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Abstract

:

To understand the co-evolution in yield-related traits with the breeding, selection, and introduction of genotypes for increased grain yield, field experiments were carried out at two sites in the western area of the Loess Plateau in China that differed in hydrothermal conditions. Sixteen genotypes of spring wheat introduced and grown over the past 120 years were compared in terms of their yield and yield-related traits. As the grain yield increased, the spike number per unit area and the grain number per spike increased linearly, but the 1000-kernel weight was not correlated with grain yield. In the more recent genotypes, anthesis was initiated significantly earlier, although the length of the period from anthesis to maturity remained unchanged. Water use and the Effective Use of Water (EUW) for aboveground biomass before anthesis and the contribution of pre-anthesis aboveground biomass to grain yield all decreased as grain yield increased. Soil water content at anthesis was negatively correlated with aboveground biomass at anthesis, but positively correlated with grain yield. Conclusively, breeding in spring wheat over the past century has increased the yield of new genotypes by (1) increasing the number of grains per unit area; (2) shortening the period of vegetative growth; (3) decreasing EUW and the soil water use before anthesis; thereby (4) retaining more soil water and increasing biomass accumulation after anthesis. Future spring wheat breeding for this dryland region should determine whether the time for grain filling from anthesis to maturity can be extended to enable greater use of environmental resources and higher yields.
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1. Introduction


Wheat (Triticum aestivum L.), one of the major food crops worldwide, is grown on nearly 70% of the cultivated land in developed countries and about 50% in developing countries. However, wheat yields are limited by water shortage [1], especially in dryland regions; increasing the grain yield of wheat in those areas is critical to the world’s food security.



Since the ‘Green Revolution’ in the 1960s, which ushered in dwarf and semi-dwarf genotypes, wheat yields have increased significantly. Worldwide, the annual increase in the grain yield of spring wheat achieved through genetic means ranges from 0.5% to 1.5% [2,3]. This genetic gain is associated mainly with a reduction in plant height, resulting in an increased distribution of photosynthates to reproductive organs and a higher harvest index [4,5,6,7]. However, the history of wheat breeding in the cold environment of western Siberia over the past 100 years showed that genetic gain in yield potential was achieved neither by reducing plant height nor by incorporating Rht genes, but 40% was associated with greater 1000-kernel weight, 20% to more grains per unit area, and by greater resistance to leaf rust [8].



Many studies on the increase in grain yield with the development of new genotypes have focused on promoting such yield components as the number of spikes per unit area, the number of grains per spike, and 1000-kernel weight [9]. Some studies also showed that the genetic contribution to grain yield of non-yield-related traits closely associated with yield was significantly higher than that of the yield components. Thus, both yield components and non-yield-related traits are equally important for increasing yield [10,11,12,13], and understanding the importance of both is the key to progress in breeding high-yielding genotypes [14].



Some studies indicated that the number of grains per unit area (a product of the number of spikes per unit area and the number of grains per spike) was the decisive factor in the grain yield increase resulting from wheat breeding, whereas 1000-kernel weight is less important [15,16]. However, other studies showed that the genetic progress in developing wheat genotypes was directly attributable to higher grain weight; for example, the wheat genotypes bred at International Maize and Wheat Improvement Center in Mexico from 1966 to 2009 and those bred in China’s Henan province from 1981 to 2008 [2,17].



In crop breeding, the timing of anthesis is important for the adaptation of crops to a particular environment and therefore determines crop yield under field conditions [18,19]. Optimizing phenology to induce early heading to avoid the influence of terminal drought on grain filling [20], for example, or to prolong the stem elongation period [21], improves grain yield by increasing the number of grains or the weight of individual grains. As such, the question is whether shortening the time to anthesis will increase yields of spring wheat in the dryland farming region of North-West China with predominantly summer (July to September) rainfall after the growing season of spring wheat.



Aboveground biomass has shown little change with the development of new high-yielding genotypes of wheat [4,5]. However, research has shown that aboveground biomass contributes significantly to grain yield [22,23,24,25]. In Henan province, the accumulation of assimilates before and after anthesis was important for the final wheat yield [26], but whether this is the case in the drier regions of China is unknown.



