) at 13 environments on the northern Great Plains. PD 1 corresponds to a soil temperature of 0–2.5 °C, with each successive PD equal to a 2.5 °C increase in soil temperature. The lines represent linear regressions for grain yield when planted at 200 seeds m−2 or 400 seeds m−2. (***) Significant at p < 0.001. 
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Figure 4. Average leaf area index (LAI) values from 5 June to 1 July at Lethbridge, Alberta sites 2015–2018 for each planting date, overlaid with 2015–2018 average GDD B0 accumulation during the same time period. Planting dates 1–3 had significantly greater LAI than planting date 4 on June 5 (p < 0.05). No significant differences in LAI between planting times was present 13 June to 1 July. 
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Figure 5. Average leaf area index (LAI) values from 5 June to 1 July at Lethbridge, Alberta sites 2015–2018 for each seeding rate, overlaid with 2015–2018 average GDD B0 accumulation during the same time period. The optimum seeding rate (400 seeds m−2) had significantly greater LAI than the 200 seeds m−2 seeding rate on 5 June and 13 June (p < 0.05). No significant differences in LAI between seeding rates was present 21 June to 1 July. 
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Figure 6. Biplots summarizing grain yield means vs. adjusted coefficient of variation (aCV) for each wheat line; “LQ1299A” (A), and “LQ1315A” (B). Abbreviations are as follows: (I) The first number represents the seeding rate (400—400 seeds m−2, 200—200 seeds m−2). (II) The second word represents the sowing depth (Shallow—2.5 cm, Deep—5 cm). (III) Colours represent the planting date as indicated in the legend above (Planting Date 1–4, 1 equaling 0–2.5 °C soil temperature). Grouping categories are divided by a vertical line representing the mean aCV and a horizontal line representing the mean grain yield: Group I: high mean, low variability; Group II: high mean, high variability; Group III: low mean, high variability; Group IV: low mean, low variability. 
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Table 1. Agroecological data, precipitation, post-seeding air temperature extremes and cumulative freezing events recorded at each location x year.
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Location

	
Latitude/Longitude

	
Agroecological Region

	
Soil Zone

	
Average Yearly Precipitation * (mm)

	
Year

	
Actual Precipitation (mm)

	
Earliest Seeding Date **

	
Number of Days with Air Temperature below 0 °C after Initial Seeding Date

	
Lowest Air Temperature Recorded after Seeding (°C)






	
Dawson Creek, BC

	
55°48′ N 120°14′ W

	
Parkland

	
Grey Wooded

	
453

	
2015

	
325

	
16 April

	
12

	
−5.0




	
2016

	
542

	
21 April

	
11

	
−6.1




	
Edmonton, AB

	
53°33′ N 113°29′ W

	
Parkland

	
Black

	
446

	
2015

	
299

	
9 April

	
12

	
−4.2




	
2016

	
510

	
29 March

	
11

	
−3.6




	
2017

	
416

	
5 May

	
0

	
2.3




	
Lethbridge, AB

	
49°41′ N 112°50′ W

	
Western Prairies

	
Dark Brown

	
380

	
2015

	
251

	
6 March

	
37

	
−6.7




	
2016

	
338

	
16 February

	
36

	
−10.2




	
2017

	
249

	
20 March

	
17

	
−7.6




	
2018

	
284

	
23 April

	
2

	
−1.2




	
Regina, SK

	
50°26′ N 104°35′ W

	
Western Prairies

	
Dark Brown

	
397

	
2015

	
347

	
21 April

	
11

	
−5.0




	
Scott, SK

	
52°21′ N 108°49′ W

	
Western Prairies

	
Dark Brown

	
366

	
2016

	
415

	
2 April

	
21

	
−9.8




	
2017

	
300

	
31 March

	
27

	
−9.4




	
Swift Current, SK

	
50°18′ N 107°46′ W

	
Western Prairies

	
Brown

	
357

	
2015

	
304

	
10 April

	
23

	
−6.4








* 1981–2010 average yearly precipitation accumulation. ** Based on 0–2.5 °C soil temperature trigger date. Initial planting at Dawson Creek, BC in 2015 and 2016, and Edmonton, AB in 2015 occurred after soil temperatures reached 2.5 °C, but prior to soils reaching 4 °C. Planting delays were due to inaccessibility of trial sites early in the season. In these cases, each successive planting date was delayed so that a differential of 2.5 °C in soil temperature between each planting date was maintained.
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Table 2. Classification of cold tolerant lines, and parent lines.
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	Line
	Parental Lines
	Parental Lines Canadian wheat Classification
	Experimental Designation
	Reference





