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A field experiment was conducted in Lithuania over three growing seasons (2021–2023) to evaluate the effects of sowing time, seeding rate, and insecticide application on grain damage caused by Bruchus rufimanus, as well as on grain yield and quality. The experiment included both insecticide-treated and untreated plots, along with three seeding rates and three sowing times. Early sowing resulted in the highest grain damage (46.5%), attributed to phenological synchronization with peak weevil oviposition, while late sowing reduced damage by 18.6%. Insecticide application significantly reduced grain damage and increased yield, though the extent of yield improvement depended on sowing time. Overall, seeding rate had minimal influence on yield and pest pressure, although significant variation in grain damage among seeding rates was observed in untreated plots in 2021. Crude protein content (CP) was unaffected by seeding rate but showed inter-annual variation, likely due to environmental conditions. At the optimal sowing time (late April), faba bean yield remained consistently high, and insecticide application had limited impact on yield improvement. Relatively low grain damage under these conditions suggests that insecticide use may be reduced or eliminated. These findings underscore the importance of integrating optimal sowing time with targeted insecticide application to maximize faba bean yield and minimize grain damage in Lithuania.
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1 Introduction

Insect pest infestations represent a major challenge in legume cultivation (Fan et al., 2022), often leading to substantial yield losses (Hussien et al., 2022). One of the primary insects that harm faba bean (Vicia faba L.) is the broad bean weevil (Bruchus rufimanus L.) (Hamidi et al., 2021). Adults of B. rufimanus overwinter in protected places like forests, leaf litter and even in stored seeds (Tran et al., 1993). In spring, faba bean begin to flower and adults become active. In order to reach their sexual maturity, the adults begin to consume pollen and nectar (Segers et al., 2021). As soon as the first pods start forming, when daytime temperatures are higher than 15 °C, females start laying eggs (Medjdoub-Bensaad et al., 2007). The broad bean weevil larvae burrow through pod walls and feed on growing faba bean seeds, consuming the endosperm or exterminating the embryo. This feeding strategy significantly reduces the seed quality (Dell’Aglio and Tayeh, 2023), leading farmers to suffer serious economic losses (Segers et al., 2021). Damaged seeds have a major impact on agricultural economic viability and sustainability due to decreased seedling growth (Khelfane-Goucem and Medjdoub-Bensaad, 2016) and decreased germination rates (Titouhi et al., 2015). The most evident harm is the presence of the residual seed coat obscuring the larval aperture in the seeds from which the adult beetles emerge post-pupation (Segers et al., 2021). The proportion of damaged seeds varies between 18.5% and 28.9% (Kaniuczak, 2004). It is predicted that yield losses of 70–100% will occur in the absence of control measures (Gailis et al., 2022). When compared to undamaged seeds, damaged seeds frequently have reduced germination rates. The percentage of germination may drop by 32.6% (Titouhi et al., 2015).

Chemical insecticides have been widely used for managing B. rufimanus (Segers et al., 2021). However, there is a rising desire to decrease the use of chemical control methods as sustainable agriculture practices receive increased attention (Schneider et al., 2023). Insecticides can provide immediate benefits for insect pests control and crop production; however, their use raises serious concerns for human health and the environment (Pathak et al., 2022; Ahmad et al., 2024). This includes environmental pollution (Tang et al., 2021) as well as pesticide resistance (Siddiqui et al., 2023), and harm to non-target beneficial invertebrates such as honeybees, earthworms, natural enemies (predators and parasitoids) (Elhamalawy et al., 2024), and health of the soil (Gunstone et al., 2021). As a result, it is essential to investigate different options for pest management, such as agronomic practices that can naturally reduce insect populations without using chemical pesticides.

Adjusting seeding rate and sowing time are agronomic strategies for integrated pest management (Abbas et al., 2022). The microclimate of an agricultural field is influenced by the date of sowing and the rate of seeding, so they can affect pest infestation (Kaur et al., 2024). Sowing time is crucial, as it can shift crop developmental phenology in relation to the life cycle of insect pests. Depending on sowing time, phenological delays may make the plant parts exploited by weevils more or less accessible during key stages of their life cycle (Hamidi et al., 2021). Adjusting sowing times can also reduce excessive pest population densities, as plants may be less physiologically suitable for insect feeding (Shahid et al., 2014). Such delays can be advantageous by avoiding critical infestation periods, such as the peak activity of the broad bean weevil during the growing season. For instance, Szafirowska (2012) reported that the percentage of damaged seeds decreased with delayed sowing. The findings showed that the dates of sowing had a major impact on the pest’s population densities. As an example, the early sowing of maize exhibited the highest fall armyworm infection rate and density (Mbaidiro et al., 2023).

