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Abstract

:

The need to better exploit crop yield potential through agronomic practices is driven by the necessity to feed a growing population in a changing climate. In this regard, cereals, including barley, represent strategic crops. Barley grain yield in Poland is comparable to the European average. Under good habitat and agronomic conditions, it can exceed the average. The effects of cropping system (continuous cropping, CC; crop rotation, CR), cultivar (Radek, Skald), plant protection level (control treatment, CT; herbicide, H; herbicide and fungicide, HF), and the interactions among these factors on spring barley yield were evaluated in northeast Poland in 2017–2022. Growing spring barley in the CR system promoted higher yields compared to the CC system due to increased spike density and 1000-grain weight (TGW). Skald, with a higher TGW, yielded more than Radek. H treatment increased barley yield by improving the spike density and TGW, while fungicide inclusion (HF) contributed to further yield increase by improving the TGW. The interaction of CR and HF practices contributed to the greatest realization of the yield potential of both cultivars. The study confirmed the strong contribution of inter-annual weather variability in modifying the effects of cropping system, cultivar, and plant protection strategy on barley yield.
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1. Introduction


Feeding the world’s growing population without compromising the sustainability of the planet is one of the most important challenges facing human civilization today [1,2]. It has been predicted that the global population will reach over 9 billion by 2050 [1]. The Sustainable Development Goals (SDGs) set in 2015 encourage nations to substantially increase food production to achieve zero hunger (SDG 2) while preserving life on land (SDG 15). A key question is how to reconcile these potentially competing goals spatially [3]. According to Gerten et al. [4], within the strictly respected existing four interlinked planetary boundaries (biosphere integrity, land-system change, freshwater use, nitrogen flows), the current food system can only provide a sustainable diet (2355 kcal per person per day) for 3.4 billion people. However, a transformation toward more sustainable production and consumption patterns could support 10.2 billion people within these planetary boundaries.



Currently, it is agriculture that secures 97.0% of the world’s food supply (93.5% and 98.6% of the global protein and calorie supply, respectively) [5]. Agricultural land now accounts for 36.8% of the total land area and it is shrinking. Between 2000 and 2021, a decrease of 56 million ha was observed [5]. Zhang et al. [3] estimate that intensifying existing cropland to maximum yield before allocating new cropland would reduce land requirements by 43% versus cropland expansion without intensification.



Two important ways to sustainably maximize food and feed supply from cropland are to increase the yield potential and close the yield gap [6]. The maximum yield potential of crops is genetically determined, and breeders and biotechnologists strive to reach this level when developing new crop varieties (cultivars) [7]. In a given region, a well-adapted cultivar (genotype) can achieve its yield potential under optimal habitat and management. The yield gap of a crop is identified as the difference between the so defined yield level and actual farm yield [6,8]. Yield gaps can be attributed to a multitude of factors, with suboptimal management practices related to nutrient deficiencies and poor management of water, diseases, pests, and weeds being the primary causes [6].



Crop rotation, i.e., the practice of planting different crops on the same land in consecutive growing seasons, has been used since ancient times as an effective tool for protecting crop yields by controlling diseases, pests, and weeds, and improving soil fertility and health [9]. The productive and environmental benefits of crop rotation have been extensively reported [10,11,12]. This “old” agricultural practice was neglected in the twentieth century due to easy access to synthetic inputs and farmer’s attraction to short-term solutions and immediate economic returns. It was replaced by short rotations of two crop species, sometimes even with only one crop grown season after season (continuous cropping, monoculture), intensively supported by agrochemical use [13]. This strategy, however, failed to offset the long-term advantages of crop rotation, while also having an adverse impact on the environment [9]. In recent years, there has been a notable shift toward sustainable agriculture, which has led to a renewed interest in crop rotation [9,10,13]. Well-planned crop rotations, especially those that are longer and more species-rich (diversified crop rotations), are thought to solve many of modern agriculture’s problems: socio-economic, human nutrition, and environmental [11,12].



Despite the many benefits of using diversified crop rotation, it is not a remedy for all yield-limiting factors and does not always allow the crops to realize their full potential [9]. For example, the competitiveness of crops against weeds varies between species and even between varieties [14]. For genotypes that are less competitive, the use of herbicides to maximize yield may be justified, even when crops are grown in a diversified crop rotation [15]. Moreover, diversified crop rotation controls host-specific diseases and pests, while generalized pests may persist across a range of crops [9]. Thus, it may be necessary to involve other control approaches, including use of synthetic chemicals.



The cultivation of high-yielding, nutrient-efficient, weed-competitive, pathogen- and pest-resistant, and abiotic stress-tolerant cultivars represents a crucial means by which crop rotation performance can be enhanced and yields increased [11,15,16]. A wide range of cultivars is provided by national and community catalogs, which are regularly updated [17,18]. Furthermore, the practice of cultivar replacement (also known as cultivar rotation) is believed to enhance the yield-forming and yield-protecting potential of crop rotation [15].



There is widespread agreement that the adoption of diversified crop rotation and careful choice of cultivars allows for a substantial reduction in pesticide use [19]. Despite the negative connotations attached to pesticides in recent times, many pathways toward sustainable agriculture do not prohibit the use of these chemicals [20]. However, their application is recommended only after the benefits of proper crop rotation, resistant varieties, and biological and ecological processes in agroecosystems (e.g., beneficial predation, plant competition) have been fully exploited [21]. Moreover, pesticides with acceptable toxicological and environmental profiles should be used [22], based on continuous pest monitoring and economic and environmental-impact thresholds [21]. It is claimed that the implementation of a diverse crop rotation that integrates a diverse set of yield-forming and yield-protecting tactics, while not excluding pesticides, is a necessary condition for achieving high crop productivity in sustainable agricultural systems [20,23,24].



