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Introduction

Cover crop services depend on biomass production and species composition of the cover crop stand. In this study, we investigated the interactions in shoot biomass of dual cover crop mixtures and their competitiveness to suppress weeds before winter under different growing conditions.





Methods

A field experiment was performed on sandy loam soil in Triesdorf, Germany, for two consecutive years. The cover crop species white mustard (Sinapis alba L.), oil radish (Raphanus sativus var. oleiformis L.), phacelia (Phacelia tanacetifolia J.), Egyptian clover (Trifolium alexandrinum L.), common vetch (Vicia sativa L.), field pea (Pisum sativum L.), and field bean (Vicia faba L.) were grown in pure stands or dual mixtures. Cover crops were sown in August, and shoot biomass was harvested at the end of the vegetation period. Cover crop shoot biomass was dried, and the share of each species and the sown test weed (Brassica napus L.) were determined.





Results

The share of shoot biomass of a cover crop species in dual-species mixtures was closely related to its shoot biomass in its pure stand. In both years, mustard and phacelia showed similar interactions in shoot biomass production when growing with a second species. Regarding competitiveness against weeds, cruciferous species outperformed other cover crop species and could suppress weeds even if they were mixed with a less competitive partner. Weed suppression of mixtures with phacelia depended on the second component in the mixture and was more effective in a dry season. Legume species, especially Egyptian clover and common vetch could not suppress weeds in a pure stand.





Discussion

Our results show that species with high weed suppression potential as single stands retain this ability in dual cover crop mixtures, regardless of the suppression potential of the second species that completes the mixture.
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1 Introduction

Increasing food demand, environmental constraints, and societal expectations necessitate sustainable cropping systems. One solution to these needs is to integrate cover crops into crop rotations, established mainly in periods when no main crop is growing (e.g., summer to winter). They are cultivated primarily for their soil and environmental benefits rather than for income generation. Nevertheless, cover crop adoption in Europe has steadily increased due to agricultural policies (Kathage et al., 2022; Klages et al., 2022; Peltonen-Sainio et al., 2023). However, as of 2023, the Common Agricultural Policy (CAP) reduced the general support of widespread cover cropping. While the Ecological Focus Areas program was previously the main driver of the increase in cover crop area, Good Agricultural and Environmental Conditions (especially GAEC 6, 7 & 8) now only account for a small proportion of cover crop area under average farm conditions (European Commission, 2021). Thus, the decision to grow cover crops depends primarily on national legislation and farmers´ knowledge of their agronomic and environmental benefits (Storr et al., 2019).

The provided ecosystem services range from capturing and storing nutrients to preventing nitrate leaching while increasing nutrient efficiency in crop production systems (Ilgen, 1990; Heuermann et al., 2019; Sieling, 2019; Hallama et al., 2021; Gentsch et al., 2022; Heuermann et al., 2022). They improve soil health by protecting bare soil from erosion, increasing macro-aggregate stability (Gentsch et al., 2023), improving water infiltration, and promoting soil microorganisms (Roarty et al., 2017; Restovich et al., 2019; Gentsch et al., 2020; Ruis et al., 2020; Blanco-Canqui et al., 2022; Koudahe et al., 2022). Furthermore, cover crops are a powerful tool for climate change mitigation, as they are a sufficient tool to reduce the carbon footprint in cropping systems (Schön et al., 2024) when adapted to local growing conditions (Poeplau and Don, 2015; Kaye and Quemada, 2017; Abdalla et al., 2019; Seitz et al., 2022). In addition, the establishment of cover crops, especially in simplified crop rotations, promotes the biodiversity of soil, plant, insect, and even avian communities (Axelsen and Kristensen, 2000; Wilcoxen et al., 2018; Schütz et al., 2020; Fiorini et al., 2022). Choosing the right cover crop is an important management tool to regulate pests and soil-borne plant diseases (Wnuk and Wojciechowicz-zytko, 2010; Patkowska and Konopiński, 2014; Hauer et al., 2016; Baysal-Gurel and Liyanapathiranage, 2019; Wright et al., 2019) and they are used for integrated weed management (Haramoto and Gallandt, 2004; Lemessa and Wakjira, 2014; Schappert et al., 2018; Riemens et al., 2022).