Furthermore, seeding rates are crucial for yield optimization and pest control. Changing seeding rates leads to varying lengths of the roots because of the competition between plants for supplies like water, light, and nutrients (Münzbergová, 2012; Gao et al., 2021; Xu et al., 2021), possibly decreasing each plant’s vigor. Higher-density sowing may induce a microclimate inside the crop’s canopy that is more or less conducive to the development of specific pests. Insects typically inhabit specific environments, and they may have particular preferences for microhabitats at micro-scales (Inskeep et al., 2021). High-density crops may encourage insect colonization by establishing a favorable environment and perhaps improving the overall infestation rate because the pests may more readily move through such conditions (Török et al., 2021).

Enhancing crop management and increasing yields in faba bean requires an understanding of the relationship between sowing time, seeding rate, insecticide application, and insect infestations. According to studies, by giving the plants the optimal growth conditions possible, proper agronomic techniques (sowing time and seed rate) improve harvest results (Murphy et al., 2022). Moreover, it may minimize insect damage; for instance, the early sowing time allowed most plant blooms to avoid the aphid infestation period (Elsayed et al., 2021). Higher overall yields can result from sowing at the right times, which can also improve plant tolerance to biotic and abiotic stressors and raise seed protein content (Manning et al., 2020; Yasmin et al., 2021). Additionally, research on other legume crops has shown that increasing plant density improves protein levels, which can affect seed quality (Esan et al., 2023).

This study aims to survey the effects of sowing time, seeding rate, and insecticide application on the severity of broad bean weevil infestation and the yield of faba bean. This study offers substantial knowledge to develop integrated pest control strategies by analyzing the effects of these agronomic techniques in treated and untreated fields. By decreasing the need for chemical pesticides and increasing yield potential through sowing practices, the findings could contribute to more sustainable faba bean farming practices.




2 Materials and methods

The study was carried out over three growing seasons (2021–2023) in a field belonging to the Lithuanian Research Centre for Agriculture and Forestry, Institute of Agriculture, located in Akademija, Kėdainiai district. A randomized complete block design (RCBD) was employed, consisting of 72 experimental units (3 sowing dates × 4 seeding rates × 2 insecticide treatments × 3 replicates), with 2.5m buffer zones between blocks to minimize edge effects. Each plot had a total size of 15.0 m2, with dimensions of 10.0 × 1.5m. The sandy loam soil in the experiment area had a pH of 6.1 and an average organic matter level of 3.4%. The average rainfall throughout the growing season from April to August over the research years was 323.4mm. All plots received the same recommended agronomic practices, which included applying uniform fertilization with NPK. Fungicides and herbicides were applied to control weeds and diseases. Cypermethrin in an emulsifiable concentrate (EC) formulation was applied at a dose rate of 0.05 L ha-1, following standard agricultural practices for the control of broad bean weevil. The treatment was carried out once at the end of flowering, when young pods were less than 2cm in length (BBCH stage 69). The experiment was divided into two parallel parts, one treated with insecticides and the other without, to evaluate the effectiveness of managing broad bean weevils. Each part of the experiment included the same combinations of sowing times and seeding rates.

Meteorological data were obtained from the Dotnuva weather station, located approximately 2km from the experimental fields, and managed by the Lithuanian Hydrometeorological Service. Daily air temperature and precipitation data were recorded throughout the faba bean growing season (April–August) from 2021 to 2023. These values were compared to the 1991–2020 standard climatic norm (SCN). During that reference period, the mean annual air temperature was 7.5 °C, and annual precipitation averaged 566 mm, with July typically being the warmest and wettest month. In 2021, average temperatures during the growing season were 0.7 °C above the SCN, with total rainfall exceeding the norm by 16%. The 2022 season featured near-average temperatures but a 49% increase in total precipitation, with particularly heavy rainfall in July. In 2023, average temperatures were 0.6 °C above the norm, while precipitation was 24% below average for the season (Lukošiūtė-Stasiukonienė et al., 2024).