The improvement and integration of sustainable agricultural practices, including diversified crop rotation, the cultivation of suitable varieties, and the rational use of pesticides, are also regarded as ways of enhancing the resilience of the agroecosystem to the effects of climate change and variability [25,26]. Worldwide, agriculture production intrinsically depends on climate, but with global warming, different meteorological anomalies are observed at global, regional, and local levels [27], and increasing frequency of climate extremes, such as droughts, heat waves, and excess moisture, is expected in the future [25]. Extreme weather events frequently cause severe crop yield losses, affecting food security and farmers’ incomes. For instance, a single drought day in Central Europe can reduce winter wheat yields by up to 0.36% [28]. Studying farming practices in the face of year-to-year weather variability can help to design more sustainable cropping systems that will provide more stable crop production [26].



Cereals are regarded as strategic crops for achieving the United Nations Sustainable Development Goal of zero hunger by 2030 (SDG 2), ending extreme poverty (SDG 1), and mitigating climate change impacts (SDG 13) [1]. Among these crops, barley is one of the most important in terms of global production and area harvested, ranking fourth in the world behind maize, wheat, and rice [29]. Due to its short vegetation period and poorly developed root system, it is demanding of soil conditions and sensitive to both excess and deficit moisture [30,31]. However, it has also been suggested that with climate change, barley could potentially replace wheat as the dominant cereal crop in arid regions due to its relatively lower susceptibility to drought stress [32]. In addition, barley has high susceptibility to stem base diseases and poor competitiveness against weeds, making it highly susceptible to cultivation in a simplified crop sequence [33]. Achieving high barley yields often requires the use of pesticides, especially under unfavorable habitat conditions [33,34,35]. Nevertheless, according to Adamiak et al. [33], barley cultivated in a diversified crop rotation exhibited greater productivity when additionally protected with chemical agents. On the other hand, unfavorable environmental conditions, primarily meteorological, can diminish the yield-protective efficacy of pesticides, while highly resistant and competitive cultivars may reduce the need for pesticides [36].



Despite extensive research on the impacts of various agricultural practices on barley yields, including crop rotation, cultivar selection, and pesticide use, the necessity for continued investigation into these practices and their interactions persists. This is particularly relevant considering the introduction of new cultivars and pesticides, coupled with the unpredictability of weather patterns influenced by climate change. This paper aimed to assess the effects of two contrasting cropping systems (continuous cropping and diversified crop rotation), two cultivars, three levels of plant protection, and the interactions among these practices on the yields of spring barley over a six-year period of the long-term experiment. It was hypothesized that the optimal combination of these practices would enable the maximum realization of the production potential of this cereal under the habitat conditions of northeastern Poland.




2. Materials and Methods


2.1. Study Location


The study is based on a long-term field experiment conducted at the Production and Experimental Plant “Bałcyny” Sp. z o.o. in Bałcyny (Poland, Warmian-Masurian Voivodeship, 53.60° N, 19.85° E). The experiment is situated on slightly undulating terrain, on Luvisolic soil formed from light silty clays. The particle size distribution of the soil in the top 30 cm (0–30 cm) was determined to be 26–39% silt (with diameters between 0.1 and 0.02 mm), 17–22% floatable particles (with diameters between 0.02 and 0.002 mm), and 2–4% clay particles (with diameters of below 0.002 mm) [37]. The region’s climate is distinguished by high levels of weather variability and pronounced fluctuations in seasonal patterns from year to year. Rainfall is relatively evenly distributed throughout the year, although there are irregular, brief periods of drought, as well as heavy precipitation [38]. Monthly precipitation totals and average monthly air temperatures during the study period, as recorded by the Meteorological Station in Bałcyny, are presented in Table 1.



The experiment was established in the fall of 1967, at which time continuous cropping of nine crop species (winter rye, winter wheat, spring barley, oats, corn, sugar beet, faba bean, winter rape, and fiber flax) was initiated in the fields. The level of inputs (lower and higher) was introduced as a source of variation. This cropping sequencing system (cropping system) was maintained for five years. Thereafter, the continuous cropping fields were divided into two parts. Continuous cropping was maintained in one part of each field, while the other part underwent crop rotation. A field of continuous potato was introduced, and based on ten crop species, two five-field crop rotations were initiated as a point of contrast to the continuous cropping system. The continuous cropping fields remained a fixed component of the experiment throughout the study period. By contrast, the crops grown in crop rotation(s) each year (season) were cultivated in a different field, in accordance with the designated crop rotation pattern. In subsequent years of operation, the experiment underwent further modifications. In 1983, cultivars and levels of crop protection were introduced as variability sources. Since that time, three experimental factors were investigated: (i) cropping system (continuous cropping vs. crop rotation), (ii) cultivar (two for each crop), and (iii) plant protection level (three levels: no herbicide or fungicide treatments, herbicide, herbicide + fungicide). Starting in 1993, the crop rotations were expanded from five to six fields (winter triticale and peas fields were included). The arrangement of continuous cropping and crop rotation fields in the experiment for 2022 is shown in Figure 1, while Figure S1 illustrates the arrangement of these fields for subsequent years during the period of 2017–2022. The arrangement of cultivars and plant protection levels in a single field of continuous cropping or crop rotation was established as illustrated in Figure 2 for spring barley, and this pattern has remained constant each year since 1983. Each treatment combination (cropping system × cultivar × plant protection level) is represented by three plots, which serve as replications. The area of a single plot is 27 m2, and the entire experiment covers approximatively 1 ha.




