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Abstract

:

Weed competitiveness in wheat (Triticum aestivum L.) has previously been shown to be positively associated with shoot biomass. This study evaluated the impact of increased early shoot vigour on the weed competitiveness of Australian wheats. Breeding lines generated for early shoot vigour were top-crossed with two commercial wheat cultivars (Yitpi and Wyalkatchem) and the resulting high vigour lines (HV lines) were assessed for early growth and weed pressure in the field. These lines were directly compared with their parental lines, other commercial cultivars, and the tall heritage cultivar, Federation. Moreover, rye (Secale cereale L.) or triticale (× Triticosecale) was included in each trial as a positive control for vigour. The association between shoot growth and vigour and weed suppression was evaluated over 3 years in the cereal belt of south-eastern Australia during contrasting seasons. The HV lines consistently displayed greater leaf area, ground cover, and canopy light interception in both dry and wet seasons and suppressed weed growth significantly in contrast to commercial cultivars. Light interception at the first tiller stage, and ground cover at the end of tillering were identified as the most important variables for predicting weed suppression. This study demonstrated the enhancement of competitiveness in commercial wheat through the selection for early vigour, and identified traits that best predicted weed suppression.
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1. Introduction


Wheat (Triticum aestivum L.) is one of the world’s most important cereal crops and accounts for approximately 20% of the global human calorie intake [1]. Wheat production is required to increase by an estimated 70% over the next 30 years [2,3] to meet the demands of a growing population with an additional 2 billion people [4]. To achieve this goal, each wheat crop under cultivation needs to approach its yield potential [5], which is defined as “the measured yield of the best cultivar, grown with optimal agronomy and without manageable biotic and abiotic stresses”. In most regions, the most important biotic stress limiting wheat yield is weed infestation, which results in competition for essential resources that would otherwise be available to the crop [6,7]. The farming systems developed to control annual weeds in wheat generally rely upon cultivation practices, including tillage as well as agrochemical application [8]. However, both practices have adversely affected soil biodiversity and erosion [9] or resulted in the evolution of herbicide-resistant weeds [10,11], highlighting the need for integrated approaches to weed management [12,13] that combine the use of environmentally acceptable herbicides with agronomic practices to improve crop competition, including narrow row spacing and increased seeding rate [14].



Another integrated approach that remains relatively unexplored involves the development of crops that are inherently more competitive against weed infestation. Weed competitiveness is defined as the ability to suppress weed growth or tolerate the presence of weeds with minimal effects on yield [15]. Both traits could boost short-term gains for wheat productivity as well as contribute to long-term weed management [16,17,18,19]. Another advantage of using more competitive genotypes is that producers do not need to invest in new equipment or technology to adopt this management practice [9].



Weeds typically compete with crop plants for light and space above-ground [20] and for water and nutrients below-ground [21]. Canopy size, structure, and physiology affect the competitiveness of wheat plants by influencing their ability to intercept light [22,23], fix CO2 [23], and tolerate shade. Indeed, the percentage of photosynthetically active radiation (PAR) available under the crop canopy is generally positively correlated with weed growth and seed set [24]. Consequently, crop height, vigour [25,26,27], and above-ground biomass are important traits linked with competitiveness in wheat and other species [17,24,28,29,30,31,32,33,34,35,36,37,38,39]. Taller cultivars tend to produce more shoot biomass and are generally more vigorous than shorter dwarf varieties. However, they also have a lower harvest index and greater risk of lodging [17]. This was remedied, in part, by the introduction of the reduced height (Rht1 and Rht2) mutations during the 1960s with the advent of the Green Revolution. While the resulting semi-dwarf cultivars significantly improved yields, they were generally considerably less vigorous [17] and less competitive than their taller parents [40]. Nevertheless, semi-dwarf varieties do exhibit variation in early shoot vigour, and this is most commonly screened for by measuring the size of the first few leaves [26,27]. Zhang et al. [41] used this association to describe an intra-population breeding program at CSIRO in southern Australia based on the recurrent selection for increased early vigour from a set of initial crosses between globally-sourced vigorous wheat germplasm. Progeny resulting from crosses between the vigorous lines with the largest leaf widths were selected and then randomly crossed with one another to form the first cycle of the recurrent selection. After six cycles of recurrent selection for early vigour, genotypes with significantly greater leaf width, leaf area index, and shoot biomass were generated [41].