Three sowing times were used over the research years to assess how sowing time impacted faba bean growth and broad bean weevil infestation. I) Early sowing time (April 15, 2021; April 13, 2022; April 25, 2023): when soil conditions were suitable for seedbed preparation in the early spring. II) Normal sowing time (April 29, 2021; April 29, 2022; May 4, 2023): in accordance with agronomic recommendations, sowing was carried out during the optimal time window for faba bean growth in the experimental region, when soil temperatures at sowing depth ranged between 10–14 °C and daytime air temperatures were between 15–20 °C. III) Late sowing time (May 14, 2021; May 11, 2022; May 19, 2023): the plants may avoid the insect pests’ peak activity because sowing occurred after the typical window for faba bean in the region. To evaluate the effects of plant spacing on crop yield and pest severity, the study also looked at four seeding rates. These densities varied from low to high (20, 40, 60, and 80 seeds per m2), designed to evaluate the effects of narrow and wide spacing of plants. When calculating the seed rate, the seed quantity was adjusted in each treatment based on germination rates to achieve the specified seeding rates.

Damage caused by B. rufimanus was assessed in both insecticide-treated and untreated plots. The measurements were carried out at the last phase of fruit development (BBCH stage 79). Thirty pods were randomly collected from various heights on ten plants per plot. Weevil infestation was identified by the presence of a larval entrance hole, a circular exit window, or an adult emergence hole in the seeds.

At harvest, the seeds were weighed, and the total yield was expressed in tons per hectare (t/ha) calculated to standard moisture of 14.0%. An electronic scale with a 0.001g accuracy level was utilized to measure the thousand-grain weight. Whole seed samples were weighed, and 500 seeds were randomly counted twice using the Contador seed counter (manufactured by Pfeuffer GmbH, Kitzingen, Germany). The two counts were then combined to obtain the total seed number. The test was repeated if the weight difference between the two samples exceeded 0.5g. The grain analyzer, Infratec™ 1241 (Foss, Sweden), was used to determine the crude protein content (%) which was measured on a dry weight basis.

SAS statistical software 9.4 (SAS Institute Inc., Cary, NC, USA) was used to analyze the data without any transformations. The Kolmogorov–Smirnov Test was used to check the data for homogeneity before analysis. Tukey’s test was applied at a significance level of p < 0.05 to examine the differences between each seed rate across different sowing periods as well as between different seed rates within each sowing time. Detailed ANOVA outputs (F-values, degrees of freedom, and p-values) for all measured variables are presented in Supplementary Tables S1-S5. Microsoft Excel 365 (Microsoft, Redmond, WA, USA) was used to create graphs that graphically represented the data.




3 Results and discussion



3.1 Damage caused by Bruchus rufimanus

This study showed that sowing time significantly influenced the percentage of grain damage caused by Bruchus rufimanus. Early sowing resulted in the highest damage across all study years, while late sowing exhibited the lowest (Figure 1). Additionally, insecticide-untreated plots exhibited substantially higher grain damage than treated plots. Although seeding rate had a minor influence, damage levels varied considerably between years. This variation was likely influenced by environmental factors, including the cropping density in nearby fields. Faba bean is often sown in Lithuanian agricultural systems between late April and early May (Romaneckas et al., 2018; Kimbirauskienė et al., 2023). Sowing is sometimes postponed until mid-May if unfavorable weather conditions make it difficult to prepare the seedbed. Late seeding delays blooming and pod setting, two crucial developmental phases that affect the timing of female B. rufimanus oviposition (Landry et al., 2015). Due to their mobility, the beetles move between fields to look for flowering plants (Kaniuczak, 2004). In faba bean, their oviposition activity is entirely restricted to pods (Gailis et al., 2022). The findings indicate that early seeding results in higher amounts of damage. That may be because early flowering and pod development occur at the same time as peak oviposition activity (Seidenglanz and Huňady, 2016; Huber et al., 2023). Conversely, late sowing significantly reduced grain damage, likely because pod development occurred after the pest’s primary oviposition period, thereby avoiding peak beetle activity and minimizing infestation. Bruchus rufimanus female’s sexual development correlates with an abundance of resources for flowers, which causes them to oviposit quickly on newly developed pods (Hamidi et al., 2021). Over 45 days may pass during the oviposition stage (Hamani-Aoudjit and Medjdoub-Bensaad, 2019).

[image: Bar charts display percentages of damaged grain by sowing time across three years: 2021, 2022, and 2023. Each chart compares insecticide-treated versus untreated grains. In 2021 and 2022, untreated grains show higher damage, especially with early sowing. In 2023, damaged grain percentages are notably lower for insecticide-treated grains, particularly in late sowing.]
Figure 1 | Mean percentage of Bruchus rufimanus-damaged grains across sowing times during the 2021–2023 growing seasons under insecticide-treated and untreated conditions. Different capital letters indicate significant differences of damaged grain at different sowing times under insecticide-treated or untreated treatment in the same year in 2021-2023 (Tukey test, P<0.05). Different lowercase letters indicate significant differences of damaged grain between the treatments of insecticide-treated and untreated under the same sowing time in the same year in 2021-2023 (Tukey test, P<0.05).