2.2. Experiment Description


The subject of this study was spring barley, constituting part of a larger experiment described in Section 2.1. The study employed a factorial experimental design (2 × 2 × 3), with an additional factor (year, 6). The experimental factors were: (i) a cropping system (CS), comparing spring barley continuous cropping (grown in the same field since 1967; CC) versus spring barley growing in a diversified crop rotation (sugar beet–corn–spring barley–peas–winter rape–winter wheat; CR), (ii) the cultivar of spring barley (Cv), with the Radek cultivar and the Skald cultivar being tested, and (iii) the plant protection level (PP), including control treatment with no herbicide or fungicide protection (CT), herbicide protection (H), and herbicide and fungicide protection (HF). The analysis included data from 2017 to 2022. This period represents the entire last completed crop rotation cycle. The study year (Yr) in the six-year study period was adopted as an additional fourth (iv) factor, representing an uncontrolled source of variability. The levels (treatments) of the particular experimental factors were arranged in the fields as illustrated in Figure 1, Figure S1, and Figure 2. In each year of the present study, a total of twelve treatment combinations were investigated (two cropping systems × two cultivars × three plant protection levels), with three replications each.



The selection of cultivars was based on the recommendations of the Research Center for Cultivar Testing (COBORU) in Słupia Wielka. The main characteristics of the cultivars are shown in Table 2. The potential yield of barley, including the Radek and Skald cultivars, was assumed based on the results of the national Post-Registration Variety Testing System (Table 3).



The selection of herbicides and fungicides, as well as other pesticides, was based on the recommendations of the Institute for Plant Protection—National Research Institute in Poznań, Poland. During the period covered by the present study, weed control was achieved through the use of Mustang 306 SE (florasulam + 2,4-D; Dow AgroSciences Polska, Spółka z o.o., Warsaw, Poland), while fungal pathogens were treated with Capalo 337.5 SE (fenpropimorph + epoxiconazole + metrafenone; BASF Polska Sp. z o.o. Crop Protection, Warsaw, Poland) and Amistar 250 SC (azoxystrobin; Syngenta Polska Spółka z o.o., Warsaw, Poland) combined with Artea 330 EC (propiconazole + cyproconazole; Syngenta Polska Spółka z o.o., Warsaw, Poland). Table S1 contains detailed information on these and other pesticide treatments applied in the study. Other basic agricultural data for spring barley in the study years are presented in Table S2. Since 1983, farmyard manure (FYM) has been used in the experiment: in continuous barley every three years (15 t ha−1), whereas in crop rotation before sugar beet sowing (30 t ha−1). The application of FYM occurred in the fall, followed by the implementation of pre-winter plowing. The spring barley was harvested using a plot combine harvester (Wintersteiger CLASSIC, Ried im Innkreis, Austria). Following harvest, the straw was removed from the field.




2.3. Data Collection


The grain yield of spring barley was evaluated based on the amounts of grain harvested in individual plots. Grain was harvested separately from each plot. The grain was weighed and afterward the results were converted and expressed in terms of 1 hectare and 15% grain moisture. The following yield components were identified and quantified: spike density, defined as the density of productive tillers per 1 m2; grain number per spike; and 1000-grain weight (TGW). Spike density was quantified prior to barley harvest via the frame method. This entailed the designation of four 0.50 m × 0.50 m quadrats at random within each plot for manual spike counting, with the values in the quadrats subsequently summed. The grain number per spike was derived from the measurements of 20 plants sampled from each plot shortly before harvest. The TGW was established based on approximately 1 kg of grain samples taken from each plot during combine harvesting. In the laboratory, 1000 grains were randomly picked from each such sample and weighed.




2.4. Statistical Analysis


The data on barley yield and yield components were analyzed using four-way ANOVA (analysis of variance) for the experiment conducted in a completely randomized design. The effects of the cropping system (CS), cultivar (Cv), plant protection level (PP), year (Yr), and their interactions (two-way: CS × Cv, CS × PP, Cv × PP, CS × Yr, Cv × Yr, PP × Yr; three-way: CS × Cv × PP, CS × Cv × Yr, CS × PP × Yr, Cv × PP × Yr, and four-way: CS × Cv × PP × Yr) were evaluated for their individual and combined contribution to maximizing barley yield. The Shapiro–Wilk W-test was employed to ascertain the normality of variable distributions, while Levene’s test was utilized to validate the homogeneity of variance. To ascertain the differences between the means for the treatments, Duncan’s test was employed. Furthermore, Pearson’s simple correlation coefficients were utilized to illustrate the relationships between the variables. In all cases, a p-value of less than 0.05 was employed as a criterion for statistical significance. The analysis was performed using the Statistica 13.3 program.





3. Results


The grain yield of spring barley observed in the present study exhibited a range of 3.95–8.04 t ha−1. It was found to be significantly influenced by all three main experimental factors: cropping system (CS), cultivar (Cv), and plant protection level (PP). Furthermore, the interactions CS × PP and Cv × CS × PP were identified as contributing sources of yield variability (Table 4). The study year (Yr) and its interaction with the main controlled factors, namely, CS × Yr, Cv × Yr, PP × Yr, and Cv × PP × Yr, also had a significant effect. The factor with the strongest impact was CS, followed by PP, Yr, and Cv.



All sources of variation exhibited a statistically significant effect on the TGW, whereas CS, PP, and Yr demonstrated significant impacts on spike density. Only Yr had a notable effect on grain number per spike. Furthermore, the TGW was significantly affected by the following interactions: CS × Cv, CS × PP, Cv × PP, Cv × Yr, CS × Cv × PP, and CS × Cv × Yr. Spike density was also significantly influenced by the Cv × PP interaction. Study year proved to be the factor with the strongest effect on all yield components.