Germplasm resulting from the third cycle of recurrent selection was used to introduce additional vigour into commercial cultivars to improve their competitiveness [30,42]. However, the above-ground physiological characteristics that promote enhanced crop competitiveness, and the timing of expression have not been well described under field conditions. Therefore, the present study evaluated competitiveness in the progeny of top-crosses between germplasm from the third cycle of recurrent selection for vigour [41] and two Australian commercial cultivars, Yitpi and Wyalkatchem. The resulting breeding lines were assessed for establishment, canopy development, light interception, and weed competitiveness over three years of field trials in comparison to commercial wheat cultivars [43]. Rye (Secale cereale L.), triticale (× Triticosecale), and a heritage wheat cultivar known as weed suppressive were also included as positive controls for vigour [44]. The aim was to identify the key physiological above-ground traits that contribute to the enhanced competitiveness and the key phenological stages at which these traits are expressed.




2. Materials and Methods


2.1. Germplasm


A previous study described the recurrent selection for increased shoot vigour in wheat over six rounds of selection and crossing [41]. The high vigour (HV) germplasm used in this study was developed from top-crosses between lines from the third cycle (C3) of that recurrent selection and the commercial wheat cultivars Yitpi and Wyalkatchem. The goal of these crosses was to improve vigour and weed competitiveness in these commercial cultivars. The Yitpi-derived high vigour lines were HVYitpi-1 and HVYitpi-2 (referred to as W400201 and W470203, respectively, in previous studies [14,29]). The Wyalkatchem-derived high vigour lines were HVWyal-1, HVWyal-2, and HVWyal-3 (referred to as W010709, W320202, and W670704, respectively, in previous studies [15,33]). Over three years of field trials, these breeding lines were compared with several Australian commercial wheat cultivars (Condo, Mace, Wyalkatchem, and Yitpi), a heritage cultivar (Federation), and triticale (× Triticosecale, cv Chopper) or rye (Secale cereale L., cv Grazer). Federation is a tall heritage wheat released in Australia in 1901 that is known to be weed suppressive [44]. In addition, triticale and rye were included as benchmarks for high vigour and competitiveness. All of the seeds used in the 2019 and 2020 experiments were harvested from a field trial conducted in 2018 at the New South Wales (NSW) Department of Primary Industry field site in Yanco (34°62 S, 146°42 E; NSW, Australia).



The 2018 field trials assessed the following genotypes: Two high vigour wheat lines (HVYitpi-1 and HVWyal-3), four commercial wheat cultivars (Condo, Gregory, Trojan, and Wedgetail), the heritage wheat cultivar, Federation, and rye (cv Grazer).



The 2019 field trial assessed the following genotypes: Five high vigour wheat lines (HVYitpi-1, HVYitpi-2, HVWyal-1, HVWyal-2, and HVWyal-3), two commercial wheat cultivars (Condo and Mace), Federation, and triticale (cv Chopper).



The 2020 field trial assessed the following genotypes: Four high vigour wheat lines (HVYitpi-1, HVYitpi-2, HVWyal-1, and HVWyal-3), five commercial wheat cultivars (Condo, Yitpi, Wyalkatchem, Mace, and Janz), Federation, and triticale (cv Chopper).




2.2. Field Site and Climate


Field experiments were conducted over 3 years from 2018 to 2020 at the Graham Centre in Wagga Wagga (35°03 S, 147°36 E; 227 m altitude; NSW, Australia) where soil was classified as a fine red clay-loam kandosol. The pH was 6.4 in the top 10 cm, and pH 4.9 below that depth. The long-term average yearly rainfall at this location was 577 mm (Australian Bureau of Meteorology, www.bom.gov.au, accessed on 14 November 2021). El Niño conditions prevailed over the majority of 2018 and 2019 growing seasons with higher average daily temperatures and lower precipitation than typical for this location. In contrast, 2020 was a very wet year (Table 1). The rainfall during the growing season was 205 and 446 mm in 2019 and 2020, respectively, compared with the long-term average of 364 mm.