	“LQ1299A” Ɨ
	Norstar/Bergen
	CWRW Ŧ/DNS β
	Cold Tolerant ¥
	Larsen 2012



	“LQ1315A” Ɨ
	Norstar/Bergen
	CWRW/DNS
	Cold Tolerant
	Larsen 2012







¥ Cold tolerant lines were selected from 92 double haploid lines from a Norstar/Bergen cross initially completed at AAFC Lethbridge. Cold tolerant lines were selected based on spring growth habit, demonstrated cold tolerance using LT50 tests, and yield and quality parameters [8,25]. Ŧ Canada Western Red Winter. β Dark Northern Spring. Ɨ Undetermined Classification.
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Table 3. Least square means for grain yield, grain quality, and select agronomic parameters affected by ultra-early planting.
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	Yield

(Mg ha−1)
	Protein (%)
	Test Weight (kg hL−1)
	Thousand Kernel Weight (g)
	Height (cm)
	Plants m−2 ¥
	Heads m−2 ¥
	Heads plant−1 ¥





	Planting Date (PD) Ŧ
	
	
	
	
	
	
	
	



	1 (Earliest)
	4.95
	11.9
	77.2
	34.1
	78
	200
	390
	2.2



	2
	4.93
	12.0
	77.4
	34.0
	78
	214
	383
	2.0



	3
	4.84
	12.1
	77.5
	34.2
	77
	198
	361
	2.0



	4 (Latest)
	4.57
	12.2
	77.3
	34.5
	78
	192
	360
	2.1



	F-Test
	**
	**
	NS
	*
	NS
	*
	***
	NS



	SED
	0.10
	0.07
	
	0.2
	
	8
	9
	



	LSD0.05
	0.20
	0.1
	
	0.4
	
	15
	17
	



	Linear
	***
	**
	
	*
	
	NS
	***
	



	Quadratic
	NS
	NS
	
	NS
	
	NS
	NS
	



	Wheat Line (WL)
	
	
	
	
	
	
	
	



	“LQ1299A”
	4.81
	12.1
	77.0
	34.2
	77
	207
	374
	2.0



	“LQ1315A”
	4.83
	12.0
	77.7
	34.2
	78
	195
	373
	2.1



	F-Test
	NS
	***
	***
	NS
	***
	***
	NS
	***



	SED
	
	0.04
	0.06
	
	0.3
	3
	
	0.04



	LSD0.05
	
	0.07
	0.1
	
	0.5
	7
	
	0.08



	Seeding Rate (SR)
	
	
	
	
	
	
	
	



	200 seeds m−2
	4.69
	12.1
	77.1
	34.3
	77
	166
	349
	2.3



	400 seeds m−2
	4.95
	12.0
	77.6
	34.0
	78
	237
	398
	1.8



	F-Test
	***
	***
	***
	**
	NS
	***
	***
	***



	SED
	0.04
	0.04
	0.06
	0.1
	
	3
	4
	0.04



	LSD0.05
	0.08
	0.07
	0.1
	0.2
	
	7
	9
	0.08



	Seeding Depth (SD)
	
	
	
	
	
	
	
	



	2.5 cm
	4.82
	12.1
	77.3
	34.0
	78
	208
	383
	2.1



	5.0 cm
	4.82
	12.0
	77.4
	34.3
	77
	195
	364
	2.1



	F-Test
	NS
	NS
	NS
	**
	NS
	***
	***
	NS



	SED
	
	
	
	0.1
	
	3
	4
	



	LSD0.05
	
	
	
	0.2
	
	7
	9
	



	WL × SR
	NS
	NS
	NS
	NS
	*
	NS
	NS
	**







(***) Significant at p < 0.001. (**) Significant at p < 0.01. (*) Significant at p < 0.05. (NS) Not Significant. (SED) Standard error of the difference. (LSD0.05) Least Significant Difference at p < 0.05. (Ŧ) Planting date as determined by soil temperature triggers. Planting Date (PD) 1 corresponds to a soil temperature of 0–2.5 °C, or as soon after this trigger soil temperature as the site could be planted. Each successive PD corresponds to a 2.5 °C increase in soil temperature from the previous PD. Only interactions with significant effects have been reported. ¥ Data not included from four location × years, Regina, Swift Current, Edmonton 2015, and Lethbridge 2016.
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Table 4. Least square mean values for crop physiological development stage, duration, and related period lengths for ultra-early planted wheat.
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	Days to Emergence
	Days to Anthesis
	Days to Maturity
	Emergence to Anthesis (Days)
	Anthesis to Maturity (Days)
	Emergence to Maturity (Days)