Spring barley grown in the CR system demonstrated superior yield relative to that grown in CC. This outcome can be attributed to the higher spike density and TGW (Table 5). The Skald cultivar exhibited enhanced performance compared to the Radek cultivar, with the former demonstrating a higher TGW. The application of herbicide (H) resulted in a statistically significant increase in yield when compared to the control treatment (CT). The additional incorporation of fungicide in plant protection (HF) resulted in a further significant enhancement in yield. Protection of the plants via H and HF treatments resulted in increased spike density and TGW in comparison to CT treatment, while the number of grains per spike remained unaffected.



Spring barley exhibited the highest yield in 2020 and the lowest yields in 2021 and 2017 (Table 5). During the six-year study period, the highest spike density was recorded in 2022, the highest number of grains per spike was recorded in 2021, and the best grain filling (TGW) was observed in 2017 and 2021.



The application of H and HF treatments resulted in increased yields in both the CC and CR systems (Figure 3a). The greatest yield difference was observed between CC-CT and CR-CT treatments (1.44 t ha−1). Under CC-HF treatment, barley yielded a level comparable to that observed under CR-CT treatment.



Each year, barley yields were higher in the CR system than in the CC system, with significant differences observed (Figure 3b). However, the largest discrepancy between these cropping systems was recorded in 2021, with a yield difference of 1.72 t ha−1. In that year, there was a substantial decline in yield in the CC system. Only in 2020 did the Radek cultivar produce a significantly lower yield (by 0.83 t ha−1) than the Skald cultivar (Figure 3c). In all other years, no yield differences between these cultivars were confirmed. In relation to CT treatment, H application resulted in increased yields in 2018, 2019, 2021, and 2022. However, the profitable effect of HF treatment in comparison to H treatment was only recorded in 2017 and 2020 (Figure 3d).



Analysis of the CS × Cv × PP interaction revealed that, irrespective of the study year, the highest barley yields were achieved by cultivation in the CS system with the application of HF treatment (Table 6), with no significant difference between the two cultivars. Details of the effects of the Cv × PP × Yr and CS × Cv × PP × Yr interactions on barley yield are shown in Tables S3 and S4, respectively. It is noteworthy that during the study period, the highest yields, exceeding 7 t ha−1, were most often obtained by growing the Skald cultivar under CR-H and CR-HF conditions (Table S4). However, the Skald cultivar also exhibited the lowest yield in the presented research, with a value of 3.95 t ha−1 obtained under CC-CT treatment conditions in 2021. In none of the research years did the yield of the Radek cultivar under CC-CT conditions exceed 6 t ha−1, and in three out of six years, the yield was below 5 t ha−1.



Under H treatment, the spike density of the compared cultivars was found to be similar, with no significant differences observed. However, under CT and HF treatments, the Skald cultivar was characterized by a higher spike density compared to the Radek cultivar (Figure 4).



The TGW of the Skald cultivar was observed to be greater than that of the Radek cultivar in the CC system. However, in the CR system, no differences were noted between the cultivars (Figure 5a).



In comparison to CT treatment, H and HF treatments resulted in an increase in the TGW in the CC system (Figure 5b). By contrast, in the CR system, only HF treatment demonstrated an improvement in this attribute, with the TGW under CC-HF treatment being comparable to that observed under CR-CT and CR-H treatments. No effect of H treatment was observed on the TGW of the tested cultivars (Figure 5c). By contrast, HF treatment resulted in an increase in the TGW of the Skald cultivar, with values exceeding those of Radek under these conditions. During the six-year study period, grain filling of both cultivars was most advantageous in 2017 and 2021, while the smallest TGW was recorded in 2022 (Figure 5d). Regardless of CS and PP factors, the TGW of the Skald cultivar was greater than that of the Radek cultivar in only two years (2019 and 2020), with no differences between cultivars in the other study years.



Details of the effects of the interactions CS × Cv × PP and CS × Cv × Yr on the TGW are presented in Tables S5 and S6, respectively.



Grain yield exhibited a significant positive correlation with all yield components. The strongest relationship was observed between grain yield and spike density (r = 0.471, p = 0.000), followed by that between grain yield and TGW (r = 0.260, p = 0.000) and that between grain yield and number of grains per spike (r = 0.154, p = 0.024). At the same time, a negative correlation was identified between spike density and TGW (r =−0.165, p = 0.015).




4. Discussion


Among the agricultural practices tested in the present study, the cropping system (CS) proved to be the most influential factor affecting barley yield, exhibiting a stronger impact than plant protection (PP) and cultivar (Cv) factors, as well as year-to-year variability (Yr). Although Krzymuski [41] assigned a higher ranking to cultivar than to the choice of previous crop among cereal yield factors, the result obtained in the present research was not unexpected. This is because spring barley was cultivated in a diversified crop rotation system (CR), which was juxtaposed to long-term continuous cropping of this cereal (CC). Despite prolonged continuous cropping being far from a practical reality, it is a useful experimental approach as it allows for a full elucidation of the benefits of crop rotation by contrasting it with the cultivation of the crop under the most unfavorable crop succession system [42].



