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Abstract

:

Lodging in cereal crops can result in yield loss and harvesting difficulties for growers. Application of plant growth regulator (PGR) has been an indispensable management practice to reduce lodging problems that are often exacerbated during high wind growing conditions and/or high nitrogen (N)/water environments, but the data is limited in the Columbia Basin of Oregon. The objective of this research was to evaluate the effect of two PGR products (chlormequat chloride-CC, trinexapac-ethyl-TE) at different rates and application timings on two soft white winter wheat varieties (ORCH-102 and SY Ovation). Crop growth (stem height and thickness), yield-related (spike density as ears m−2, seeds per spike, grain weight) and quality parameters (test weight, protein) were measured for two cropping seasons from October 2017 to July 2019 following the application of the two PGR products at tillering (GS21-26), stem elongation (GS30-32), and/or flag leaf (GS37-39) stages under a high-N fertilizer scenario. In both growing seasons, no lodging problems were recorded for any treatments. The plant height was reduced after PGR application, but the impact on stem thickness was limited. PGR application slightly affected wheat yield, yield components, testing weight, and protein level in both growing seasons. Our results suggested that the effect of PGR application is relatively limited if no lodging problem occurred.
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1. Introduction


Soft white winter wheat (SWWW) (Triticum aestivum L.) is among the most important grain crops in the Columbia Basin of Oregon, and its production viability depends greatly on the adoption of newly released high-yielding varieties. Therefore, there is a need for updated information on how to best integrate these varieties into intensive production systems [1]. Wheat cultivated in the irrigated fields of the Columbia Basin is grown under various rotational schemes with potatoes, onions, corn, seed grasses, grain legumes, etc. Sustainable wheat production depends on high-yielding varieties responsive to inputs and cost-effective management practices, including efficient use of irrigation water, fertilizers, and pesticides.



The most yield-limiting nutrient for wheat is usually nitrogen (N) even though its optimum level of application is difficult to assess and depends on previous crop and soil type. The consideration of N mineralization plus accurate ammonium-N (NH4+-N) and nitrate-N (NO3−-N) in soil tests is important in order to predict the amounts of fertilizer applications in both non-tilled (NT) and conventionally tilled (CT) wheat cropping systems. Horneck et al. [2] reported that the irrigated SWWW requires 308 to 336 kg N ha−1 to achieve optimum yield provided that the plant rooting depth is adequate, and irrigation water is sufficient. Under optimum conditions, wheat yields of 12.6 t ha−1 can be achieved [2]. Most commonly, N applications may be split as two times, i.e., in fall at planting and the next spring. It has been found that when wheat is sowed from October to early November under CT systems, it usually does not benefit from “starter” fertilizers when phosphorus (P) and potassium (K) in soil tests are adequate because the previous crop (e.g., grass seed, legumes, peppermint, or vegetable crops) most likely has provided a small amount of N [2,3]. In case that the winter wheat is planted after a crop with limited residual N in the soil (e.g., cereal crops) or it is planted later than the schedule, a small amount of N as 22–34 kg N ha−1 is needed [2,4]. Spring N application plays a very important role in wheat yield. Generally, the residual NO3−-N at 60 cm (even 90 cm) and the residual NH4+-N at 30 cm will be factored as soil available N when calculating supplemental N application rates [2]. Other factors include the previous crops and yield target in order to decide fertilizer N application rate.



A chronic worldwide constraint to sustainable wheat production is lodging that often decreases photosynthetic ability and biomass production, deteriorates seed quality, and creates difficulties to harvest operations [5,6,7]. Wheat and rice are highly prone to lodging during late vegetative growth and at reproductive stages [8,9], exaggerating the need for additional research efforts. Lodging in cereals can be defined as the permanent displacement of stems from the vertical position, which could result from either plastic failure of the stem base (stem lodging) or failure of the belowground anchorage system (root lodging) [7]. Both stem and root lodging can be classified as plant lodging [10,11]. Wheat grain yield reduction due to lodging varies between genotypes and can reach 8–61% [7,12,13]. However, genetics are not the only reason for resistance to lodging [14]; several agronomic management practices can also affect the production of thicker stems and stronger root systems [15,16]. Nitrogen levels, plant density, sowing date, seed type, soil strength, light intensity, soil moisture, diseases (i.e., eyespot infection), as well as weather extremes, such as wind speed and heavy rainfall, are all factors contributing to lodging [8]. Under high plant densities and/or luxuriant N applications, cereal crops substantially elongate stems, which can increase the risk of lodging and a significant reduction in yield [7,8,16].