Genotype × environment interactions are frequently observed in many crops, leading to difficulties in assessing the effects of genotype alone on yield increases [27]. The best linear unbiased prediction (BLUP) methodology was proposed by Santos et al. (1984) to allow for comparisons among genotypes over space (location, blocks) and environments [28], and more accurately predict the mean future performance of the genotypes in multiple environments [27,28]. BLUP is now frequently used in phenotypic selection in plant breeding and variety testing [29]. In this paper, we use BLUP to assess the yield increases across genotypes released over the past 120 years and to evaluate the genotypic benefits associated with the yield increases observed with the development of new genotypes.



Knowing which yield components or vegetative organs have influenced breeding progress in dryland farming areas with low and variable rainfall is essential in drawing up future breeding strategies. Studies on the genetic increase in grain yield with breeding and selection have covered most major wheat-growing areas of the world; however, few studies have focused on the contributors to grain yield in spring wheat in the semiarid regions of North-West China—a gap in knowledge the present study seeks to fill. To that end, we chose 16 genotypes of spring wheat grown over the semiarid Loess Plateau that, over the past century, have been the leading genotypes to examine how the yield components and non-yield-related traits have developed with breeding progress. More specifically, we sought to identify (1) the key factors affecting the increase in grain yield in the different genotypes developed over the 120 years; and (2) the key directions for breeding future lines of spring wheat suited to dryland farming in North-West China.




2. Materials and Methods


2.1. Materials and Experimental Sites


The sixteen genotypes chosen are listed in Supplementary Table S1. Among these, we included 3 lines, 021-128, Dingxi43-4, and Ganhan3 that were tested for certification, but not released. Two genotypes, NABUQ-6 and DURRA-5, were procured from the International Center for Agricultural Research in the Dry Areas (ICARDA) because they have been identified as suitable for the semiarid Loess Plateau.



Field experiments were carried out in Yuzhong (YZ) and Dingxi (DX), in Gansu Province in North-West China, from April to July 2019. The experimental site at YZ was at the Yuzhong Dryland Agriculture Experiment Station (35°51’ N, 104°07’ E, altitude 1620 m) of Lanzhou University. The site at DX was at the Dingxi Arid Meteorology and Ecological Environment Experiment Station (35°33’ N, 104°35’ E, altitude 1897 m). Both the sites, which are approximately 60 km apart, are typical of the semiarid and rainfed farming areas of the Loess Plateau. Precipitation during the wheat-growing season (April to July) in 2019 was 297 mm in YZ and 260 mm in DX, both higher than the long-term average precipitation over the past 20 years (2000–2019) of 197 mm in YZ and 195 mm in DX. Average temperatures during the growing season in 2019 were 15.4 °C in YZ and 14.7 °C in DX (Figure 1A). Climate data for the experimental sites were taken from national meteorological stations near the experiment stations.



The soil of two sites is a loess-like loam classified as an Orthic Entisol with a pH of 8.1 and 7.8, a soil organic carbon content of 9.1 g kg−1 and 8.96 g kg−1, a total soil nitrogen of 0.78 g kg−1and 0.84 g kg−1, a total soil phosphorus of 0.69 g kg−1 and 0.72 g kg−1, an average bulk density of the surface soil of 1.32 g cm−3 and 1.39 g cm−3, and a field capacity of 27 % and 28 % in YZ and DX, respectively. The field capacity decreased with soil depth from 28 % in the surface 20 cm, to 25% at 20–40 cm, to 27 % at 40–60 cm soil depth. The soil water content of the upper 2 m of the soil profile at sowing was 227 mm in YZ and 196 mm in DX (Figure 1B).




2.2. Experimental Design


The experiments were laid out as completely randomized blocks with three replications. The sowing density (300 grains m−2) and field management practices were the same as those followed by local farmers. Each plot was 9 m² (3 m × 3 m) and separated by 0.5 m from the adjacent plot. Seeds were sown in lines 0.2 m apart on 1 April at DX and 3 April at YZ. Before sowing, the soil was ploughed to a depth of 20 cm and supplied with nitrogen (82 kg ha−1) and phosphorus (32 kg ha−1). Each plot was divided into four equal subplots, and one subplot was selected at random for sampling at anthesis and one subplot at maturity, during which samples were collected from an area 1 m² to determine the values of the yield-related traits.