The advantages of crop rotation over continuous cropping are usually less evident in spring cereals during the initial years but subsequently increase in a linear manner over time. By contrast, the impact of crop rotation on winter cereals is initially pronounced but then remains constant over time [43]. The diversity of crop species in a field, particularly their functional richness, is regarded as an effective strategy for enhancing grain yield [13]. The substantial increase in cereal yield resulting from crop rotation in comparison to continuous cropping was proven in the present study and in other previous ones [15,33,34,42,44]. The present study reported an average increase in barley yield of 16% (0.97 t ha−1). However, this value can reach 20–25% [43,45]. Taking CC with a low external N input in the starting year as a baseline, Smith et al. [13] demonstrated that the maximum yield increase occurred 35 years after the implementation of diversification, reaching 0.94 t ha−1 for spring fine grain cereals. This value aligns with the average yield increase observed in the present study. In the present study, barley exhibited a higher yield in the CR system than in the CC system each year, although the magnitude of the differences varied considerably from year to year. The relatively smallest differences were recorded in 2017 and 2020, which may be attributed to the response of yield in the CC system to FYM application in the fall of the previous year. The largest difference between these cropping systems was recorded in 2021 (1.72 t ha−1). In that year, the unfavorable rainfall distribution during the growing season (a shortage followed by an excess) amplified the effect of the adverse cropping system (i.e., CC). Barley grown in the CR system proved to be less sensitive to changing weather conditions [26].



Growing crops in diversified crop rotation reduces weed infestation [34,42,46] and disease occurrence [47]. This improves the conditions for barley growth and development, which in turn has a positive effect on yield components [33,48]. The present study revealed that barley cultivated in the CR system exhibited a higher number of spikes (by 11.4%) and a higher TGW (by 4.1%) than that in the CC system. However, the impact of the cropping system on the number of grains per spike of barley was not evident, a finding that aligns with the results of other studies [33].



The effect of the cultivar factor in the present study was significant, but rather weak (the weakest among the main controlled sources of variability). In consideration of the variability in yield potential among barley cultivars [34,49], in the experiment, two distinct cultivars with varying characteristics were usually selected for investigation. For the rotation cycle started in 2017 (and simultaneously for continuous cropping), the Skald cultivar, registered in the Polish National List in 2009, and the relatively then-new Radek cultivar, registered in 2015, were selected for comparison. National post-registration tests indicate that, in general, the Radek cultivar has higher yield potential despite a slightly lower TGW than the Skald cultivar [40], and only in 2015 did they record higher yields of the Skald cultivar than Radek [40]. In the present study, however, regardless of the other experimental factors, the Skald cultivar yielded at a higher rate than the Radek cultivar (6.39 and 6.28 t ha−1, respectively). The present study favors the Skald cultivar mainly due to the year 2020, as this is the only year in which the Skald cultivar showed a significantly higher yield than the Radek cultivar. The year 2020 turned out to be particularly favorable for the Skald cultivar; it took better advantage of the less rainy July for grain filling than the Radek cultivar, achieving a higher TGW. Genotypic variability in tolerance to unfavorable habitat conditions is a notable feature of barley [50]. Under water deficit conditions, genotypes that are susceptible exhibit greater reductions in biomass compared to those that are resistant. However, no studies comparing this trait were found in the Radek and Skald cultivars. Despite its favorable performance, the Skald cultivar was removed from the Polish National List in 2022 by a breeder’s decision. It is also noteworthy that the Radek and Skald cultivars exhibited a similar response to the cropping system and plant protection employed (no CS × Cv and Cv × PP interactions). Apparently, the differences between these cultivars in terms of competitiveness against weeds and susceptibility to pathogens were too small to matter against the strongly contrasting levels of the CS and PP factors.



The chemical protection of barley from weeds and diseases was identified as a highly significant factor in differentiating barley yields in the present study. While this factor was found to be less influential than the cropping system, it was observed to have a stronger impact than the cultivar factor. By contrast, Krzymuski [41] ascribed a lesser impact to chemical plant protection than to both previous crop and cultivar selection. The significant increase in yield observed in crops treated with herbicides can be attributed to the fact that spring barley is a relatively weak competitor against weeds [34,51]. Other authors have demonstrated that weed infestation can result in a reduction in spring barley yield by 5–19% [52] while the use of herbicides has been identified as a key strategy for maintaining yield [33,49,51].



The yield-forming effect of the herbicide was expressed as an increase in grain yield (on average, by 10%) owing to increases in the spike density and TGW. Numerous studies have demonstrated that the application of herbicides can lead to improvements in yield components [33,42,53]. The positive effect of H-protection was more pronounced in the CC system than in the CR system, with yield increases of 18.4% and 3.7%, respectively. This result is not unexpected, given that competition from weeds is typically more intense in the CC system than in the CR system [15,34,42]. Therefore, the reduction in weeds in barley grown in the CC system exerted a more pronounced yield-forming effect. Furthermore, diversified crop rotations have been observed to result in a reduction in weed infestation [9,15,33,42]. This is attributed to the implementation of different agronomic treatments at varying times (e.g., tillage, sowing date) and the availability of weed control measures specific to each crop species. Over time, this multifaceted approach may potentially lead to a reduction in the soil seed bank [54].



The present study demonstrated that the inclusion of a fungicide in barley protection (HF level) resulted in a further increase in yield (by an average of 5.1% in relation to H treatment). This was mainly due to the TGW improvement, which was also confirmed by another study [55] in which fungicide application resulted in an average yield increase of 6.1 to 26.1% compared to the control, along with an increase in the TGW (up to 9.9%). These findings highlight the necessity of protecting barley from pathogens. The most significant fungal diseases affecting barley are leaf rust and net blotch, caused by the pathogens Puccinia hordei and Pyrenophora teres f. terreus, respectively [56]. Furthermore, under Polish conditions, a notable reduction in spring barley yield is attributed to the presence of powdery mildew (Blumeria graminis f. sp. hordei) and barley scald (Rhynchosporium commune) [57].