In field practices, three plant growth stage scales, such as BBCH scales [17], Zadoks scale [18] and Feekes scale [19], are often referred in deciding the PGR application timing. In order to prevent lodging in winter wheat, many of the available plant growth regulators (PGRs) are applied prior to and/or during stem elongation (BBCH GS30-32) with the aim to produce lower internodes with shorter lengths (between 7 and 20 cm depending on variety and PGR applications), thicker stems and stem cell walls. PGRs are synthetic compounds that either mimic plant hormones or interrupt biosynthesis of plant hormones, which may alter the growth and development of the plant [20]. By reducing the overall plant height or increasing stem thickness, applications of PGRs may lessen the lodging potential of plants. Currently, there are five classes of plant hormones (i.e., auxin, gibberellin, cytokinin, ethylene, and abscisic acid) which can affect plant growth individually or interactively [20].



PGRs are effective if applied at the proper crop growth stage. Splitting applications may increase the likelihood of matching application timing with appropriate growing conditions and phonological stage. Selective breeding has produced wheat varieties, which are semi-dwarf, due to the presence of Rht genes, which were selected for good stem strength and lodging resistance [3]. When semi-dwarf genes are absent, applications of PGRs could reduce lodging occurrence. Applications of PGRs are also found to increase the number of the seeds produced per unit area, thus becoming a well-adopted practice for cereal productions in Europe (e.g., France, Germany, and the UK), New Zealand, United States, and South America (i.e., Chile). Harvest index may also be increased by producing a greater grain yield and by reducing biomass produced [9,21].



The role of several main PGRs was found as inhibiting gibberellin biosynthesis at an early stage (e.g., chlormequat chloride (CC) and mepiquat chloride) or at a late stage (e.g., trinexapac-ethyl (TE) and prohexadione-Ca) or releasing ethylene (i.e., Ethephon) [22]. Cereal growers have used Chlormequat chloride for over 60 years [9], as an important group of PGRs for growth retardants. The use of CC to control lodging in wheat is considered the largest application for PGRs [23,24]. Trinexapac-ethyl (4-(cyclopropyl-a-hydroxymethylene)-3, 5-dioxo-cyclohexanecarboxylic acid ethylester) was introduced a few decades ago as an acylcyclohexanedione inhibitor of the 3b-hydroxylation of gibberellic acid [22,25]. It offers more flexibility in the timing of application and is commercially labeled as Palisade EC™ and registered in the United States by Syngenta Crop Protection Inc. According to its label, common application rates for cereal crops range from 841 to 1009 g ha−1. The optimum time for TE application is at the onset of stem elongation (GS30-32) and before the emergence of the flag leaf (GS37-39). TE may interfere with the biosynthesis of gibberellic acid to reduce cell elongation, and as a result, it shortens the internodes and strengthens the stem. A shorter and thicker stem may help cereal crops reduce lodging and improve yields. Applications of TE in combination with N applications as early as pseudo-stem erection (GS30) has gained more interest in the Columbia Basin of Oregon as a means to reduce lodging and potentially improve winter wheat yields, but in-depth research is still limited.



In order to better understand the interaction of N fertilization and PGR applications (CC, TE) on wheat growth and productivity, in-depth research on effects of PGRs on grain yield and quality across different classes of wheat cultivars is needed. It is indispensable to guarantee that farmers in the region have the tools and management options necessary to maximize profitability; therefore, it is very important for them to better understand their agronomic management options when growing irrigated SWWW on fields with high soil N, such as those of Columbia Basin of Oregon. Precise application and kind of PGRs at the optimum growth stage to individual SWWW cultivars may achieve more consistent grain yield gains. From 2017 to 2019, we conducted two field trials with two predominantly grown SWWW cultivars. Through evaluating lodging potential, plant growth, yield, and yield components, the objectives of the study were: (i) To examine how applications of PGRs affect growth and production of SWWW under high N rates as early as stem elongation and/or flag leaf emergence; and (ii) to determine the interactions of N fertilization and PGR application and identify the best combination of N rate and PGR application to reduce lodging and improve grain yield and quality.