2.3. Soil and Plant Sampling


2.3.1. Field Capacity and Soil Bulk Density


The field capacity and soil bulk density of the soils were determined at 20 cm depths to 60 cm before sowing using a 5 cm inner diameter ring cutter, replicated three times at each site. The rings containing the soil samples were immersed in water for 48 h, and then the soil water was allowed to drain through filter paper across the base of the soil column for 8 h. The gravimetric saturated and drained soil moisture content, measured after oven drying and weighing, was considered to be the field capacity of the soil. The soil bulk density was calculated by dividing the dry weight of the soil samples in the ring cut by the volume of the soil in the ring cutter. The field capacity and bulk density of 60–200 cm soil depth were assumed to be similar to the values at 40–60 cm.




2.3.2. Soil Water Content at Sowing, Anthesis, and Maturity


At sowing, anthesis and maturity, the soil water content of each plot was measured gravimetrically at 20 cm depths down the soil profile to a depth of 2 m using the ring cutter method described above. Water use from sowing to anthesis (pre-anthesis water use) and from anthesis to maturity (post-anthesis water use) was calculated by the water balance equation, namely water use = precipitation + difference in soil water content during the two growth stages from sowing to anthesis and anthesis to maturity. As the genotypes varied in time of anthesis, the date of soil sampling varied with genotype. Soil moisture content (mm) = soil water content × soil bulk density × soil volume. No irrigation was given, and run-off and drainage were assumed to be negligible. The soil relative water content (%) = (soil water content/soil water content at field capacity) × 100. At DX, there was a rain event just prior to the time at which the soil water content at anthesis was measured. As this event was too close to anthesis to be included in the pre-anthesis water use, we deducted this rainfall when calculating the soil water content at anthesis and pre-anthesis water use and included it in the post-anthesis water use.




2.3.3. Phenological Observations


The dates of anthesis and maturity for each genotype were accurately recorded. Anthesis was recorded when anthers could be seen in 50% of the plants in a given plot, and maturity was when the flag leaf and the glumes had completely lost their green color.




2.3.4. Aboveground Biomass and Pre-Anthesis Biomass Mobilization


At anthesis, 1 m lengths of row were measured in 5 rows excluding the rows at the edges of the plots. Whole plants were harvested by cutting them at ground level and dried in an oven at 80 °C for 48 h before weighing. Pre-anthesis biomass accumulation was the aboveground biomass at anthesis, while the post-anthesis biomass accumulation was calculated as follows: post-anthesis biomass accumulation = aboveground biomass at maturity − aboveground biomass at anthesis. The contribution of pre-anthesis biomass mobilization to grain yield was calculated as: (aboveground biomass at anthesis − aboveground biomass at maturity without seeds)/grain yield × 100 [30].




2.3.5. Yield and Aboveground Biomass at Maturity


The plants were sampled at maturity in the same way as at anthesis. The number of spikes per unit area was recorded, and the number of grains per spike and 1000-kernel weight were determined from samples comprising 15 randomly chosen spikes each. The grains and the remaining above-ground parts were dried, and the harvest index (grain yield/total aboveground biomass, including grain) was calculated. The Effective Use of Water (EUW) was calculated as: EUW = water use/aboveground biomass. Water use efficiency (WUE) was calculated as follows: WUE = grain yield/total water use from sowing to maturity.





2.4. Statistical Analysis


Analyses of variance (ANOVA) for all data was carried out using GenStat ver. 19.1 (VSN International, Hemel Hempstead, UK), and the differences were compared at P = 0.05 level of significance. We calculated the values of each phenotypic feature at YZ and DX as a breeding value by the Best Linear Unbiased Prediction (BLUP). The BLUP was calculated using a mixed linear model of GenStat ver. 19.1 (VSN International, Hemel Hempstead, UK) and the effects of genotypes were random. We estimated the BLUP value of grain yield and yield-related traits for each genotype and evaluated the correlations between those traits to measure the key factors affecting the changes in grain yield. Pearson’s correlation coefficient and linear regression were used for ascertaining the correlation, if any, among the BLUP of phenology, water use, soil water content at anthesis, aboveground biomass, harvest index, WUE, and grain yield. We also calculated the correlations between yields and the length of the growing period, water use and aboveground biomass accumulation at the two research sites. Origin ver. 8.0 (Origin Lab, Northampton, MA, USA) was used to prepare the figures.