Fungicide treatment application is recommended in both CC and CR systems, as numerous studies indicate a significant effect of the crop succession system on pathogen infestation. According to Sawinska et al. [58], the cultivation of barley in the CC system is associated with a heightened incidence of infestation by Gaeumannomyces graminis in comparison to the CR system. However, this practice does not appear to influence the prevalence of Fusarium infestation. Kurowski et al. [47] demonstrated that Pyrenophora teres f. terreus and Rhynchosporium commune exhibited more pronounced infestations of barley cultivated in the CC system compared to the CR system. Conversely, pathogens associated with spike fusariosis (Fusarium ssp.) and cereal eyespot (Oculimacula acuformis and O. yallundae) demonstrated more pronounced infestations of plants grown in the CR system compared to the CC system.



The present study revealed that HF treatment resulted in a more pronounced yield increase in the CC system than in the CR system. This was observed in relation to the H level, with increases of 5.4% and 4.9%, respectively. It can be attributed to the fact that the reduction in weed and pathogen infestation via HF treatment in the CC system supported plant development [33], thereby exerting a positive effect on grain yield. Ultimately, the yields achieved under CC-HF treatment were comparable to those attained under CR-CT conditions.



During the six-year study period, the yield-forming effect of the herbicide was recorded four times (in 2018, 2019, 2021, and 2022), which may indicate the strong weed pressure on barley crops, especially in continuous cropping [34], and therefore the importance of herbicide protection. At the same time, there were no significant differences in the yield of barley protected by H and HF treatments in these growing seasons. This can be attributed to the fact that the herbicides, by reducing competition from weeds, strengthened the crop condition [59]. Plants in good condition were less susceptible to pathogens [60], and consequently, the effect of the fungicide was no longer significant. On the other hand, it was also proved that synthetic herbicides can affect plant diseases [61]. They can either exacerbate diseases or protect plants from pathogens due to direct effects on the microorganisms, effects on the plant, or effects on both organisms. Finally, both weed and pest intensities, as well as the efficacy of herbicides and fungicides, depend on a multitude of factors, including the prevailing weather conditions each year [61,62,63].



The high inter-annual variability in yield observed in the present study was an expected consequence of the influence of weather conditions. It is well established that the magnitude and distribution of temperatures and precipitation during the growing season exert a profound influence on the development of crops [35] and weeds [63], as well as on the appearance and intensity of pathogens [64], which consequently manifest in the yield volume [57,65]. Krzymuski [41] places a high value on this factor, ranking it alongside the influence of the previous crop and cultivar but above that of chemical plant protection. In the present study, this uncontrolled factor demonstrated a weaker influence than the CS and PP factors, yet a stronger one than the Cv factor.



In the 2020 growing season, the highest yield (6.82 t ha−1 on average) was observed. This volume resulted from the complex contribution of all three yield components, namely, spike density, number of grains per spike, and TGW. All three parameters exhibited high values that year, even though individually, they did not represent the highest values observed during the study period. Favorable rainfall in May and June, during the barley development period from tillering to heading, positively influenced the number of spikes, grain setting, and filling. Such weather conditions were conducive particularly for the Skald cultivar (7.23 t ha−1). In addition, in 2020, the application of HF treatment strongly supported the yield of the cereal. By contrast, the yields were notably diminished during the 2021 and 2017 growing seasons due to barley plants encountering insufficient or excessive precipitation during the critical stages of intensive growth and development. Leszczyńska and Kostiw [66] found that rainfall amount had a significant impact on yield, while temperature was less influential. Spring barley is particularly susceptible to prolonged drought or excessive soil moisture, particularly at the beginning of the growing season or during heading [67]. Dry and warmer growing seasons typically result in reduced grain yield [68,69]. If stress occurs only in the early growth stages, its consequences are less severe than when it occurs in later growth stages [70].



The range of yield values recorded in the present study was wide, which is explained by the contrasts of levels of factors tested (agricultural practices) and the contribution of an uncontrolled factor, namely, the inter-annual variability in weather conditions. The results of post-registry testing at the national level indicate that the climatic conditions in Poland, as well as in the region where the experiment is located, are conducive to the production of high yields of spring barley [40]. Even the lowest yield (3.95 t ha−1) obtained in the present study under rather harsh conditions for the cereal, since it was grown under continuous cropping for a long time and without plant protection, was higher than the world mean barley yield and only slightly lower than the country mean yield, i.e., obtained under varying real production conditions (not in experiments). The highest yields obtained in the present study (~7–8 t ha−1) did not fully exploit the production potential of the tested cultivars or spring barley in general (Table 7). As reported by Verstegen et al. [71], the highest on-farm yield potential of winter barley is approximately 13 tons per hectare, while yields of spring types exceed 10 tons per hectare.



Nevertheless, a yield of 7 t ha−1 is deemed satisfactory [71,73]. In the present study, this level of yield was achieved by growing barley in the CR system with the application of HF treatment, with a slight advantage of one of the tested cultivars (specifically Skald). Previous studies have indicated that the use of chemical protection against weeds and diseases does not result in enhanced yields of rye grown in a diversified crop rotation [74]. However, the present study has confirmed that the interaction between a crop rotation system and a level of crop protection allows for significantly improved exploitation of the production potential of spring barley cultivars compared to diversified crop rotation alone.