2. Materials and Methods


2.1. Experimental Location


Field trials were conducted at the Oregon State University-Hermiston Agricultural Research and Extension Center, Hermiston, OR (Latitude: 45°50′25″ N, Longitude: 119°17′22″ W, and Elevation above sea level: 140 m) from 2017 to of 2019 on an Adkins fine sandy loam (mesic Fluvaquentic Endoaquepts) soil. Soil properties can be referred to in Table 1. The location of the study belongs to a semi-arid climate with an annual precipitation of 264 mm, an averaged low temperature of 5 °C, and an averaged high temperature of 18.9 °C [26].




2.2. Plant Material


Two widely grown SWWW varieties that are regionally well adapted were selected for the present study: ORCF-102 and SY Ovation. The choice of these SWWW varieties was based on reasons related to resistance on disease pressure, on grain yield target and grain quality specifications and seed availability. These varieties are popular among farmers in Columbia Basin of Oregon. ORCF-102 is a variety developed by Oregon State University and the BASF Corporation in cooperation with USDA-ARS. It is an awned, short-statured, semi-dwarf variety with high yields across a wide range of environments in Oregon and Washington and disease resistance (e.g., straw breaker (eyespot) footrot, and current races of stripe rust) [27]. Straw strength of ORCF-102 is good, and lodging has not been observed in any production environment. SY Ovation is a short-statured SWWW variety with medium maturity and released in 2012 by AgriPro (Syngenta Cereals). It has been listed with a consistently high yield potential across the Pacific Northwest, with good straw strength and disease resistance [28]. It is well adapted in moderate to high rainfall regions of western Idaho, eastern Washington, north-central and northeastern Oregon and in irrigated production in Washington and the southern Snake River region of Idaho.




2.3. Planting and Management


Both varieties were sowed on 30 October 2017, and 26 October 2018, under a central pivot irrigation system. The irrigation was scheduled from April to June in each growing season with a water amount of 54.6, 144.8, and 139.7 mm in the 2017–2018 trial and of 50.8, 148.1, 197.1 mm in the 2018–2019 trial, respectively. The precipitation in March, April, May, and June was 11.7, 36.3, 15.5, and 7.4 mm in the 2017–2018 trial and 18.8, 26.2, 29.7, and 3.6 mm in the 2018–1029 trial.



In both growing seasons, sowing density was 300 seeds m−2 and sowing depth 1.3 cm. Each variety was sowed with a 9-row cone planter in a pass of 2 m wide. Plot dimensions were 2 by 10 m. For each variety, there were 36 plots in the first trial and 40 plots in the second trial, respectively, arranged in a randomized complete block design with four replicates. In both seasons, a starter fertilizer (a combination of urea (CH₄N₂O) and ammonium sulfate ((NH4)2SO4)), including 67 kg N ha−1 and 11 kg S ha−1 was incorporated into the soil prior to planting to a depth of 20 cm.



In spring, N and S fertilizers were top-dressed to satisfy the requirements of plant growth and grain production according to Oregon State University production guide. Seasonal fertilizers were applied on 30 March 2018, for the first trial. Within the trial, one treatment did not receive any fertilizer (N0), one treatment received 168 kg N ha−1, 22 kg S ha−1, and 0.6 kg Zn ha−1 (normal N regime, N1) that was consistent with growers’ practices in the region, and seven treatments received 280 kg N ha−1, 22 kg S ha−1, and 0.6 kg Zn ha−1 (high N regime, N2), (Table 2). Throughout the trial, the total N rates were 67, 235, and 347 kg ha−1 for N0, N1, and N2, respectively.