3. Results


3.1. Yield and Its Components


The grain yield of all genotypes (G) at YZ was higher than that at DX [sites = environments (E)], varying among the genotypes from 202 to 437 g m−2 at YZ, but only 183–286 g m−2 at DX (Supplementary Table S2). At both sites yields tended to increase with year of release with some exceptions, 021-128 and Ganhan3 were tested for certification in 1990 and 2013, respectively, but were not released and had low yields at both sites (Table S2). Two-way analyses of variance showed that grain yield and yield-related traits, including yield components, pre-anthesis aboveground biomass accumulation, post-anthesis aboveground biomass accumulation, and harvest index showed a significant G × E interaction (p < 0.05), but not aboveground biomass at maturity, water use and WUE (Table 1).



As the grain yield of spring wheat genotypes increased, the spike number per unit area (R2 = 0.25*) and the grain number per spike (R2 = 0.38**) increased linearly, but the 1000-kernel weight was not correlated with grain yield (Figure 2).




3.2. Phenology


As the grain yield of spring wheat genotypes increased, the pre-anthesis period (from sowing to flowering) decreased significantly at both sites (Figure S1a).However, the post-anthesis period (from anthesis to maturity) remained almost unchanged at approximately 32–36 days (Figure S1b), leading to the growth period of spring wheat genotypes gradually shortening from 120 to 105 days at both sites (Figure S1c) and an overall negative correlation between the duration of the entire growth period and grain yield (Figure 3).




3.3. Water Use


Water use before anthesis was significantly higher at YZ than DX and negatively correlated with grain yield of the genotypes at both sites (Figure S1d). However, water use after anthesis increased linearly at both sites as the grain yield increased in the more recently released genotypes (Figure S1e). Water use and grain yield were significantly and negatively correlated during the entire growth period excluding the genotype 021-128 which is circled (Figure 4A). This genotype is unique with small aboveground biomass, low water consumption and low yield, so it was never released. The longer the pre-anthesis period, the greater the water use during the same period, whereas the length of the post-anthesis period showed no significant correlation with water use (Figure 4B). Furthermore, daily water use before anthesis decreased gradually as the grain yield of the genotypes increased, whereas daily water uses after anthesis increased gradually with the increase in grain yield among genotypes (Figure 4C and Figure S2a,b). Both the pre-anthesis EUW and post-anthesis EUW were significantly and negatively correlated with grain yield (Figure 4D and Figure S2c,d).




3.4. Soil Water Content at Anthesis


At both sites, the amount of aboveground biomass accumulated was significantly and positively correlated to water use in the periods both before and after anthesis (Figure 5A,B). There was a significant negative correlation between aboveground biomass and soil water content at anthesis (Figure 5C). While the grain yield was significantly higher at YZ than DX at the same soil water content, at both sites the grain yield increased with the increase in soil water content at anthesis, when the genotype 021-128 is excluded (Figure 5D). The greater the amount of aboveground biomass accumulated before anthesis, the higher was the soil water use by the crop and the smaller the amount of available water at anthesis for use in during grain filling. Conversely, the smaller the biomass accumulation before anthesis, the smaller the water use by the crop, the greater the amount of water available in the soil at anthesis and the greater the grain yield at maturity (Figure 5D and Figure S1d–f).




3.5. Aboveground Biomass, Harvest Index and Water Use Efficiency


The grain yield was significantly and positively correlated to both the aboveground biomass accumulation during the post-anthesis period and the total aboveground biomass at maturity but was not correlated with the aboveground biomass accumulation in the pre-anthesis period (Figure 6A and Figure S1g–i). With the increase in grain yield among the genotypes, the contribution of pre-anthesis biomass mobilization to grain yield decreased (Figure 6B and Figure S3) while the harvest index (Figure 6C and Figure S2f) and the WUE (Figure 6D and Figure S2e) increased significantly.