Given the rapid progress in breeding [75], the small number of cultivars tested and their maintenance over the years of the rotation cycle is a peculiar limitation of the present study. However, this is due to the general assumptions of the long-term experiment on which the present study is based. The same applies to mineral fertilization and soil quality, which are considered to be the most powerful yield-determining factors in cereal production [41], and were kept constant in the present study.




5. Conclusions


Growing spring barley in the CR system promoted higher yields compared to the CC system due to increased spike density and TGW. The cultivar Skald, with a higher TGW, yielded more than Radek. H treatment increased barley yield by improving the spike density and TGW, while the inclusion of a fungicide (HF) in the plant protection strategy contributed to further yield increases by improving the TGW. The interaction between CR and HF practices contributed to the greatest realization of the yield potential of both cultivars. Under the conditions of a long-term CC system, the application of HF treatment can result in barley yield levels that are comparable to those achieved through cultivation in the CR system without protection against weeds and pathogens (CT). The study also confirmed the strong contribution of inter-annual weather variability in modifying the effects of the cropping system, cultivar, and plant protection strategy on barley yields. The yield of barley grown in the CR system demonstrated greater resilience to fluctuations in weather patterns.



Considering the anticipated changes in climate and the advances in cultivar breeding and chemical crop protection, studies on integrating methods and tools to support the maximization of grain yields under variable weather conditions remain a pertinent and valuable area of research.
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Figure 1. The arrangement of continuous cropping (CC) and crop rotation (CR) fields in the Bałcyny experiment on 19 July 2022. 
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Figure 2. The arrangement of cultivars and plant protection levels in a single field of spring barley grown in continuous cropping or crop rotation in the experiment in Bałcyny in 2017–2022. CT—plots with no herbicide or fungicide treatments; H—plots with herbicide application; HF—plots with the application of herbicide and fungicide. 
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Figure 3. Effects of the interactions of cropping system × plant protection (a), cropping system × year (b), cultivar × year (c), and plant protection × year (d) on spring barley yield (means and standard errors). Different letters indicate significant differences at p < 0.05. 
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Figure 4. Effect of the interaction of cultivar × plant protection on spike density of spring barley (means and standard errors); different letters indicate significant differences at p < 0.05. 
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Figure 5. Effect of the interactions of cropping system × cultivar (a), cropping system × plant protection (b), cultivar × plant protection (c), and cultivar × year (d) on 1000-grain weight of spring barley (means and standard errors). Different letters indicate significant differences at p < 0.05. 
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[image: Agriculture 14 01355 g005a][image: Agriculture 14 01355 g005b]







 





Table 1. Atmospheric precipitation and daily air temperature during the study period (2017–2022) according to the Meteorological Station in Bałcyny, Poland.






Table 1. Atmospheric precipitation and daily air temperature during the study period (2017–2022) according to the Meteorological Station in Bałcyny, Poland.





	
Year

	
Month

	
Sum/Mean

III–VIII




	
III

	
IV

	
V

	
VI

	
VII

	
VIII






	
Precipitation, mm




	
2017

	
53.0

	
52.1

	
34.0

	
109.9

	
106.1

	
54.8

	
409.9




	
2018

	
25.0

	
28.1

	
41.0

	
64.7

	
140.7

	
31.2

	
330.7




	
2019

	
30.2

	
0.0

	
97.8

	
92.0

	
85.8

	
64.8

	
370.6




	
2020

	
25.4

	
1.1

	
64.0

	
99.3

	
39.7

	
107.2

	
336.7




	
2021

	
23.6

	
36.4

	
109.0

	
31.3

	
128.4

	
147.4

	
476.1




	
2022

	
0.2

	
20.0

	
47.7

	
89.6

	
63.3

	
134.2

	
355.0




	
1991–2020

	
30.9

	
29.0

	
62.4

	
72.5

	
91.9

	
66.1

	
352.8




	
Air temperature, °C




	
2017

	
5.1

	
6.7

	
13.1

	
16.7

	
17.3

	
18.7

	
12.9




	
2018

	
−0.5

	
11.9

	
16.5

	
17.9

	
20.0

	
20.4

	
14.4




	
2019

	
4.9

	
8.6

	
12.2

	
21.4

	
17.6

	
19.5

	
14.0




	
2020

	
3.3

	
6.9

	
10.1

	
17.9

	
17.7

	
19.2

	
12.5




	
2021

	
2.4

	
5.7

	
11.6

	
19.4

	
21.1

	
16.7

	
12.8




	
2022

	
1.9

	
6.2

	
12.1

	
17.9

	
18.1

	
20.8

	
12.8




	
1991–2020

	
2.1

	
8.1

	
13.1

	
16.4

	
18.5

	
18.3

	
12.8











 





Table 2. Major characteristics of spring barley cultivars used in the experiment according to COBORU [39].
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	Characteristics
	Unit
	Radek
	Skald





	Breeder/owner
	
	Hodowla Roślin Strzelce sp. z o.o. Grupa IHAR
	Hodowla Roślin Strzelce sp. z o.o. Grupa IHAR



	Entry into the Polish National List of Agricultural Plant Varieties
	year
	2015
	2009



	Plant height
	cm
	73
	71



	From 1.01 to heading
	days
	159
	157



	From 1.01 to maturation
	days
	203
	202



	Resistance to lodging
	9-point scale
	6.5
	7.2



	Weight of 1000 grains
	g
	49.1
	50.7



	Yield potential 1
	t ha−1
	7.105
	6.815







1 Compared to the yields of control cultivars with high levels of inputs (increased nitrogen fertilization, foliar multi-nutrient preparations, and protection against lodging and diseases) in 2016.