Throughout the study period, grain damage caused by B. rufimanus was consistently higher in untreated plots compared to insecticide-treated plots (Figure 2). This indicates the effectiveness of chemical control in reducing damage caused by this pest. Our results are in line with other studies that emphasize the significance of timely insecticide treatment for successful management (Segers et al., 2021). Overall, seeding rate had minimal impact on grain damage, which aligns with the absence of significant main effect in the statistical model. However, a significant difference was observed between high and low densities in untreated plots during the 2021 season. This finding is in line with research showing that by changing the microclimate conditions inside the crop canopy, higher seeding rate might affect pest dynamics (Mosedale et al., 2024). Microclimatic temperature variations, even over distances of a few meters, can significantly influence insect developmental rates and emergence timing (Greiser et al., 2022). However, in 2022 and 2023 there were no statistically significant differences in grain damage between the seeding rates in untreated plots. In the same way, there were no significant variations in grain damage between different seeding rates for treated plots throughout each of the three years. In 2021, damaged grain % was significantly higher in the untreated plots at every seeding rate. In contrast, in 2022 and 2023, despite the average grain damage % being higher in untreated plots than in treated plots, no statistically significant differences were noticed. Although these variations were not statistically significant, treated plots with the greatest seeding rate (80 plants/m2) showed the highest degrees of damage. While seeding rate had only a minor impact on damage in this study, evidence suggests that higher seeding rates could potentially increase damage due to greater flower density and associated volatile emissions. These chemicals are very attractive to B. rufimanus. This finding is consistent with that of Fezza et al. (2023), who reported that an increase in the density of baited monitoring tools led to a higher number of individuals captured. Higher plant densities in legumes can stress plants, causing them to release more volatile organic compounds (Midzi et al., 2022). These stronger scent signals can attract more herbivores (Makhlouf et al., 2024). On the other hand, denser canopies may also create less favorable microclimatic conditions for pest development, for example, higher humidity and lower temperatures, or may interfere with visual and olfactory host-finding cues. This competing hypothesis could help explain why, in our study, seeding rate exerted only a minimal overall influence on grain damage, despite the potential for contrasting mechanisms.

[image: Bar charts comparing the percentage of damaged grain at different seeding rates (20, 40, 60, 80) for insecticide-treated and untreated fields from 2021 to 2023. Each year shows blue bars for treated and orange bars for untreated. Damaged grains are generally higher in untreated fields across all years, with variations in percentages each year.]
Figure 2 | Mean percentage of Bruchus rufimanus-damaged grains across seeding rates during the 2021–2023 growing seasons under insecticide-treated and untreated conditions. Different capital letters indicate significant differences of damaged grain at different seeding rates under insecticide-treated or untreated treatment in the same year in 2021-2023 (Tukey test, P<0.05). Different lowercase letters indicate that the statistically significant differences of damaged grain between the treatments of insecticide-treated and untreated under the same seeding rate in the same year in 2021-2023 (Tukey test, P<0.05).




3.2 Faba bean grain yield

Figure 3 shows the effect of insecticide treatment (treated vs. untreated) at different sowing times on the yield of faba bean. According to an analysis of data covering three years, insecticide application did not significantly increase yield at the optimal sowing time. This is consistent with the results of (Koch et al., 2005), who found little variation in yield between insecticide-treated (either by foliar spray or seed treatment) and untreated plots. On the other hand, insecticide application significantly (P < 0.05) increased grain yield at both early and late sowing times. Our results showed that plots treated with insecticides consistently produced higher yields than untreated plots at both early and late sowing times every year. The yield benefit from insecticide application was most evident in early-sown plots, with increases ranging from 24.8% in 2021 to 126% in 2023, suggesting its compensatory role when phenological avoidance fails. The notably high yield increase of 126% in 2023 is likely attributable to the exceptionally low yield observed in the untreated early-sown control plots that year, which magnified the relative efficacy of the insecticide treatment. Importantly, 2023 was characterized by abiotic stress, with mean temperatures 0.6 °C above the long-term norm and precipitation 24% below average. Such drought conditions may have exacerbated pest injury by reducing plant vigor and compensatory growth capacity, while simultaneously increasing the plants’ susceptibility to herbivory. Consequently, the insecticide treatment likely provided a disproportionally higher protective effect under these stressed conditions. These findings are in line with earlier research that found that applying insecticides increased yields (Bardner et al., 1983). In the same direction, (Srinivasan et al., 2019) found that untreated control plots produced the lowest yard-long bean yields, highlighting the significance of role of insect management techniques in raising crop yield. The favorable growing season conditions in 2022 are probably the cause of the noticeably increased yield that was recorded. Air temperatures were near the long-term average, but precipitation was 49% higher than the typical climate norm, with July seeing especially heavy rainfall, which is when pod filling and seed development occur. These conditions probably helped to increase seed development, decrease water stress, and boost plant growth, which led to noticeably better yields than in 2021 and 2023 (Sehgal et al., 2018).