2.3. Experimental Design and Crop Management


In all of the trials, wheat genotypes were sown with five replications in a randomized complete block design. The plots were 10 m long and 1.8 m wide (8 rows at 20 cm row spacing). Sowing rates for treatments were calculated with the aim of establishing 150 plants/m2. The experiments were managed according to the standard agricultural practices for the region. The plots were sown mid-to-late May. The 2018 and 2019 trials followed a canola crop and the 2020 trial followed a summer fallow after field pea in the previous winter. The fertiliser was supplied as di-ammonium phosphate (DAP) 15 at the time of sowing, and supplemental urea (Incitec PivotTM Fertilisers, Southbank, Victoria, Australia) was applied as needed following soil testing. Before sowing, all of the existing established weeds were controlled using a non-selective herbicide (glyphosate, Weedmaster®DST® 470 g/L glyphosate, Nufarm Australia, Melbourne, Australia) at 960 g/ha. The crops were sown after a light harrowing. During the cropping season, weeds emerging from the natural weed seedbank were left untreated. Weeds in the inter-plot zones (no crop plants) were used as a reference for relative weed suppression evaluations.




2.4. Crop Assessments and Data Collection


Warm dry conditions prevailed in the 2018 growing season, resulting in all wheat genotypes and rye undergoing senescence at anthesis. Nevertheless, the weed suppressive potential of each treatment was assessed by visually comparing the weed density present within each plot to that present in untreated non-planted inter-plot borders. The 2019 growing season also experienced warm and dry conditions, particularly in late spring and early summer. However, an adequate early-season rainfall facilitated the uniform establishment of wheat treatments, enabling additional field assessments to be taken, including leaf area measurements and collection of above-ground biomass, which are accumulated by wheat treatments and weeds separately at early tillering (GS21) [45] and early stem elongation (GS31). Optimal growing conditions in the 2020 winter growing season enabled comprehensive field assessments to be completed for each treatment, including accumulated above-ground biomass for each experimental treatment and weeds, leaf area index, canopy closure (ground cover), and crop light interception over the course of the growing season. Assessments were performed from early tillering until early stem elongation when canopy closure occurred. Light interception (%) was calculated by measuring the difference in photosynthetically active radiation (PAR; mol m−2s−1) above and below the crop canopy relative to the above crop incidence using a ceptometer (AccuPAR LP-80 Ceptometer, Decagon Devices®, Pullman, Washington state, USA). Above-ground crop biomass was collected by cutting lengths of 30 cm in each plot twice over four consecutive rows at ground level (0.216 m2). Each sample was sub-sampled (by fresh weight) and then the fresh weight of the separated stems and leaves was determined. The leaf area of each sub-sample was assessed with a LI-3100C scanner (LI-COR Bioscience, 4647 Superior Street, P.O. Box 4425 Lincoln, NE 68504, USA). Fresh crop biomass samples were dehydrated for at least 3 days at 70 °C in a forced-air dehydrator. The leaf area index was calculated using the leaf area per total biomass achieved from leaves and stems in each sub-sample.



Canopy closure was estimated from periodic images taken directly above the canopy (120 cm height) using a digital single-lens reflex camera (D3000, Nikon Corporation, Tokyo, Japan). The leaf area in these canopy images (~1 m2) was calculated with the “Canopy Cover” program developed by MS Visual Studio 2005® [46] (Supplemental Figure S1).



Weed presence was estimated by visual scoring of the percentage of weed ground cover in all of the plots. Previous studies [47] demonstrated that the visual estimation of weed infestations was highly correlated to the harvested weed biomass. In 2020, weeds present at crop anthesis were collected, identified, and dried for dry weight determination. Each plot was sampled twice for each observation or assessment. Therefore, for each evaluated genotype, we obtained 10 (5 replicates × 2 samples) sub-samples.




2.5. Statistical Analyses and Modelling


All of the statistical analyses were performed and figures were constructed in R® [48]. Each mixed model contained random components related to the structure of the experimental design for each experiment, such as plot position. The data available were analysed using two methods. The first combined the HV lines (derived from both Yitpi and Wyalkatchem) and compared them with combined commercial cultivars, historical wheat cultivars, and with rye or triticale. For the second approach, the HV lines derived from Yitpi (HVYitpi-1 and HVYitpi-2) were compared with Yitpi and the HV lines derived from Wyalkatchem (HVWyal-1, HVWyal-2, and HVWyal-3) were compared with Wyalkatchem. An analysis of variance and estimation of least squares means were conducted, with genotypes as fixed effects using the function “lme” in “emmeans” in R® software package. Pairwise comparisons between the genotype means were obtained using the pairs function in the “emmeans” package [49].



Random Forest regression is a predictive modelling algorithm that combines a large set of regression trees [50]. In order to build a predictive model of weed biomass at anthesis based on various shoot traits, the “random forest” package in R® [51] was trained on a subset of available data and tested on the remainder of available data. Weed biomass at anthesis served as the dependent variable and all of the other measured variables served as explanatory variables. For the partial least square analysis, the “pls” package in R® was used [52].