In the second trial, one treatment did not receive any fertilizer (N0), while nine treatments received a total amount of 168 kg N ha−1, 22 kg S ha−1, and 0.6 kg Zn ha−1 on 3 April 2019, which represented the growers’ standard practices (N1). Among these treatments, on 19 April 2019, eight treatments received an additional 168 kg N ha−1 to create high N regimes (N2). Based on the observations of the first trial in 2018 where no lodging occurred when a high amount of N fertilizer was applied in one dose, it was decided to split the N fertilization into two doses. The split N fertilizer application strategy was used in order to minimize N losses through leaching (due to the coarse-textured soil types) and improve N use efficiency. Throughout the trial, the total N rates were 67, 235, and 403 kg ha−1, for N0, N1, and N2, respectively. For both trials, the high N regimes were applied in order to promote the occurrence of lodging and to thoroughly test the efficacy of the PGR products.




2.4. Application of PGRs


The PGR treatments were applied in April and May in 2018 and 2019, respectively, including all combinations of PGR products, application rates, and timing (Table 2). The PGR products include Palisade (a.i. 12% TE) and Adjust (Pending Registration; a.i. 55% CC). The PGR application timing was at three BBCH plant growth stage, i.e., tillering (GS21-26), stem elongation (GS30-32), and flag leaf (GS37-39).



In the first trial, PGRs were applied to plots of high N regimes, including 1.004 L ha−1 of Adjust (a.i.) applied at GS30-32 (CC-A), GS37-39 (CC-B), and at both stages (i.e., 10.562 L ha−1 at GS30-32 and 0.442 L ha−1 at GS37-39) (CC-AB). Additionally, 0.126 L ha−1 of Palisade (a.i.) applied at GS30-32, a combination of 0.126 L ha−1 of Palisade (a.i.) applied at GS30-32 and 0.442 or 1.004 L ha−1 of Adjust (a.i.) applied at GS37-39, representing as TE, TE/CC1, and TE/CC2, respectively, as well as a non-PGR application control (N2). In the second trial, additional treatment with 1.004 L ha−1 of Adjust (a.i.) was applied during the tillering stage (GS21-26), representing as CC-C. Meanwhile, a normal N treatment (N1) and non-fertilizer treatment (N0) were included in the trial. The PGR applications were sprayed on crop foliage using a backpack sprayer. For the first trial, the PGR applications were carried out on 21–22 April at GS31-32 stage and/or on 4 May 2018, at GS37-39. For the second trial, PGRs were applied on 3 April, during GS21-26, 20 April during GS30-32, and/or 22 May 2019, during GS39. It should be noted that herbicide or fungicides were not co-applied as a tank mix with PGR treatments.




2.5. Plant Growth, Yield Measurement, and Data Analysis


The lodging resistance score was assessed with visual field observations with a numeric scale from 1–9, representing as the most serious-lodging to no-lodging status. Plant height (cm) and stem thickness (mm) were measured twice: At water ripe when first grains have reached half of their final size (GS 71) on 25 May 2018 and on 3 June 2019, and at physiological maturity (GS92) on 25–26 June 2018 and on 15–17 July 2019, respectively.



Plots were harvested using a small-plot combine on 31 July 2018 and 1 August 2019. Grain yield (t ha−1), grain moisture (%), protein content (%), test weight (kg L−1), and thousand kernel weight (g) were measured. One week before harvesting, plants were cut at soil surface from one middle row in each plot in a length of 0.5 m. Plant samples were dried in an air-forced oven at 65 °C to a constant weight and separated into vegetative tissues (including leaf and stem) and spikes. The number of spikes were counted from each plant sample and converted to spike density (ear m−2). The number of grains per spike was counted from 10 randomly selected spikes that were manually threshed. Grain weight (g) was measured from two random samples of 50 grains from each plant sample and converted to 1000 seed weight (g).



Data were analyzed using the GLIMMIX procedure (SAS 9.4, SAS institute 2008) by separating trials and varieties. In each trial and variety, treatments of N rate and PGR application were treated as fix effects and block as a random effect. Since the statistical analysis indicated that there were no significant treatment × year interactions, data are presented over the years. Means were separated using the LSD test at the 5% level when the F-test was significant. Pearson’s correlation coefficients between wheat parameters were determined using PROC CORR.