[image: Bar charts comparing crop yields in tons per hectare for insecticide-treated and untreated fields from 2021 to 2023. Categories include early, optimal, and late sowing times. In 2021, early sowing had the highest yield for treated fields. In 2022, yields were similar across treatments. In 2023, treated fields for optimal sowing had the highest yield.]
Figure 3 | Influence of sowing time and insecticide application on grain yield (t/ha) of faba bean during the 2021–2023 growing seasons. Different capital letters indicate significant differences of yield at different sowing times under insecticide-treated or untreated treatment in the same year in 2021-2023 (Tukey test, P<0.05). Different lowercase letters indicate significant differences of yield between the treatments of insecticide-treated and untreated under the same sowing time in the same year in 2021-2023 (Tukey test, P<0.05).

Delayed sowing of faba bean may result in lower grain yields, as shown in Figure 3. The risk of yield reduction may be increased by potential harvesting delays, which can extend into October when the weather for crop and grain drying becomes not suitable. Greater seeding rates of 80 seeds per m² led to higher grain yields in untreated plots with optimal sowing time (Figures 4–6). Across all seeding rates, notably, in 2023, untreated plots with optimal sowing times produced more grain than those sown early or late. Grain yield from insecticide-treated and untreated plots, however, did not change much between the tested seeding rates at early and late sowing times in any of the research years. Plots that were sown at a density of 20 seeds per m², both insecticide-treated and untreated, produced the lowest grain yield. The high risk of most legumes to water scarcity, especially faba bean, is a popular challenge that is made worse by climate change (Balko et al., 2023). For faba bean to successfully develop, there must be enough soil moisture, which can be achieved by sufficient rainfall. Insufficient rainfall during crucial times like sowing time can be partly responsible for the general decline in yield for early or late sowing across the research years. (Aguilera-Diaz and Recalde-Manrique, 1995) emphasized the impact of environmental factors on crop performance by pointing out that yield is closely related to the mean temperature during flowering. One of the main variables affecting crop yield is plant density. According to studies by (Olle and Sooväli, 2020; Krob et al., 2022; Neugschwandtner et al., 2022; Ranazai et al., 2024), seeding rates have a major impact on disease severity, yield, and pest damage. Changing the seeding rate had only a minor impact on grain yield in our study. In contrast to these results, (Dahmardeh et al., 2010) found that increasing plant density from 12.5 to 20 plants per m² greatly increased yield. This variation draws attention to the complexity of yield responses to plant density, which are probably impacted by a combination of genetic features, crop management techniques, and environmental conditions.

[image: Bar chart displaying the yield in tons per hectare across different sowing times and insecticide treatments. There are two main categories: insecticide-treated and untreated, with each subdivided into early, optimal, and late sowing times. Four seeding rates, 20, 40, 60, and 80 plants per square meter, are color-coded in orange, blue, green, and purple, respectively. Yield values are shown with labels above each bar, indicating different yield outcomes for each treatment and rate combination.]
Figure 4 | Faba bean grain yield (t/ha) across different sowing times and insecticide treatments at various seeding rates during the 2021 growing season. Different capital letters indicate significant differences of yield between different seeding rates under insecticide-treated or untreated treatment (Tukey test, P<0.05). Different lowercase letters indicate significant differences of yield between the different seeding rates under the same sowing time (Tukey test, P<0.05).