Cover crop species vary in their ability to provide ecosystem services under a given set of climatic conditions (Bodner et al., 2010; Ramirez-Garcia et al., 2015; Tribouillois et al., 2015a, 2015b; Wendling et al., 2016; Wagg et al., 2021). Therefore, increasing the number of species and, thus, the diversity of plant traits through cover crop mixtures is more likely to achieve multiple goals (Finney et al., 2017; Ranaldo et al., 2020; Reiss and Drinkwater, 2020). Identifying suitable plant measures for the targeted ecosystem services is essential for validating cover crop mixtures. The production of shoot biomass is an agronomically relevant measure of the establishment and growth of cover crops (Cottney et al., 2022). In addition to the simple on-farm evaluation of this measure, biomass serves as a source of soil organic matter and provides the potential to suppress weeds and volunteer plants (Lavergne et al., 2021; Kümmerer et al., 2023). Nevertheless, several controversial strategies for optimizing shoot biomass production have been discussed. Strategies range from the best-selected pure stand that produces the highest shoot biomass under the given conditions (Florence and McGuire, 2020) to cover crop mixtures that produce high biomass best adapted to specific climatic conditions (Wendling et al., 2019). However, the general assumption that mixtures produce higher shoot biomass than pure stands is highly dependent on the species used (Elhakeem et al., 2021), so the choice of cover crop species is crucial and requires consideration of environmental conditions and agronomic objectives (Hendrickson et al., 2021).

In field experiments, pure stands that were best adapted to the climatic conditions at the time of selection had the best shoot biomass production in the first few weeks of development but not throughout the growing season. By contrast, cover crop mixtures have a higher potential to limit the risk of crop growth failure under changing weather conditions (Heuermann et al., 2022). For this reason, developing resilient mixtures that produce high biomass yields under different climatic conditions is a significant goal. Although the goals of cover crops are well defined in practice, there currently need to be general rules about species in mixtures, how they affect each other, and the services they provide. Selection for a mixture can be based either on the performance of a species in pure stand to predict its share of shoot biomass in a cover crop mixture (Wortman et al., 2012; Wilson et al., 2019) or on the use of species that regularly dominate biomass in multi-species cover crop mixtures (Baraibar et al., 2020). However, due to their single-species performance, some dual cover crop mixtures reached higher shoot biomass than expected (Wendling et al., 2017). At best, mixtures should be designed to adapt to variable weather conditions and reach over-yielding or transgressive over-yielding (Wendling et al., 2017). This is particularly important for weed suppression (MacLaren et al., 2019; Baraibar et al., 2021), fast ground cover (Brust et al., 2014), high leaf area index, and maximum canopy height (Florence et al., 2019; Smith et al., 2020).

The present study systematically quantified the interaction between commonly used cover crop species, sown in August, in dual mixtures to improve cover crop performance in shoot biomass and weed suppression.




2 Materials and methods



2.1 Location

The field experiment was conducted in Triesdorf in southern Germany and repeated for two years, namely 2016 (49°12’33.04”N 10°39’1.25”E) and 2017 (49°12’9.99”N 10°39’33.60”E). The sites, with a mean annual air temperature of 8.7°C and annual precipitation of 674 mm (2005 - 2015), are characterized by a warm, fully humid climate with warm summer (Kottek et al., 2006). The soils are classified as a Stagnic Cambisol (IUSS Working Group WRB, 2015). The soil texture of the fields is sandy loam.




2.2 Experimental design

Seven cover crop species, namely white mustard (Sinapis alba L.), oil radish (Raphanus sativus var. oleiformis L.), phacelia (Phacelia tanacetifolia J.), Egyptian clover (Trifolium alexandrinum L.), common vetch (Vicia sativa L.), field bean (Vicia faba L.) and field pea (Pisum sativum L.) were established either as pure stands with common seed rates (grains m-2) or in dual mixtures, with adjusted seed rates of 50% of its pure stand (Table 1).


Table 1 | Cover crop species, cultivars, seed rates in pure stands, and thousand-grain weight used in the field trials in Triesdorf, Germany.



Field trials were designed in a randomized complete block design with four replicates using 10.5 m × 4.5 m plots. In addition to the cover crop treatments, canola (Brassica napus L.) was used as a test weed (5 seeds m-2) to quantify the competitiveness of the cover crops. The seeds were sown together with the cover crops.




2.3 Growing conditions and crop management

Winter barley (Hordeum vulgare L.) was the preceding crop in the field trials in both years, harvested on July 18, 2016, or July 17, 2017. After fertilizing with biogas manure (80 kg N ha-1 in 2016 and 60 kg N ha-1 in 2017 adjusted to Nmin levels which are the calcium chloride extractable mineral N compounds (NO3- & NH4+) (Amelung et al., 2018), a three-bar tine cultivator was used for a 20 cm deep tillage, followed by seedbed preparation using a PTO harrow, and cover crops were sown on August 19, 2016, and August 17, 2017. All plots were sown with a field trial seed drill (Plotseed S, Wintersteiger, Ried, Austria) with a row spacing of 13.6 cm in a seeding depth of 2.0 cm. For quantification of shoot biomass, cover crops were harvested 89 days after sowing on November 15, 2016, and 85 days after sowing on November 9, 2017, at the end of the vegetation period using a field trial green forage harvester (Hege 212, Hege Saatzuchtmaschinen, Hohebuch, Germany).