4. Discussion


4.1. Changes in Agronomic Traits Related to Grain Yield Increase


Yield and its stability are always the key targets for crop breeding, especially in poor environments [31]. In the present study, the major yield components were the number of spikes per unit area and the number of grains per spike (Figure 2), which are consistent with several earlier studies [15,16,32]. The relationship between grain yield and the number of grains per unit area was stronger than that between grain yield and grain weight [33,34], but the relationships can vary with locations in China. For example, Tian et al. [35] found that the number of grains and grain weight contributed equally to grain yield in a field study which was conducted in Jiangsu province of China. Such differences may be related to differences in the hydrothermal environment and selection pressure [31]. Jiangsu is the main wheat-producing area in China, with high water availability and suitable temperatures, which is quite different from the sites in the present study.



As grain yield increased in the different genotypes released in different eras, so did the aboveground biomass and harvest index at maturity (Figure 6). This result is also consistent with the earlier research. The genetic gain in global yield potential is positively correlated to harvest index and aboveground biomass [13,23]. Zhou et al. [36] studied ten wheat genotypes released from 1995 to 2014 and found that the harvest index, aboveground biomass, and the number of grains per unit area were the main contributors to grain yield. Zhang et al. [37] pointed out that the main contributor to the increase in GY in wheat in the North China Plain was aboveground biomass and harvest index, and the contribution of aboveground biomass was greater than that of harvest index.



Many studies have shown that pre-anthesis biomass reserves contribute significantly to grain yield, especially with unfavorable conditions during grain filling [11,38]. In the present study, the contribution of pre-anthesis aboveground biomass to grain yield in the low-yielding genotypes was up to 80% at both sites, but decreased significantly with the increase in grain yield, dropping to almost zero at DX or 26% at YZ (Figure S3). Our results are supported by other studies. Pheloung and Siddique [39] found that compared with cultivars with lower potential yield, high-yielding cultivars had less storage and transfer of assimilates under drought stress and resulted in greater yield loss under the Mediterranean environment of their study. Similar results were also found in winter wheat [40]. Du et al. [31] using similar genotypes in the same environments as the present study, observed that low-yielding varieties had higher yield stability and high-yielding varieties were associated with low yield stability. Blum et al. [41] proposed that the storage and transfer of assimilates in vegetative organs maintained the stability of wheat yield, even at the cost of lower yield, due to higher assimilate reserves. However, some studies pointed out that more recent wheat varieties had a higher utilization capacity for assimilates stored before anthesis [42]. Significant increases in water-soluble carbohydrate storage before anthesis in wheat has led to genetic increases in grain yield in recent years [3].



In semiarid regions, the effective use of available water is critical to obtaining maximum grain yield per unit area [43]. Water use before anthesis decreased as the grain yield at maturity increased among genotypes (Figure 4A): the decrease was due not only to the shorter time between sowing and anthesis seen in the high-yielding genotypes (Figure 4B), but also to the reduced pre-anthesis EUW (Figure 4D). On the other hand, grain yield was significantly and positively correlated with soil water content at anthesis (Figure 5D) and water use after anthesis (Figure 4A). Soil water content at anthesis is crucial to grain yield under rain-fed conditions when no irrigation is available, as it is an indication of the degree of water-saving prior to anthesis for use during reproductive development. However, the soil water content at anthesis at YZ was on average lower than that at DX (Figure 5C), but the yield at YZ was higher than at DX (Figure 5D), presumably because of the greater percentage mobilization of pre-anthesis biomass (Figure S3), the higher post-anthesis rainfall (Figure 1A) and therefore the higher water availability after anthesis (Figure S1e) at YZ than DX. In semiarid areas, the main purpose of saving water before anthesis is to ensure that adequate water is available during grain filling after anthesis and thus to boost grain yield and maintain yield stability. The high-yielding genotypes of spring wheat also had higher WUE, which saw a linear increase with increase in yield (Figure 6D). Those genotypes used water more efficiently because they consumed less water before anthesis, preserving it for use in the reproductive stage, and thus had a significantly higher harvest index. Therefore, optimizing water use before and after anthesis is crucial to higher WUE and, in turn, to higher grain yield. This observation is consistent with the results of earlier studies in North-West China [44]. Water conservation before anthesis is particularly important for crop yield in rain-fed agriculture.



In short, genotypes bred for higher yields in semiarid environments show an overall shorter growth period and lower water consumption during vegetative growth. These strategies ensure more resources are reserved for the reproductive phase, which leads to higher aboveground biomass, higher harvest index, and higher WUE, all ultimately contributing to higher grain yield.