[image: Bar graph showing crop yield in tons per hectare, comparing various sowing times and insecticide treatments. Categories include early, optimal, and late sowing, for both treated and untreated conditions, with seeding rates of 20, 40, 60, and 80 plants per square meter. Bars are color-coded by seeding rate, indicating yield differences under each condition.]
Figure 5 | Faba bean grain yield (t/ha) across different sowing times and insecticide treatments at various seeding rates during the 2022 growing season. Different capital letters indicate significant differences of yield between different seeding rates under insecticide-treated or untreated treatment (Tukey test, P<0.05). Different lowercase letters indicate significant differences of yield between the different seeding rates under the same sowing time (Tukey test, P<0.05).

[image: Bar chart comparing yields by sowing time, insecticide treatments, and seeding rate. Insecticide-treated and untreated categories are divided into early, optimal, and late sowing. Seeding rates, indicated by color, are twenty, forty, sixty, and eighty plants per square meter. Yield is measured in tons per hectare, with variations marked for each category.]
Figure 6 | Faba bean grain yield (t/ha) across different sowing times and insecticide treatments at various seeding rates during the 2023 growing season. Different capital letters indicate significant differences of yield between different seeding rates under insecticide-treated or untreated treatment (Tukey test, P<0.05). Different lowercase letters indicate significant differences of yield between the different seeding rates under the same sowing time (Tukey test, P<0.05).




3.3 Crude protein content and thousand-grain weight

The impact of seeding rate and sowing time on crude protein (CP) content and thousand-grain weight (TGW) is presented in Tables 1 and 2. Results indicate that at the same sowing time, seeding rate generally did not have a significant effect on CP content or TGW. Contrary to our findings, (Anwar et al., 2015) reported that TGW significantly increased with higher seeding rates, while (Türk et al., 2011) reported a decreased in CP content under similar conditions. However, (Al-Rifaee et al., 2004) found conflicting results: in one trial year, there were no significant changes in TGW, whereas in another year, TGW was higher at lower seeding rates. Supporting our findings, (Plūduma-Pauniņa et al., 2021) reported that seeding rates had no significant effect on CP levels.


Table 1 | Impact of seeding rate and sowing time on crude protein content (CP, %) of faba bean under the insecticide treated and untreated treatments in the same year in 2021-2023.
	Sowing time
	Seeding rate
	2021
	2022
	2023


	Insecticide- treated
	Untreated
	Insecticide- treated
	Untreated
	Insecticide- treated
	Untreated



	Early
	20
	28.50 ± 0.5Aab
	29.05 ± 0.3Aa
	28.00 ± 0.4Acd
	28.87 ± 0.5Aab
	26.77 ± 0.5Ad
	26.90 ± 0.5Ac


	40
	28.57 ± 0.7Aab
	29.00 ± 0.6Aa
	28.17 ± 0.8Acd
	28.92 ± 1.2Aab
	26.97 ± 0.3Abcd
	27.42 ± 1.0Abc


	60
	28.65 ± 0.6Aab
	28.85 ± 0.4Aa
	28.12 ± 0.2Acd
	28.40 ± 0.6Aab
	26.80 ± 0.2Acd
	27.05 ± 0.3Ac


	80
	29.17 ± 0.1Aa
	29.05 ± 0.4Aa
	28.05 ± 0.9Acd
	28.30 ± 0.2Aab
	27.10 ± 0.5Abcd
	27.52 ± 0.5Abc


	Optimal
	20
	28.75 ± 0.1Aab
	28.42 ± 0.6Aa
	27.97 ± 0.8Acd
	28.22 ± 0.3Ab
	28.70 ± 0.7Aa
	27.55 ± 0.2Abc


	40
	28.20 ± 0.2Aab
	28.30 ± 0.9Aa
	27.50 ± 0.5Ad
	28.05 ± 0.5Ab
	28.77 ± 1.2Aa
	27.85 ± 0.6Aabc


	60
	28.50 ± 0.3Aab
	28.27 ± 0.7Aa
	27.60 ± 1.0Ad
	28.32 ± 1.1Aab
	29.25 ± 0.4Aa
	27.70 ± 0.5Aabc


	80
	28.55 ± 0.7Aab
	28.82 ± 0.6Aa
	28.45 ± 0.4Abcd
	27.72 ± 0.7Ab
	27.70 ± 0.5Aabcd
	27.62 ± 0.2Aabc


	Late
	20
	28.17 ± 0.4Aab
	28.25 ± 0.9Aa
	30.17 ± 0.6Aa
	30.32 ± 0.8Aa
	28.15 ± 0.6Aabcd
	28.90 ± 0.5Aa