3. Results


3.1. The 2018 Field Trial


This field trial included the two high vigour (HV) lines generated from Yitpi (HVYitpi-1) and Wyalkatchem (HVWyal-3), a group of four commercial cultivars, a heritage cultivar (Federation), and a rye cultivar. The winter growing season was dryer than the long-term average, receiving 110 mm less rain during the cropping season (Table 1). Destructive sampling during the growing season was limited due to the poor wheat growth and data was collected for in-crop weed suppression only at crop maturity. Significant (p < 0.01) differences in weed suppression were detected between the designated wheat treatment groups (Figure 1). The commercial cultivars suppressed 53% of the weeds present in the inter-plot zones, whereas the HV lines suppressed 82% of weeds. The HV lines appeared as weed suppressive as the heritage cultivar Federation, but significantly less than rye which suppressed virtually all of the weed growth despite the drought conditions.




3.2. The 2019 Field Trial


The 2019 trial included five high vigour (HV) lines, two commercial cultivars, Federation, and a competitive triticale (cv Chopper). The 2019 season was very dry with 180 mm less rainfall than average during the growing season and 240 mm less than the yearly average (Table 1). The drought conditions forced the experiment to be terminated after early flowering. Despite these extreme conditions, the canopy of the HV lines increased more rapidly than the commercial cultivars. At early tillering, the HV lines had similar leaf areas (Figure 2A) and biomass (Figure 2B) when compared to the commercial cultivars and Federation but, by early stem elongation, the leaf area and biomass of the HV lines were significantly (p = 0.05) greater than the other genotypes. Only triticale accumulated more shoot biomass than the HV lines.




3.3. The 2020 Field Trial


The 2020 season was among the wettest year on record in Wagga Wagga NSW. The yearly rainfall was almost 100 mm above the long-term average with 40 mm more than average falling during the growing season (Table 1). Samples were collected throughout the season for shoot biomass, leaf area, percent ground cover, and light interception. In addition, sampling was intensified to further investigate the genotypic differences that appeared in 2019. This trial directly compared the HV lines derived from Yitpi (HVYitpi-1 and HVYitpi-2) with the Yitpi parent and the HV lines derived from Wyalkatchem (HVWyal-1 and HVWyal-3) with the Wyalkatchem parent. The HV lines were also combined and compared with a larger group of commercial lines, as well as Federation and triticale as previously mentioned.



3.3.1. Canopy Growth and Light Interception


The HV lines generated from Yitpi and Wyalkatchem had significantly (p < 0.05) greater biomass (Figure 3A) and greater leaf area (Figure 3B) than their respective parents at nearly all of the stages of development, from early tillering through to stem elongation or anthesis. The one exception was the leaf area at early tillering, where the HV lines derived from Yitpi were not significantly different from the parent. The HV lines also showed greater ground cover (Figure 3C) and intercepted more light (Figure 3D) than their respective parental lines from early tillering through to stem elongation.



The four HV lines were then combined and compared with the average of four commercial cultivars, Federation, and triticale (cv Chopper). The HV lines had significantly (p < 0.05) greater biomass (Figure 4A), leaf area (Figure 4B), ground cover (Figure 4C), and light interception (Figure 4D) than the group of commercial cultivars at all of the sampling stages. Triticale was similar to the HV lines with respect to all of the growth assessments, whereas Federation varied, being similar to the HV lines at some growth stages and similar to the commercial cultivars at other stages.




3.3.2. Weed Pressure


Weed presence in each plot was scored from early tillering through to early stem elongation. The dominant weed species included annual ryegrass (Lolium rigidum Gaud), fumitory (Fumaria spp. L.), and barley grass (Hordeum murinum L.). Between the first and second tiller stages, the presence of weeds increased in all of the wheat genotypes and no significant differences (p > 0.05) were detected between the HV lines and their parents (Figure 5A) or between the HV lines and other genotypes (Figure 5B). From mid tillering onwards, weed growth tended to plateau but, by late tillering and early stem elongation, the weed presence in both sets of HV lines was significantly lower than their respective parents (Figure 5A). When the four HV lines were combined and compared with other genotypes, they possessed significantly fewer weeds than the group of commercial cultivars from mid tillering onwards and were similar to triticale (Figure 5B). By the final measurement at early stem elongation, the weed pressure within the HV lines was approximately half the pressure within the commercial cultivars.