 





Table 3. The highest spring barley yields achieved in post-registration variety testing experiments conducted in Poland between 2009 and 2023, including the Radek and Skald cultivars, t ha−1 [40].
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Location

	
Highest Yield for




	
Spring Barley

	
Radek Cultivar

	
Skald Cultivar






	
In Poland

	
10.0

(2022)

	
9.29

(2022)

	
9.33

(2014)




	
In region

	
10.0

(2022)

	
9.29

(2022)

	
8.68

(2014)











 





Table 4. Analysis of variance (F values) for spring barley yield and yield components.
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	Source of Variation
	Yield
	Spike Density
	Grain Number per Spike
	1000-Grain Weight (TGW)





	Cropping system (CS)
	315.49 ***
	34.42 ***
	0.94
	90.7 ***



	Cultivar (Cv)
	4.05 *
	3.84
	1.84
	5.3 *



	Plant protection (PP)
	95.69 ***
	16.88 ***
	2.49
	27.5 ***



	Year (Yr)
	20.20 ***
	36.97 ***
	20.04 ***
	93.1 ***



	CS × Cv
	1.40
	0.97
	0.05
	8.4 **



	CS × PP
	18.27 ***
	2.59
	0.15
	6.0 **



	Cv × PP
	2.19
	3.71 *
	0.11
	3.4 *



	CS × Yr
	14.91 ***
	0.25
	1.39
	2.2



	Cv × Yr
	7.86 ***
	1.98
	0.76
	5.3 ***



	PP × Yr
	4.15 ***
	0.70
	1.61
	1.4



	CS × Cv × PP
	4.07 *
	0.86
	2.08
	4.3 *



	CS × Cv × Yr
	2.19
	1.09
	0.87
	3.6 **



	CS × PP × Yr
	1.85
	1.50
	0.55
	1.5



	Cv × PP × Yr
	2.05 *
	1.08
	0.44
	0.8



	CS × Cv × PP × Yr
	2.28 *
	0.37
	1.44
	1.4







* p < 0.05, ** p < 0.01, *** p < 0.001.













 





Table 5. Effects of cropping system, cultivar, plant protection, and year on yield and yield components (means and standard errors).
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	Source of Variation
	Yield,

t ha−1
	Spike Density,

No. m−2
	Grain Number per Spike, No.
	1000-Grain

Weight (TGW), g





	Cropping system (CS)
	
	
	
	



	Continuous cropping (CC)
	5.85 ± 0.08 b
	569 ± 12 b
	20.5 ± 0.21 a
	46.32 ± 0.29 b



	Crop rotation (CR)
	6.82 ± 0.06 a
	634 ± 11 a
	20.2 ± 0.26 a
	48.24 ± 0.26 a



	Cultivar (Cv)
	
	
	
	



	Radek
	6.28 ± 0.08 b
	591 ± 12 a
	20.5 ± 0.22 a
	47.04 ± 0.31 b



	Skald
	6.39 ± 0.09 a
	613 ± 11 a
	20.1 ± 0.25 a
	47.51 ± 0.27 a



	Plant protection (PP)
	
	
	
	



	CT
	5.83 ± 0.12 c
	556 ± 14 b
	19.9 ± 0.27 a
	46.49 ± 0.34 c



	H
	6.42 ± 0.08 b
	628 ± 13 a
	20.6 ± 0.28 a
	47.04 ± 0.34 b



	HF
	6.75 ± 0.08 a
	621 ± 14 a
	20.4 ± 0.32 a
	48.28 ± 0.37 a



	Year (Yr)
	
	
	
	



	2017
	5.96 ± 0.09 c
	529 ± 14 c
	18.5 ± 0.30 d
	49.73 ± 0.25 a



	2018
	6.29 ± 0.13 b
	532 ± 13 c
	19.8 ± 0.22 c
	46.45 ± 0.26 c



	2019
	6.37 ± 0.14 b
	626 ± 14 b
	19.7 ± 0.32 c
	47.37 ± 0.40 b



	2020
	6.82 ± 0.12 a
	641 ± 20 b
	21.1 ± 0.40 b
	47.83 ± 0.50 b



	2021
	6.08 ± 0.19 c
	545 ± 12 c
	23.0 ± 0.40 a
	49.21 ± 0.32 a



	2022
	6.47 ± 0.15 b
	738 ± 20 a
	19.8 ± 0.47 c
	43.04 ± 0.35 d







Different letters indicate significant differences at p < 0.05.













 





Table 6. Effect of the interaction of cropping system × cultivar × plant protection on spring barley yield, t ha−1 (means and standard errors).
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Cropping System (CS)

	
Cultivar (Cv)

	
Plant Protection (PP)




	
CT

	
H

	
HF






	
CC

	
Radek

	
4.99 i

	
5.99 h

	
6.30 fg




	

	
Skald

	
5.23 i

	
6.12 gh

	
6.46 def




	
CR

	
Radek

	
6.72 cd

	
6.66 cde

	
7.01ab




	

	
Skald

	
6.38 efg

	
6.93 bc

	
7.22 a








Different letters indicate significant differences at p < 0.05.













 





Table 7. Selected world statistics and records for barley yields 1.
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	Item
	Yield, t ha−1
	Year
	Place
	Reference





	Mean global yield
	3.29
	2022
	World
	[29]



	Mean yield in Poland
	4.35
	2022
	Poland
	[29]



	The highest mean yield in the world
	14.23
	2022
	Oman
	[29]



	The highest mean yield in Europe
	8.15
	2022
	Ireland
	[29]



	The highest yield of barley noted
	16.20
	2022
	UK
	[72]







1 Data sources do not distinguish winter and spring forms.
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