	40
	27.92 ± 0.3Ab
	28.07 ± 0.2Aa
	29.85 ± 0.7Aab
	29.50 ± 1.1Aab
	28.20 ± 0.3Aabcd
	27.97 ± 0.3Aabc


	60
	28.32 ± 0.7Aab
	27.67 ± 1.1Aa
	29.60 ± 0.5Aabc
	29.65 ± 0.4Aab
	28.47 ± 0.5Aab
	28.52 ± 0.4Aab


	80
	28.47 ± 0.3Aab
	28.02 ± 0.8Aa
	29.92 ± 0.6Aab
	29.62 ± 1.2Aab
	28.42 ± 1.0Aabc
	28.02 ± 0.6Aabc





Means within a row followed by the same capital letter are not significantly different (insecticide effect) (Tukey test, P <0.05). Means within a column followed by the same lowercase letter are not significantly different (seeding rate effect within a sowing time) (Tukey test, P <0.05).




Table 2 | Impact of seeding rate and sowing time on thousand-grain weight (TGW, g) of faba bean under the insecticide treated and untreated treatments in the same year in 2021-2023.
	Sowing time
	Seeding rate
	2021
	2022
	2023


	Insecticide- treated
	Untreated
	Insecticide- treated
	Untreated
	Insecticide- treated
	Untreated



	Early
	20
	453.79 ± 27.0Aa
	437.19 ± 4.1Ade
	692.28 ± 14.8Aab
	719.64 ± 8.7Aa
	543.76 ± 14.1Aabcde
	510.55 ± 38.3Abcd


	40
	454.54 ± 12.7Aa
	456.33 ± 13.8Abcd
	694.81 ± 26.9Aab
	733.31 ± 13.1Aa
	523.50 ± 31.7Abcde
	488.42 ± 41.0Abcd


	60
	447.30 ± 16.8Aa
	458.46 ± 7.8Abcd
	703.66 ± 18.6Aa
	725.49 ± 7.2Aa
	514.96 ± 19.4Acde
	468.83 ± 31.6Acd


	80
	463.60 ± 24.8Aa
	452.54 ± 4.4Acd
	709.60 ± 10.7Aa
	728.52 ± 16.5Aa
	531.00 ± 24.4Abcde
	458.15 ± 7.3Bd


	Optimal
	20
	446.28 ± 25.4Aa
	455.53 ± 12.6Abcd
	638.41 ± 21.0Ac
	636.02 ± 32.8Ab
	606.51 ± 37.7Aa
	582.65 ± 13.1Aa


	40
	465.47 ± 25.7Aa
	424.17 ± 9.9Ade
	626.26 ± 33.2Ac
	666.71 ± 19.7Ab
	576.97 ± 6.4Aabc
	537.65 ± 8.0Aab


	60
	457.52 ± 24.4Aa
	405.54 ± 6.5Be
	646.05 ± 10.8Abc
	656.63 ± 24.2Ab
	570.16 ± 22.4Aabcd
	529.57 ± 20.0Aab


	80
	479.10 ± 26.1Aa
	405.26 ± 7.7Be
	643.77 ± 20.5Abc
	658.50 ± 13.0Ab
	584.75 ± 46.5Aab
	517.73 ± 13.2Bbc


	Late
	20
	480.29 ± 9.0Aa
	488.86 ± 11.1Aab
	478.37 ± 16.6Ad
	475.09 ± 9.6Ac
	504.53 ± 31.7Ae
	524.87 ± 30.0Abc


	40
	464.60 ± 15.0Aa
	493.54 ± 17.7Aa
	484.11 ± 22.9Ad
	480.70 ± 21.9Ac
	496.98 ± 16.3Ae
	541.77 ± 10.6Aab


	60
	468.78 ± 11.4Aa
	505.98 ± 34.5Aa
	492.62 ± 20.8Ad
	497.08 ± 11.7Ac
	505.21 ± 25.5Ade
	535.52 ± 19.1Aab


	80
	459.23 ± 2.3Aa
	481.84 ± 11.9Aabc
	497.31 ± 24.7Ad
	495.22 ± 23.3Ac
	483.55 ± 11.5Ae
	500.78 ± 10.1Abcd





Means within a row followed by the same capital letter are not significantly different (insecticide effect) (Tukey test, P <0.05). Means within a column followed by the same lowercase letter are not significantly different (seeding rate effect within a sowing time) (Tukey test, P <0.05).