At anthesis, the total weed biomass under the Yitpi-derived HV lines (HVYitpi-1 and HVYitpi-2) was approximately 20% of the biomass for the Yitpi parent, and the weed biomass under the Wyalkatchem-derived HV lines (HVWyal-1 and HVWyal-3) was approximately 50% of the Wyalkatchem parent (Figure 6A). When the HV lines were combined, the weed biomass was similar to the Federation and triticale and comprised only 40% of the weed biomass achieved in the commercial cultivars (Figure 6B).




3.3.3. Yields


The harvest was performed using a small plot commercial harvester to determine whether increasing early vigour was associated with a yield penalty. The HV lines were first compared with their commercial parents. No significant differences were detected between Yitpi and the Yitpi-derived HV lines. Differences were detected between Wyalkatchem and the Wyalkatchem-derived HV lines (Figure 7A). When combined and compared with the other cultivars, the HV lines yielded 0.5 tonnes ha−1 (~8%) less than the commercial cultivars (Figure 7B).




3.3.4. Modelling Weed Suppression Ability


Further analysis identified significant (p < 0.05) negative correlations between weed biomass at anthesis and several growth parameters, including leaf area, ground cover, and light interception measured during the tillering stages (Figure 8). However, the strongest correlations among all of the variables tested were between the light interception at early tillering and ground cover at the end of tillering.



To help in identifying the traits that best predict the weed pressure at anthesis, the complete dataset of all the measurements was analysed with the “Random Forest” package in R® (Figure 9). Based on the percent increase in mean squared error and increased node purity plots produced by the Random Forest regression algorithm, the variables that predict weed biomass at anthesis most reliably were light interception at early, mid, and late tillering, ground cover at late tillering and early stem elongation, and biomass at flowering. Light interception by the crops at early tillering and ground cover at the end of tillering appear to be the most important explanatory variables of these six variables. Based on these results, two models were tested with partial least square regressions. The first model included the six variables identified with the Random Forest and only two of these, light interception at the first tiller stage and ground cover at the end of tillering, had a significant impact on the model. This first model had an r² = 0.49 and accounted for about ~50% of the variability of weed biomass at anthesis (Supplementary Data Table S1). The second model included only light interception at the first tiller stage and ground cover at the end of tillering. Both explanatory variables were significant (p < 0.01) also with r² = 0.45.






4. Discussion


This study demonstrated that the early canopy growth of commercial cultivars of wheat can be significantly increased with a single cross to high vigour material. The high- vigour (HV) lines resulting from these crosses experienced less weed pressure than a group of commercial cultivars under field conditions. In addition, early shoot traits that were highly predictive of weed suppressiveness at anthesis were identified.



A top-cross between the two commercial wheat cultivars, Wyalkatchem and Yitpi, with high vigour breeding material generated HV lines with significantly greater early vigour than the commercial cultivars. This was demonstrated by the greater biomass, larger leaf area, and greater ground cover of the HV lines compared with the commercial cultivars throughout tillering in the 2019 and 2020 field trials. Indeed, the canopy growth of the HV lines was often the same as the triticale included as a positive control for early vigour.



The HV lines experienced less weed pressure than the other wheat genotypes, which is consistent with previous research identifying the significant variation in weed competitiveness among genotypes of wheat [15,29,43]. In the 2018 trial, the HV lines suppressed weed growth more than a group of commercial cultivars, and in the 2020 field trial, the HV plots had fewer weeds and less weed biomass at anthesis than the commercial cultivars tested. These commercial cultivars included Janz, Condo, and Yitpi, which are typically more competitive than many other existing cultivars [42,43]. In fact, the weed suppressiveness displayed by the HV lines was similar to triticale and to the tall heritage cultivar Federation, which is also considered competitive [42]. Plant biomass, leaf area index, specific leaf area, and production rate have all been previously linked with weed suppression [27,30,53]. Light interception by the canopy has also been shown to influence the competitive ability [21,22]. Indeed, photosynthetically active radiation (PAR) under the crop canopy positively correlated with weed seed production [28]. Our study confirms those findings and identifies light interception early at the first tiller stage and ground cover at the end of tillering as the most reliable predictors of weed pressure at anthesis. Several studies have shown the importance of flag leaf length, flag leaf orientation [25,36], and leaf angle [36,54,55] on the overall leaf area and canopy structure, which can in turn influence the PAR interception and competitiveness [28,56]. Therefore, leaf emergence and leaf angle may partially account for the genotypic variation in light interception and deserve further study.