	Planting Date Ŧ
	
	
	
	
	
	



	1 (Earliest)
	25.4
	82.8
	124.7
	58.0
	43.3
	102.2



	2
	18.9
	76.4
	117.7
	58.2
	42.2
	101.4



	3
	14.5
	70.2
	110.9
	55.5
	41.2
	98.1



	4 (Latest)
	11.4
	66.1
	104.7
	55.0
	39.0
	95.6



	F-Test
	***
	***
	***
	***
	***
	***



	SED
	1.6
	1.6
	1.6
	0.7
	0.8
	1.1



	LSD0.05
	3.2
	3.1
	3.1
	1.3
	1.6
	2.3



	Linear
	***
	***
	***
	***
	***
	***



	Quadratic
	NS
	NS
	NS
	NS
	NS
	NS



	Wheat Line (WL)
	
	
	
	
	
	



	“LQ1299A”
	17.3
	73.7
	114.4
	56.6
	41.4
	99.4



	“LQ1315A”
	17.8
	74.0
	114.6
	56.8
	41.5
	99.2



	F-Test
	**
	*
	NS
	NS
	NS
	NS



	SED
	0.1
	0.1
	
	
	
	



	LSD0.05
	0.3
	0.3
	
	
	
	



	Seeding Rate (SR)
	
	
	
	
	
	



	200 seeds m−2
	18.3
	74.0
	115.2
	56.3
	41.9
	99.1



	400 seeds m−2
	16.9
	73.7
	113.9
	57.0
	41.0
	99.5



	F-Test
	***
	NS
	***
	**
	**
	NS



	SED
	0.1
	
	0.2
	0.2
	0.2
	



	LSD0.05
	0.3
	
	0.4
	0.4
	0.5
	



	Seeding Depth (SD)
	
	
	
	
	
	



	2.5 cm
	17.0
	73.5
	114.2
	56.8
	41.5
	99.5



	5.0 cm
	18.1
	74.2
	114.8
	56.6
	41.4
	99.1



	F-Test
	***
	***
	**
	NS
	NS
	NS



	SED
	0.1
	0.1
	0.2
	
	
	



	LSD0.05
	0.3
	0.3
	0.4
	
	
	



	PD × SD
	**
	NS
	NS
	NS
	NS
	NS



	PD × SR
	**
	NS
	NS
	NS
	NS
	*



	WL × SR
	NS
	*
	NS
	NS
	NS
	NS



	PD × WL × SR
	NS
	*
	NS
	NS
	*
	NS







(***) Significant at p < 0.001. (**) Significant at p < 0.01. (*) Significant at p < 0.05. (NS) Not Significant. (SED) Standard error of the difference. (LSD0.05) Least Significant Difference at p < 0.05. (Ŧ) Planting date as determined by soil temperature triggers. Planting Date (PD) 1 corresponds to a soil temperature of 0–2.5 °C, each successive PD corresponds to a 2.5 °C increase in soil temperature from the previous PD. Only interactions with significant effects have been reported. Data not reported for all environments.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png
Accumulated GDD (Base 0°C)

3000

2500

2000

1500

1000

500

ol

01-Mar

16-Mar

31-Mar

15-Apr

30-Apr

15-May 30-May  14-Jun
Calendar Date

29-Jun

14-Jul

29-Jul

13-Aug

28-Aug

—2015
—2016
2017
—2018

A Initial Seeding
Date





nav.xhtml


  agronomy-11-00240


  
    		
      agronomy-11-00240
    


  




  





media/file2.png
-
-.——-.--—
PR —— - —
T — . — 0 — . —

%

] ‘i.\m\ DA
— p
,J-"\

- f

. ~ !
; af 'y
j 5 A

.:IDawson Creek, BC. l
/ =

: V?\; i i
/ -~ MANITOBA/
. : .. &z /

' l \ _ o /
"~ *Edmonton, ABI l 1 /,-
& ’ W N /~ PRAIRIE PROVINCES
’- : ool | | PROVINCES DES PRAIRIES
\' H A ' l; ',' -‘"'\_ .
\ ALBERTA | _ Scott, SK. ].:;
¥ N i N '

| l

\*ﬁ_ | . 51°North Latitude
] - Switt : | ¥ A
): *Lethbridge!AB. Current, SK. P . o ‘

\ i ASKATCHEWAN | h

. S— —
I s 5 — — — — — — —

Scale / Echelle
© 2002. Her Majesty the Queen in Right of Canada, Natural Rescurces Canada, h?- e ’ 100 2,“ ?h
Sa Majes2é la Rene du chef du Canada, Ressources naturelles Canade.