3. Results and Discussion


3.1. Plant Growth


In both trials, the two SWWW varieties exhibited markedly shorter plant height at the two monitoring stages, GS71 or GS92 under the N0 treatment as compared to the rest treatments that included a combination of N fertilizer and PGRs (p < 0.05) (Figure 1). These observations were rather expectable since insufficient N supply may significantly affect crop growth.



At GS71, no significant differences were found for the height of ORCF-102 regardless of PGRs application. When the growth stage reached GS92, the height under N2 was the tallest (94.0 cm) among the treatments. The plant height of TE/CC11 and CC-C was shorter than N2 significantly (p < 0.05) (Figure 1).



For SY Ovation at GS71, plants under the CC-AB, CC-B, CC-C, TE/CC1, and TE/CC2 treatments were shorter than the N1 treatment (p < 0.05). At GS92, wheat plants under CC-A, CC-AB, CC-C, TE/CC1, and TE/CC2 treatments were shorter than the N1 treatments. No significant differences were found for the plant height under the N1 and N2 treatments at either growth stage, suggesting that the seasonal N application rate of 168 kg ha−1 is sufficient for wheat growth in the studied field conditions.



Our data indicated that PGRs reduce the plant height of SWWW, especially during the early growing stage (tillering; GS21-26). Among the PGR treatments, the application of CC at tillering (CC-C) produced a shorter plant height compared to the treatments without PGR applications (e.g., N1 and N2), suggesting that an early application of PGR (at tiller stage) might be an effective solution on controlling plant height, which was an earlier application date than the common practices with PGR applied at GS30-32 or GS37-39. Under the conditions of the present experiments when comparing the effect of CC and TE, no conclusive remark can be made, suggesting that CC may play a similar role as TE in winter wheat. Similarly, the application of PGRs on reducing wheat height was reported in other studies (e.g., [29,30,31]). In a Canadian study, Zhang et al. [32] reported that both TE and CC reduced plant height of six spring wheat cultivars. They also found the synergistic effect on reducing plant height when co-application of TE and CC were administered [32], which was not identified in our studies.



In contrast to stem height, no significant differences were found in stem thickness (or diameter of the stem) among the treatments in this study (data not shown). The stem thickness ranged from 3.5 to 3.8 mm for ORCF-102 and 3.6–3.9 mm for SY Ovation. Different from our findings, the application of PGRs was generally reported to thicken and strengthen stem thickness of cereal crops (e.g., References [32,33]). In general, the treatment without fertilization (N0) produced the smallest stem thickness although no difference was found statistically, because the N supply is not sufficient for promoting the wheat growth in the treatment without N fertilization.



As one of the most important traits, lodging control is commonly reported in studies. For example, the significant effect of TE and CC application on lodging control was reported in a Canadian study [32]. Wiersma et al. [31] reported that a PGR named Ethephon reduced the lodging problem of winter wheat. Webster and Jackson [30] found that PGRs delayed the severity of the lodging problem. However, it should be noted that throughout the field trials, no lodging occurred in our field trials, most possibly because the selected varieties have excellent straw strength. Therefore, the effectiveness of PGRs application on lodging should be evaluated with other varieties that are popular, but have relatively weak straw strength.




3.2. Yield and Protein Content


As expected, no addition of N (N0) resulted in significantly lower grain yields for both SWWW varieties when data were averaged across experimental years (Figure 2), because of the insufficient N supply. No yield benefit was found in the high-N regime (N2) when comparing to the standard N regime (N1), suggesting that 168 Kg N ha−1 is sufficient for acceptable wheat production. Grain protein of ORCF-102 and SY Ovation was the lowest in the N0 treatment, followed by N1, while the treatments under the high-N regime (i.e., N2) had greater protein levels (p < 0.05, Figure 3).



Our results in grain yield and protein in response to N supplies were consistent with the findings of Yang et al. [34] and Klikocka et al. [35]. Webster and Jackson [30] found that N top-dressing at anthesis increased grain protein content by 1.6 to 7.4% depending on N rate and soil residual N before anthesis.



Generally, it is believed that the application of PGRs increase grain yield (e.g., Reference [31]). Peake et al. [36] reported that PGR application improved grain of most wheat varieties in well-irrigated fields, which has sufficient N supply. However, differently from the above findings, some studies reported that the PGRs application reduced the grain yield [32,37]. The yield data in our field trials showed that no significant differences among any PGR and N2 treatments (Figure 2), suggesting that applications of CC and TE would not decrease grain yield in these studies.