4.2. Changes in Growing Periods


Early anthesis in wheat is often observed in genotypes bred for Mediterranean regions. In the Mediterranean-type environment, grain filling is often affected by high temperatures and low rainfall, which result in low yield [45,46], i.e., early anthesis can decrease the damage from both adverse factors, thereby leading to stable and high yields [20,47,48]. Therefore, early anthesis and early maturity are considered as strategies to escape drought and for synchronizing the growing period of wheat with the rainy season so that plants are assured of adequate water supply [49,50]. Therefore, shortening the time to anthesis has been a successful strategy in breeding for environments characterized by stress during reproductive growth [51].



Araus et al. [11] noted only a few or no changes in the time to anthesis in climates other than Mediterranean-type climates. Our analysis has shown that with the increase in grain yield in later-released genotypes, both the time to anthesis and the entire growth period have been shortened (Figure 3). In the dry-farming areas of North-West China, precipitation during the growing season of spring wheat accounts for only about 30% of the annual precipitation, 60% of which occurs during July–September [52,53] after maturity of spring wheat. The harvest of spring wheat is followed by rainy and warm weather, conditions that are more conducive to the growth of spring wheat; however, early anthesis means these rich hydrothermal resources are not utilized by spring wheat farmers. This suggests that selection for early anthesis in North-West China may not have been an active strategy to escape terminal drought as in Mediterranean-type climates, but an inadvertent outcome of simply breeding and selection for increased grain yield to reduce the ‘hunger gap’ between sowing and harvest under heavy population pressure in the long farming history of North-West China. It raises the question whether increasing the length of the post-anthesis period when more favorable hydrothermal conditions prevail will result in further increases in yield.




4.3. Post-Anthesis Growth and 1000-Kernel Weight


The grain yield of wheat is considered to be positively correlated to the length of the post-anthesis period [17], and early-anthesis genotypes benefit from the longer time available for grain-filling after anthesis, which leads to more dry matter and grain yield [54,55]. However, we found no close correlation between the duration from anthesis to maturity and grain yield: early anthesis had shortened not only the growth period before anthesis, but also the entire growth period (Figure 3 and Figure S1). Compared to other wheat-producing areas in the world, the grain-filling period in China’s wheat-producing areas is much shorter, typically only one month [43]. In the present study, for most genotypes it was 31–35 days. As a result, none of the genotypes were able to benefit from the period during which the three critical resources, namely water, heat, and sunlight, are plentiful. Therefore, we suggest that for dryland farming areas of North-West China, wheat breeding should focus on trying to extend the grain-filling period to obtain higher yields. To that end, apportioning larger amounts of assimilates to reproductive organs to increase the weight of the individual grains may increase grain yield [56]. The duration and rate of grain filling determine the final grain weight [57]. In the present study 1000-kernel weight was not correlated to grain yield (Figure 2). If maximum grain size is not genetically determined, increasing grain weight has great potential to increase grain yield of spring wheat. However, Metzger [58] indicated that there was no significant association between grain-filling duration and yield in spring barley with similar maturity, and any advantage derived from alteration of the grain-filling period may be outweighed by a coincident change in length of the vegetative period. These results suggest that simply increasing post-anthesis growth, both in terms of the duration and/or rate, may not be a simple step for breeders, but we consider it is worthy of further research in North-West China.



Worldwide 1000-kernel weight has seen little change in recent decades [5,15]. Kernel weight is highly heritable and less plastic than the number of grains [9,59]. Some studies suggest that kernel weight is usually negatively correlated to the number of grains [56]. In other words, there is a trade-off between the number of grains and kernel weight. Understanding the ecological and physiological basis of kernel weight may help in breaking the negative correlation between the number of grains and kernel weight [60]. Foulkes et al. [56] suggest that seeking a mechanism to increase kernel weight and selecting for traits that affect kernel weight without affecting grain number will be the key to further grain yield increases.