In a research performed at the same NSW research site, Mwendwa et al. [43] were able to distinguish competitive wheat cultivars from less competitive cultivars within 100 days after sowing. The results from our experiments showed the possibility of detecting differences at significantly earlier growth stages. For instance, we could distinguish the competitive HV lines from the other commercial cultivars at early tillering (growth stage Z21) or 30 days after sowing. These findings are in agreement with certain previous studies, some performed as early as the beginning of the twentieth century, suggesting that rapid uniform germination and large canopies early in the season improve competitiveness in wheat [16,28,29,30,31,32,33,57,58]. Interestingly, the differences in vigour and weed competitiveness between the HV lines and other commercial cultivars were detected in both drier than average (2018) and wetter than average (2020) cropping seasons. These results suggest the robustness of this particular trait over very different cropping conditions.



Compared with the group of commercial cultivars, the HV lines showed a small but significant yield reduction. Previous studies investigating the link between crop competitiveness and grain harvest suggested that competitive crops may reduce the allocation to grain production by allocating more nutrients to the leaf and root growth [59]. Indeed, a yield penalty was found in some high vigour lines under weed-free conditions [60]. A yield reduction was not unexpected since the genotypes in the described experiments were selected based on high early vigour and not on agronomic performance [60]. However, the same study found that the higher vigour lines had a 10 to 20% greater yield than some well performing commercial cultivars (e.g., Derrumit) when weed pressure was more intense. Similarly, modelling by Zhao et al. [61] suggested that early vigour should improve yield in wetter seasons, similar to our 2020 field experiment. The fact that we did not see a yield increase in the very wet 2020 trial might be explained, in part, by the particular commercial cultivars used in this study. Indeed, some of the commercial cultivars (Mace and Condo) included in our 2020 trial, generally accounted for higher yield than the Derrimut cultivar used by Zerner et al. [60].



While the slight yield reduction in the HV lines could result in reduced farm income, other factors need to be considered, including grain quality, the future weed seedbank, and potential weed suppression. The HV lines reduced the weed pressure by half. Therefore, future economic analysis should include the cost savings associated with agrochemical weed management as well as any potential environmental benefits from the use of less herbicide. Weed management in Australian broad-acre crop production systems (excluding cotton) is estimated to cost AUS 1.7 billion pa. For example, fallow spraying has been estimated to cost approximately AUS 20 ha−1 per application [62], while the control of residual weeds cost approximately AUS 30 to 120 ha−1 per treatment [63]. Wheat represents more than 50% of the cropping area and production [63]. In addition, incorporating more competitive crops in the system could have a substantial impact on the farm income by reducing the cost of agrochemical weed control and by minimising yield losses caused by extra competition [64]. These financial benefits should be integrated into the economic value of using more competitive cultivars.



The very dry season in the 2018 field experiment led to canopy closure late in the season or potentially not at all. Nevertheless, rye, Federation wheat, and the HV lines suppressed 80 to 100% of potential weed growth in contrast to controls. This suggests that traits other than canopy closure may have contributed to the high level of weed suppression observed. Furthermore, in the very wet 2020 field season, our model only explained 40 to 49% of the variation in weed biomass, which again suggests that factors other than canopy size or closure may have contributed to suppression. We hypothesise that the below-ground competition could also be partially responsible for the observed differences in weed suppression. In addition, differential water use efficiency of some genotypes might enhance crop growth and result in weed suppression within the crop. Indeed, meta-data analyses [65,66] found that in the majority of studies, root competition for resources including soil moisture starts earlier than the above-ground competition and is important for the final outcome. Indeed, it has been suggested that the greater competitiveness of barley (Hordeum vulgare L.) compared with wheat relates to its greater root biomass accumulation during the early stages of growth [67]. In recent years, the selection for higher yielding wheat has been positively associated with a reduction in root system size [68], as well as a reduction in below-ground competitiveness. Therefore, it is possible that root traits associated with high vigour genotypes could contribute to the observed differences in competitiveness between the HV lines and commercial cultivars, possibly through increased water use efficiency, allelopathy or other as yet unknown factors.