No significant differences were found for protein content among the treatments with the high-N regime for ORCF-102. However, for SY Ovation, among the treatments under the high-N regime, CC-AB has the highest protein level, followed by CC-A, CC-C, N2, TE-CC1, then TE, TE-CC2, and CC-B (p < 0.05). The data suggests that the PGR applications would not reduce grain protein. Meanwhile, the effect of PGR on protein level is highly related to wheat cultivars. Corroborating with our result on ORCF-102, McMillan et al. [33] also did not find any effect of PGR on protein levels. No significant differences were found on test weight among treatments (data not shown). For both varieties, the test weight was in a range of 0.76–0.78 kg L−1.




3.3. Yield Components


For both SWWW varieties, spike density (ear m−2) was found the lowest in the N0 treatment (Figure 4). The combination of high N regime and PGR application, resulted in no significant difference in spike density (ear m−2) for ORCF-102, while for SY Ovation, significantly lower spike density was found in the TE treatment compared with the TE/CC2 treatment.



No significant differences were observed on seeds per spike in either variety. For ORCF-102, seeds per spike were in the range of 41–47, and varied from 43 to 49 seeds per spike for SY Ovation (data not shown).



Among the treatments, the largest grain weight for both wheat varieties was found under the N0 and N1 treatments across both experimental years (p < 0.05; Figure 5). Among the treatments of the high-N regime in ORCF-102, the treatment CC-C had the lowest grain weight, followed by CC-B that was not different from other treatments of PGR applications. For SY Ovation, the TE/CC1 treatment had the lowest grain weight, followed by CC-C, CC-A, and CC-B, although no significant difference was found among PGR treatments. Similarly, McMillan et al. [33] also found that the PGR application reduced grain weight or kernel size of barley.




3.4. Correlations Among Plant Growth, Yield, and Yield Components


Pearson correlation coefficients data showed that the yield was most positively correlated to grain protein and plant height (p < 0.01), as well as to test weight and spike density (ear m−2) (p < 0.05) for both SWWW varieties (Table 3 and Table 4).



A negative correlation was found between yield and grain weight for ORCF-102 (p < 0.01), but an insignificant correlation in Ovation. Grain yield primarily consists of grain weight and the number of grains per unit area, but variation in grain weight is usually smaller [38]. Grain yield is, thus, not primarily determined by grain weight, but more dominantly by the number of grains per unit area [39].



In both varieties, grain protein was negatively correlated to grain weight (p < 0.01), while it was positively correlated to plant height only for the ORCF-102. Stem thickness was found to positively correlated with spike density (ear m−2) for both varieties (p < 0.01), while it was only correlated to spike density (ear m−2) and grain weight for Ovation (p < 0.01). Plant height was correlated to stem thickness, spike density (ear m−2), and grain number per spike for ORCH-102.