5. Conclusions


The breeding and selection of spring wheat genotypes grown in North-West China over the past 120 years has mainly shortened the pre-anthesis period, reduced the growth of vegetative organs and the uptake of soil water before anthesis, conserving soil water and enabling the accumulation of more biomass in reproductive organs and the development of a greater number of spikes, grains per spike and better-filled grains after anthesis. These traits have been the main drivers of grain yield increase. However, the post-anthesis period of growth has not changed in the genotypes produced over the past century, so the recent cultivars have not been able to take advantage of the favorable growth period after maturity. We conclude that selection for a longer period of post-anthesis growth and larger kernel weight/kernel size should result in increased yield benefits for spring wheat in the semiarid region of North-West China.
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Figure 1. (A) Cumulative 10-day precipitation and mean 10-day air temperature during the growth period of wheat (April–July 2019) at Yuzhong (YZ) and Dingxi (DX). The date in the x-axis is the first day of the 10-day periods.; (B) Soil relative water content as a percentage of the field capacity of the upper 2 m of the soil profile at YZ and DX just prior to sowing. 
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Figure 2. The relationship between grain yield by best linear unbiased prediction (BLUP) and (A) spike number by BLUP; (B) grain number by BLUP; and (C) 1000-kernel weight by BLUP. Only the significant linear regressions are shown. * p < 0.05; ** p < 0.01. 
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Figure 3. The relationships between grain yield by BLUP and length of pre-anthesis period by BLUP, length of post-anthesis period by BLUP, and length of the entire growth period by BLUP. Only the significant linear regressions are shown. ** p < 0.01. 
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Figure 4. The relationships between (A) grain yield by BLUP and water use by BLUP; (B) length of the growth period by BLUP and water use by BLUP; (C) grain yield by BLUP and daily water use by BLUP; (D) grain yield by BLUP and effective use of water (EUW) by BLUP over different growth stages. Only the significant linear regressions are shown. The circled genotype in (A) is 021-128, which was not included in the linear regression (see text). * p < 0.05; ** p < 0.01; *** p < 0.001. Note change of scale of y-axis for pre- and post-anthesis EUW in Figure 4D. 
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Figure 5. The relationships between: (A) water use before anthesis and aboveground biomass at anthesis; (B) water use after anthesis and aboveground biomass accumulation after anthesis; (C) soil water content at anthesis and aboveground biomass at anthesis; (D) soil water content at anthesis and grain yield at YZ and at DX. Fitted data are the mean of three replications for 16 genotypes; a single regression is fitted where the two sites did not differ significantly. The circled genotype in (D) is 021-128, which is not included in the linear regression. * p < 0.05; ** p < 0.01; *** p < 0.001. 
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Figure 6. The relationship between grain yield by BLUP and (A) accumulation of aboveground biomass in the pre-anthesis, post-anthesis, and at maturity by BLUP; (B) percentage of pre-anthesis biomass mobilized to grain yield by BLUP; (C) harvest index by BLUP; and (D) water use efficiency (WUE) by BLUP. Only the significant linear regressions are shown. ** p < 0.01; *** p < 0.001. 
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Table 1. The effect of genotype (G) and environment (E) and their interaction (G X E) on grain yield and yield-related traits of spike number, grain number per spike, 1000-kernel weight, water use from sowing to maturity, water use efficiency (WUE), harvest index, pre-anthesis aboveground biomass accumulation, post-anthesis aboveground biomass accumulation, total aboveground biomass, and grain yield. * p < 0.05; ** p < 0.01; *** p < 0.001; ns not significant. The values before the asterisks are the least significance differences at p = 0.05.
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	Traits
	Genotype (G)
	Environment (E)
	G × E





	Spike number (m−2)
	46.61 ***
	16.48 ***
	65.92 **



	Grain number (spike−1)
	3.63 ***
	1.28 ***
	5.13 ***



	1000-kernel weight (g)
	2.03 ***
	0.72 ***
	2.86 ***



	Water use (L)
	23.09 ***
	8.16 ***
	32.65 ns



	WUE (g L−1)
	0.14 ***
	0.05 ns
	0.20 ns



	Harvest index
	0.035 ***
	0.012 **
	0.049 **



	Pre-anthesis aboveground biomass accumulation (g m−2)
	53.12 ***
	18.78 ***
	75.12 **



	Post-anthesis aboveground biomass accumulation (g m−2)
	46.59 ***
	16.47 *
	65.89 **



	Total aboveground biomass (g m−2)
	81.73 ***
	28.90 ***
	115.58 ns



	Grain yield (g m−2)
	38.82 ***
	13.73 ***
	54.90 ***
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