5. Conclusions


We show that differences in crop competitiveness are apparent early in the growing season. Light interception at early growth stages was critical for the reduction in weed pressure. In general, early shoot vigour can be rapidly incorporated into commercial cultivars to enhance their weed competitiveness. Increasing the competitiveness of important cereal crops is a valuable and cost-effective pest management strategy, which could complement other cultural practices that are important for weed management. Indeed, herbicide efficacy can be improved when used in combination with competitive cultivars [24] and this could assist in extending their functionality and useful lifespan. Ongoing research will introduce early vigour into more recent wheat cultivars and genotypes and assess the way vigour affects the grain yield and quality. Finally, we provide evidence that the crop canopy size and architecture are possibly not the sole determinants of wheat competitiveness with weeds. Future studies should examine the physiology of above-ground traits before crop tillering as well as the way root traits and below-ground competitiveness might be contributing to crop performance in weedy environments.
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Figure 1. Weed suppression in the 2018 field trial. Weed suppression was estimated by comparing the weed cover in the plots with the weed cover in the inter-plot border zones at maturity. The genotypes were grouped into commercial cultivars (CC, green, n = 32), a historical cultivar (Hist, blue, n = 8), the high vigour wheat lines (HV, orange, n = 16), and rye (pink, n = 8). Error bars are standard errors. Different letters identify significant differences between means at every growth stage (p = 0.05). 
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Figure 2. Comparison of leaf area and biomass in the 2019 field trial. Results show (a) leaf area and (b) shoot biomass for the commercial cultivars (CC, green, n = 24), a historical wheat cultivar (Hist, blue, n = 24), the high vigour lines (HV, orange, n = 60), and triticale (pink, n = 12). The progression of the y-axis was interrupted for (a) and (b). Error bars indicate standard errors. The different letters identify significant differences at every growth stage between means at p = 0.05. 
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Figure 3. Comparison of canopy growth of the HV lines and parental lines in the 2020 field trial. The genotypes included the HV lines derived from Wyalkatchem (purple, n = 20), the Wyalkatchem parent (red, n = 10), the HV lines derived from Yitpi (green, n = 20), and the Yitpi parent (yellow, n = 10). These were assessed for (a) biomass, (b) leaf area, (c) ground cover, and (d) light interception. The progression of the y-axis was interrupted for (a) and (b). Data presented include the treatment mean and standard errors. The different letters identify significant differences between the genotypes within each growth stage (p = 0.05). 
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Figure 4. Comparison of canopy growth of the HV lines with other genotypes in the 2020 field trial. The genotypes included a group of five commercial cultivars (CC, green, n = 50), a historical wheat variety (Hist, blue, n = 10), the four high vigour lines (HV, orange, n = 40), and triticale (pink, n = 10). These groups were assessed for (a) biomass, (b) leaf area, (c) ground cover, and (d) light interception. The progression of the y-axis was interrupted for (a) and (b). Data show the mean and standard errors. Different letters above the bars indicate significant differences within each growth stage (p = 0.05). 
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Figure 5. Comparison of the weed presence under the HV lines with other genotypes in the 2020 field trial. Weed pressure was calculated as the percentage of ground covered by weed inside and outside the plots. Genotypes assessed in (a) were the HV lines derived from Wyalkatchem (purple, n = 20), the Wyalkatchem parent line (red, n = 10), HV lines derived from Yitpi (green, n = 20), and the Yitpi parental line (yellow, n = 10). Genotypes assessed in (b) include five commercial cultivars (CC, green, n = 50), a historical wheat variety (Hist, blue, n = 10), the four high vigour lines (HV, orange, n = 40), and triticale (pink, n = 10). Data show mean and standard errors. Different letters above the bars indicate significant differences within each growth stage (p = 0.05). 
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Figure 6. Comparison of the weed pressure of HV lines with other genotypes in the 2020 field trial. Weed biomass was measured under each plot at anthesis. Genotypes assessed in (a) were the HV lines derived from Wyalkatchem (purple, n = 20), the Wyalkatchem parent line (red, n = 10), HV lines derived from Yitpi (green, n = 20) and the Yitpi parental line (yellow, n = 10). Genotypes assessed in (b) include five commercial cultivars (CC, green, n = 50), a historical wheat variety (Hist, blue, n = 10), the four high vigour lines (HV, orange, n = 40), and triticale (pink, n = 10). Data show means and standard errors. Different letters indicate significant differences within each growth stage (p = 0.05). 
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Figure 7. Comparison of grain yields of the HV lines with other genotypes in the 2020 field trial. Genotypes assessed in (a) were the HV lines derived from Wyalkatchem (purple, n = 20), the Wyalkatchem parent line (red, n = 10), HV lines derived from Yitpi (green, n = 20), and the Yitpi parental line (yellow, n = 10). Genotypes assessed in (b) include five commercial cultivars (CC, green, n = 50), a historical wheat variety (Hist, blue, n = 10), the four high vigour lines (HV, orange, n = 40), and triticale (pink, n = 10). Data show means and standard errors. Different letters indicate significant differences within each growth stage (p = 0.05). 
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Figure 8. Correlation plot with r values between weed biomass and crop growth traits in the 2020 field trial. The colours indicate the correlation value between the two traits and the significant levels represented are indicated as follows: p < 0.05: *; p < 0.01: **; and p < 0.001: ***. 
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Figure 9. Identification of the important features for predicting weed biomass at anthesis. The importance level of the different variables in explaining differences in weed biomass at anthesis. The model included all of the variables measured above-ground in the field in Wagga Wagga in 2020 to explain the weed biomass present at tillering. The percent increase in mean squared error (%IncMSE) shows the decrease in accuracy when a particular variable is removed from the model. The increased node purity (IncNodePurity) is based on the decrease of Gini impurity when a variable is chosen to split a node. The importance levels indicate that light interception at the first tiller stage and ground cover at the end of tillering are the most important features to predict weed biomass at anthesis, given a threshold of 4%IncMSE (dotted line). However, if the threshold is set at 10%IncMSE (dashed line), only light interception at the first tiller stage and ground cover at the end of tillering are important parameters associated with variation observed. 
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Table 1. Monthly temperatures and rainfall (mm) and the total in-crop rainfall for the Wagga Wagga field trial site in 2018, 2019, and 2020 from the Australian government Bureau of meteorology (Australian Bureau of Meteorology, www.bom.gov.au, accessed on 14 November 2021).
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Wagga Wagga