4. Conclusions


The application of PGRs was found to reduce the stem height of winter wheat, but their effects were minimal on stem thickness, grain yield, and protein in the absence of lodging conditions. The effect of PGR on spike density (ear m−2) and grain weight varied with the different combinations of applications (e.g., rate, timing, and products) and wheat varieties. However, the application of CC tended to have a lower grain weight. There was no significant difference between the two tested PGRs on crop growth and production—indicating more PGR options for growers to use. Throughout our field trials, no lodging occurred at any treatment. Therefore, the effectiveness of the PGR application on lodging control was not feasible to be evaluated in this study. Nitrogen application is the essential factor limiting crop yield. In the studied region with the fine sandy loam soil, a base N fertilizer rate of 67 kg ha−1 and a seasonal N rate of 168 kg ha−1 should be sufficient to secure wheat grain yield. Spike density (ear m−2) was the lowest without N application, contrary to grain weight, which was higher. The data implies that spike density (reproductive tillers) is a critical yield component in wheat production. Future research over multiple years and varieties will shed light on the effect of PGRs and N application to sustainable winter wheat production.
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Figure 1. Plant height (cm) at water ripe (GS71) and harvest mature (GS95) for the two soft white winter wheat (SWWW) varieties among PGR-N treatment combinations across two years in Adkins fine sandy loam soil in Oregon. N0 = no fertilization; N1 = normal N rate; N2 = high-N rate without PGR application; CC-A = applying CC at GS30-32; CC-AB = applying CC at GS30-32 and GS37-39; CC-B = applying CC at GS37-39; CC-C = applying CC at GS21-26; TE = applying TE at GS30-32; TE/CC1 = applying TE at GS30-32 and applying CC (0.442 L ha−1 a.i.) at GS37-39; TE/CC2 = applying TE at GS30-32 and applying CC (1.004 L ha−1 a.i.) at GS37-39. Different letters on the top of each column indicate significant differences among treatments at 5% level according to LSD test. 
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Figure 2. SWWW yield (t ha−1) among PGR—fertilization treatments across two years in Adkins fine sandy loam soil in Oregon. N0 = no fertilization; N1 = normal N rate; N2 = high-N rate without PGR application; CC-A = applying CC at GS30-32; CC-AB = applying CC at GS30-32 and GS37-39; CC-B = applying CC at GS37-39; CC-C = applying CC at GS21-26; TE = applying TE at GS30-32; TE/CC1 = applying TE at GS30-32 and applying CC (0.442 L ha−1a.i.) at GS37-39; TE/CC2 = applying TE at GS30-32 and applying CC (1.004 L ha−1 a.i.) at GS37-39. Different letters on the top of each column indicate significant differences among treatments at 5% level according to LSD test. 
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Figure 3. The protein content (%) of two winter wheat varieties among the treatments across the data of two years in Adkins fine sandy loam soil. N0 = no fertilization; N1 = normal N rate; N2 = high-N rate without PGR application; CC-A = applying CC at GS30-32; CC-AB = applying CC at GS30-32 and GS37-39; CC-B = applying CC at GS37-39; CC-C = applying CC at GS21-26; TE = applying TE at GS30-32; TE/CC1 = applying TE at GS30-32 and applying CC (0.442 L ha−1 a.i.) at GS37-39; TE/CC2 = applying TE at GS30-32 and applying CC (1.004 L ha−1 a.i.) at GS37-39. Different letters on the top of each column indicate significant differences among treatments at 5% level according to LSD test. 
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Figure 4. Spike density (ear m−2) of two winter wheat varieties among the treatments across the data of two years in Adkins fine sandy loam soil. N0 = no fertilization; N1 = normal N rate; N2 = high-N rate without PGR application; CC-A = applying CC at GS30-32; CC-AB = applying CC at GS30-32 and GS37-39; CC-B = applying CC at GS37-39; CC-C = applying CC at GS21-26; TE = applying TE at GS30-32; TE/CC1 = applying TE at GS30-32 and applying CC (0.442 L ha−1a.i.) at GS37-39; TE/CC2 = applying TE at GS30-32 and applying CC (1.004 L ha−1 a.i.) at GS37-39. Different letters on the top of each column indicate significant differences among treatments at 5% level according to LSD test. 
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Figure 5. 1000-grain weight (g) of two SWWW varieties among the treatments across the data of two years in Adkins fine sandy loam soil. N0 = no fertilization; N1 = normal N rate; N2 = high-N rate without PGR application; CC-A = applying CC at GS30-32; CC-AB = applying CC at GS30-32 and GS37-39; CC-B = applying CC at GS37-39; CC-C = applying CC at GS21-26; TE = applying TE at GS30-32; TE/CC1 = applying TE at GS30-32 and applying CC (0.442 L ha−1 a.i.) at GS37-39; TE/CC2 = applying TE at GS30-32 and applying CC (1.004 L ha−1 a.i.) at GS37-39. Different letters on the top of each column indicate significant differences among treatments at 5% level according to LSD test. 
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Table 1. Soil chemical properties in the two-year field trials at Hermiston, OR.
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	Growth Season
	NO3-N (ppm)
	NH4-N (ppm)
	P (ppm)
	K (ppm)
	SO4-S (ppm)
	Zn (ppm)
	pH1:1
	Organic Matter (%)