The most significant differences were noticed when comparing different sowing times. In 2021, untreated plots sown at the late sowing time had the highest TGW (492.5g on average) compared to early and optimal sowing time (Figure 7). In contrast, early sowing time treatments had the maximum TGW in 2022, with treated plots weighing 700.1g and untreated plots weighing 726.7g on average and it significantly decreased with each sowing time. In 2023, optimal sowing time resulted in the highest TGW compared to early and late sowing times, with treated plots averaging 584.6g and untreated plots averaging 541.9g. All three years demonstrated different results. There was no consistent pattern in TGW when evaluating insecticide-treated and untreated plots at different sowing times. (Anwar et al., 2015) also have noticed differences in TGW between different sowing times – TGW decreased with later sowing times as compared to earlier ones.

[image: Bar charts comparing the thousand grain weight (TGW) in grams for insecticide-treated and untreated groups across different sowing times in 2021, 2022, and 2023. Insecticide-treated bars are blue, untreated bars are orange. Each chart displays data for early, optimal, and late sowing times. Overall, treated seeds consistently show higher TGW across all years and sowing times.]
Figure 7 | Influence of sowing time and insecticide application on thousand-grain weight (TGW) (g) of faba bean during the 2021–2023 growing seasons. Different capital letters indicate significant differences of thousand-grain weight (TGW) at different sowing times under insecticide-treated or untreated treatment in the same year in 2021-2023 (Tukey test, P<0.05). Different lowercase letters indicate significant differences of thousand-grain weight (TGW) between the treatments of insecticide-treated and untreated under the same sowing time in the same year in 2021-2023 (Tukey test, P<0.05).

The experimental years had an impact on the CP content of faba bean grains, although the variation was still within a small range of 2%. The sowing time impact on CP content appears to vary across years (Figure 8). In 2021, grain from early sown plots had a much higher CP percentage, but late sowing yielded the greatest CP content in 2022 and 2023. This suggests that the impact of sowing time on CP content varies each year. (Księżak and Bojarszczuk, 2022) reported that early sowing tends to result in lower CP content in soybean. Throughout all of the experiment years, the use of insecticides had no discernible effect on the amount of CP. The combination between the experimental factors and interannual weather variability likely explains the minor fluctuations in CP content observed across the study years. The results underscore that environmental conditions play a more critical role in determining faba bean grain CP content than agronomic management factors such as seeding rate and insecticide application.

[image: Bar charts showing crude protein content percentage by sowing time (Early, Optimal, Late) for the years 2021, 2022, and 2023. Blue bars represent insecticide-treated samples, and orange bars represent untreated samples. Protein content ranges between approximately 25 to 32 percent across all years and conditions.]
Figure 8 | Influence of sowing time and insecticide application on crude protein (CP) content (%) of faba bean during the 2021–2023 growing seasons. Different capital letters indicate significant differences of crude protein (CP) content at different sowing times under insecticide-treated or untreated treatment in the same year in 2021-2023 (Tukey test, P<0.05). Different lowercase letters indicate significant differences of crude protein (CP) content between the treatments of insecticide-treated and untreated under the same sowing time in the same year in 2021-2023 (Tukey test, P<0.05).





4 Conclusions

This study demonstrates the impacts of seeding rate, insecticide use, and sowing time on faba bean yield and grain damage in Lithuanian conditions. In conclusion, late April is identified as the optimal sowing period for faba bean in Lithuania. Late sowing resulted in reduced grain yield but also less grain damage caused by Bruchus rufimanus. While early sowing carries a higher risk of damage, its yield potential can be high under favorable conditions, especially when protected with insecticides. Under unfavorable conditions, the yield penalty for late sowing may be more severe. The yield of faba bean was affected by the timing of sowing. However, during the research years, increasing the seeding rate beyond 60 seeds m-2 did not consistently increase yield. Overall, seeding rate exerted minimal influence on yield and pest damage. However, in 2021, significant variation in grain damage was observed among seeding rates in untreated plots, suggesting that under certain pest pressure conditions, seeding rate may play a role. In order to maximize yield and minimize grain damage in faba bean farming systems, our data highlight the need to combine the best possible sowing time, insect control strategies, and environmental variable adaptation. We recommend that Lithuanian farmers adopt a dual strategy: (1) prioritize sowing in late April where feasible; and (2) apply cypermethrin only in early-sown fields where damage risk exceeds 30%. Further studies are needed on the long-term impacts of integrated pest management techniques on seed quality and yield stability in different climates. Furthermore, examining how different faba bean cultivars, insecticide effectiveness, and sowing time interact could improve region-specific recommendations.
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