	
Jan

	
Feb

	
Mar

	
Apr

	
May

	
Jun

	
Jul

	
Aug

	
Sep

	
Oct

	
Nov

	
Dec

	
Annual

	
In-Crop

Season






	
Long- term

	
Max temp (°C)

	
31.2

	
30.5

	
27.2

	
22.2

	
17

	
13.7

	
12.5

	
14.4

	
17.4

	
21.1

	
25.2

	
29.2

	
21.8

	




	
Min temp (°C)

	
16.4

	
16.9

	
14.1

	
10.1

	
6.8

	
4.3

	
3.3

	
4.3

	
6

	
8.5

	
11.1

	
14.2

	
9.7

	




	
rain (mm)

	
41.6

	
39.4

	
40.6

	
45.5

	
55.1

	
48.5

	
55.6

	
54

	
54.2

	
60.6

	
42.8

	
40.7

	
577.5

	
363.6




	
2018

	
Max temp (°C)

	
34.3

	
32.4

	
29.9

	
27.7

	
18.4

	
14.8

	
13.8

	
14.7

	
19.1

	
26

	
26.3

	
32.2

	
24.1

	




	
Min temp (°C)

	
8.3

	
16.2

	
13.6

	
11.2

	
5.8

	
4.1

	
1.7

	
2.9

	
3.8

	
9.5

	
13

	
17.5

	
9.8

	




	
rain (mm)

	
69.8

	
53.6

	
10.2

	
5

	
30

	
36.8

	
15.6

	
21

	
26.4

	
26.4

	
79

	
65.8

	
439.6

	
253.1




	
2019

	
Max temp (°C)

	
37.9

	
31.9

	
28.5

	
24.7

	
17.4

	
14.4

	
13.8

	
14.1

	
19.6

	
26

	
27.1

	
33.6

	
24.1

	




	
Min temp (°C)

	
22.3

	
16.7

	
15.3

	
11.8

	
6.5

	
2.8

	
3.4

	
1.1

	
3.7

	
8.2

	
11.4

	
16.1

	
9.9

	




	
rain (mm)

	
28.2

	
11.4

	
41

	
24

	
53.9

	
43

	
23

	
18.8

	
20

	
8

	
56.6

	
9.2

	
337.1

	
200.95




	
2020

	
Max temp (°C)

	
34.2

	
31.2

	
26.7

	
20.6

	
16.7

	
14

	
13.5

	
13.8

	
19.2

	
22.5

	
29.2

	
28.9

	
22.5
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