	2017–2018
	19.6
	1.7
	28.1
	196
	13.2
	3.6
	6.1
	0.9



	2018–2019
	7.5
	3.2
	30.0
	297
	8.5
	3.6
	6.3
	1.2
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Table 2. Treatment details for the two-year field trials at Hermiston, OR.
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Treatment Number *

	
Treatment Coding

	
Seasonal N Application

	
PGR Application (L ha−1 a.i.) at Different Growing Stages




	
GS21-26

(Tillering)

	
GS30-32

(Onset of Stem Elongation)

	
GS37-39

(Emergence of Flag Leaf)






	
1

	
N0

	
No N applied

	
0

	
0

	
0




	
2

	
N1

	
Normal N rate

	
0

	
0

	
0




	
3

	
N2

	
High N rate

	
0

	
0

	
0




	
4

	
CC-A

	
High N rate

	
0

	
1.004 (Adjust)

	
0




	
5

	
CC-B

	
High N rate

	
0

	
0

	
1.004 (Adjust)




	
6

	
CC-AB

	
High N rate

	
0

	
0.562 (Adjust)

	
0.442 (Adjust)




	
7

	
CC-C

	
High N rate

	
1.004 (Adjust)

	
0

	
0




	
8

	
TE

	
High N rate

	
0

	
0.126 (Palisade)

	
0




	
9

	
TE/CC1

	
High N rate

	
0

	
0.126 (Palisade)

	
0.442 (Adjust)




	
10

	
TE/CC2

	
High N rate

	
0

	
0.126 (Palisade)

	
1.004 (Adjust)








* Treatment 1 to 3 did not receive plant growth regulator (PGR) treatments, while treatment 4 to 9 received PGR treatments and high N rate; Treatment 7 was only used in the trial of 2018–2019.
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Table 3. Pearson correlation coefficients among yield, protein content, test weight, plant height, stem thickness, spike density (ear m−2), seeds per spike, and grain weight for ORCF-102 across two growing seasons in Columbia Basin of Oregon (n = 76).
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	Parameters
	Protein
	Test Weight
	Plant Height
	Stem Thickness
	Spike Density
	Seeds Per Spike
	Grain Weight





	Yield
	0.59 **
	0.39 **
	0.53 **
	0.00
	0.30 *
	0.00
	−0.45 **



	Protein
	
	0.06
	0.27 *
	−0.05
	−0.02
	−0.02
	−0.50 **



	Test weight
	
	
	0.05
	0.16
	0.04
	−0.06
	−0.12



	Plant height
	
	
	
	0.31 **
	0.51 **
	0.24 *
	−0.04



	Stem thickness
	
	
	
	
	0.45 **
	0.23
	0.06



	Spike density
	
	
	
	
	
	0.24
	0.16



	Seeds per spike
	
	
	
	
	
	
	0.11







* and ** indicate significant correlations at p < 0.05 and p < 0.01.
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Table 4. Pearson correlation coefficients among yield, protein content, test weight, plant height, stem thickness, spike density (ear m−2), seeds per spike, and grain weight for SY-Ovation across two growing seasons in Columbia Basin of Oregon (n = 76).






Table 4. Pearson correlation coefficients among yield, protein content, test weight, plant height, stem thickness, spike density (ear m−2), seeds per spike, and grain weight for SY-Ovation across two growing seasons in Columbia Basin of Oregon (n = 76).















	Parameters
	Protein
	Test Weight
	Plant Height
	Stem Thickness
	Spike Density
	Seeds Per Spike
	Grain Weight





	Yield
	0.54 **
	0.29 *
	0.48 **
	0.031
	0.42 **
	0.11
	−0.22



	Protein content
	
	0.04
	0.28
	−0.16
	0.11
	−0.15
	−0.57 **



	Test weight
	
	
	−0.00
	−0.02
	0.06
	0.04
	−0.04



	Plant height
	
	
	
	−0.10
	0.18
	−0.05
	0.03



	Stem thickness
	
	
	
	
	0.47 **
	0.32 **
	0.40 **



	Spike density
	
	
	
	
	
	0.18
	0.23



	Seeds per spike
	
	
	
	
	
	
	0.21







* and ** indicate significant correlations at p < 0.05 and p < 0.01.
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