From Natural Resources Canada 2019. Adapted by G. Collier





media/file5.jpg
i i 0000t

1597+ (01158470)

GrainYield (g ha')
-

i Vi (200 seuds )« 49829+ (0143970)

Planting Date





media/file3.jpg
Accumulated GDD (Base 0°C)

H

H

H

H

H

Do e S A o ISw OMa lewe Bae W B DAk BAr
“Calendar Date

Az





media/file1.jpg
// PRAIRIE PROVINCES
(s

$1° North Latitude.

1
T .
Lk Ko

—f

P N e Gl 15 Aty . Col





media/file7.jpg
Leaf Area Index

S PP PP,

)
= - PngOwe 3 = PigOon? — PO

I PP

o7
Avaage GOO Accumstion Leihbidge 2015 - 2018

GOD Accumulstion (Base 0]





media/file10.png
Leaf Area Index

1.6

14

12

0.8

0.6

0.4

0.2

NN

g

N

él

4 Em s @mm s Em s Es s =m s ER e Em e T,

-
en®
L
an®
------
an®
se®
.
.
.

NG

N

200 Seeds m™

e

NS N

K

e
ann®
sae®

Y FFFFFIFTFTFFFIFHIS &S
rd , NQI NI 0’ &l “’ , td GI NI w’ %’ ' %f Cd

%

-
an?®
-----
)
o

™

& ¢ & & ,v\&
DAY Ay A o) Y O

A AN A

Calendar Date

- - 400 Seeds m™?

Average GDD Accumulation Lethbridge 2015 — 2018

1400

1200

1000

800

600

400

200

GDD Accumulation (Base 0°C)





media/file12.png
53

Group 1 Group II
5.2 ‘he .
400 Shallow \.400—5"“"““
5.1
100 Shallow -2 , N 400_Deep
s 400 _Shallow / « 400_Deep
- 400 _Deep
.g 4.9 200 Deep—@ ® 200 _Shallow
b _
= ® 400_D
ee
% ® 200 _Shallow —eep ® 200_Deep
pe i 400 Shallow
= ® ® 200_Shallow
s 4.6 ® 200 Deep
&)
4.5
® 200 Deep
4.4
® 200_Shallow
4.3
Group IV Group I A
4.2
43 45 47 49 51 53 5§
Adjusted Coefficient of Variation (%)
. Planting Date 1 ‘ Planting Date 2 ' Planting Date 3 . Planting Date 4
53
Group | Group Il
5.2 [400_Dccp
5.1 . 400_Shallow
400_Shallow
S 400 Deep-g 200_Shallow
a - 400_Shallow
: ~ ® 200 Dee
< — _veep
=49 400_Deep L/ 200_Shallow ® 200_Decp
50 o -
=
4.8 2
= ® 200 Shallow 200_Deep
- e ® 400_Shallow
=4
- 400_Deep
& 4.6
& 200 _Deep
4.5
4.4 200 Shallow
4.3 B
Group IV Group I
4.2
43 45 47 49 51 53 55

Adjusted Coefficient of Variation (%)





media/file9.jpg
LestArea ndex

]
60D Accumaton (Base 0°€)

G PP I F S TIPS IS

“conaarome
B T —






media/file0.png





media/file8.png
Leaf Area Index

1.6

1.4

1.2

0.8

0.6

0.4

0.2

0

AT o S S T
G

-Q\
NN
F N

= = Planting Date 1

ST
AN N,

N:?r‘ ’»br ,\:‘\ ¢

- =Planting Date 2 = -Planting Date 3 - -Planting Date 4

1400
.......................... 1200
1000
800
600

400

200

NS
AP T S S A A P I
¥y g g g g ol Ry A Y ©

Average GDD Accumulation Lethbridge 2015 — 2018

GDD Accumulation (Base 0°C)





media/file11.jpg
X G | g
2o — T
Za
E S pr—
54 et e
i o
B it p—
et Conto Vrnin )
B ——
- P
i
o
2 B

“Ndnted Coctcent of ariton %)





media/file6.png
Grain Yield (Mg ha)

54

5.4

4.8

4.6

4.4

4.2

Grain Yield (400 seeds m2) =5.1587 + (-0.1158 x PD)
R BO Nk

e,
Sy
T
-
—
—
—
—
—
—
—
--
L]

* -,
‘.
—

Grain Yield (200 seeds m=) = 4.9829 + (-0.1439 x PD)
R2 = 0.00%***

Planting Date