Growing conditions for cover crop establishment were very different for the two seasons. The 2016 season was characterized by dry to moderate weather conditions, with total precipitation of 33 mm in July and 38 mm in August. Despite this low total precipitation before the experiment was started, rainfall events were reported in 2016 after sowing in a two-week pattern in September and October (Figure 1A). The monthly average temperature was July 18.7°C, August 17.8°C, September 16.1°C, and October 7.5°C. The 2017 cover crop growing season was characterized by wet weather conditions with total precipitation of 128 mm in July, 66 mm in August, 55 mm in September, and 63 mm in October. The average monthly temperature was 18.1°C in July, 17.9°C in August, 11.7°C in September, and 10.0°C in October (Figure 1B).




Figure 1 | Growing conditions during the cover crop vegetation period [mean daily air temperature [°C] (red line), daily precipitation [mm] (blue bars)]. A green line indicates the time point of sowing, and a red line indicates the harvest in 2016 (A) and 2017 (B).






2.4 Plant sampling

According to the BBCH code, cover crop development was monitored until the end of the vegetation period (Meier, 2018). After field emergence, the stand density of all species was determined by counting and distinguishing the plant species in the four replicates on September 9, 2016, and September 6, 2017. Stand density was counted in each of the four replicates in two seeding rows, each for a 1-meter distance (covering 2,2% of the core plot) and converted into stand density per m² using the row distance of the seeder.

All above-ground biomass (fresh weight) was quantified by harvesting cover crop shoots from 11.25 m-2 in all four repetitions at a cutting height of 5.0 cm from each plot and weighed using a field trial green forage harvester with an integrated weighing system (Hege 212, Hege Saatzuchtmaschinen, Hohebuch, Germany). The harvester continuously collected a sample of 300 g of chopped fresh material from each plot to determine the total dry matter content after drying at 105°C until constant weight to calculate the dry matter yield based on the fresh matter yield. In addition, a second sub-sample of 4000 - 5000 g of above-ground biomass was collected from each plot to fractionate into the different plant species to determine their portion in the fresh matter shoot biomass. Subsequently, up to 300 g per species were dried at 60°C until constant weight to determine species-specific dry matter content, and the material was kept for further analysis. Finally, the dry matter yield of all species was calculated.




2.5 Analysis of interactions and competitiveness between cover crop species

Shoot biomass in mixtures was compared to the shoot biomass yields of pure stands of each species, which were used to analyze interactions in dual mixtures (De Wit, 1960). A graph was created to show the interspecific interactions in shoot biomass to visualize the effect of dual mixtures compared to single species. The measurements of the pure stands are shown as columns on the outer left and right sides of the graph (Figures 2A, B). The measurements of the shoot biomass in the dual mixtures of the two sown species at a seeding rate of 50% of the species´ pure stand are shown in between as two individual columns. While the bar on the middle left side shows the estimated shoot biomass based on half of the shoot biomass yields of the two pure stands, the bar on the middle right side displays the measured shoot biomasses of the dual mixture of the field trial. Two lines have been added to better visualize the differences between estimated and measured above-ground biomass yields. The black-dotted line represents the estimated yield, while the red line displays the measured shoot biomass yield (Wendling et al., 2017; Bernardo, 2020) (Figures 2A, B). When mixtures outperform even the highest-yielding pure stand, the interaction of the two species is described as transgressive over-yielding (De Wit, 1960; Hooper and Dukes, 2004; Hector, 2006; Wendling et al., 2017). If the measured total shoot biomass yield of the mixture is less than the highest shoot biomass of the pure stand but exceeds the expected shoot biomass of the mixture (Figure 2A), the interaction of the two species is called over-yielding (Hooper and Dukes, 2004; Hector, 2006; Wendling et al., 2017; Couëdel et al., 2018b; Elhakeem et al., 2021). Alternatively, the shoot biomass yield of the mixture is equal to the estimated shoot biomass derived from the pure stand yield. In this case, the interaction of the two species is described as an additive effect (Figure 2B). If one plant species impedes another’s growth and the measured shoot biomass is lower than the calculated one, these are antagonistic effects.




Figure 2 | Examples demonstrating over-yielding (A) and additive effects (B) in dual mixtures. The plots show schematically shoot biomass production [t ha-1] of pure stands of the two species (1 & 2) used in the dual mixture. The estimated shoot biomass (est.) based on half of the pure stands´ single species above-ground biomass of all four repetitions is displayed in the middle-left bar. In comparison, the measured shoot biomass (meas.) of the dual mixture at the end of the vegetation period is shown in the middle-right bar. Error bars represent standard deviation.



Oilseed rape was selected as a test weed in the experiment because of its strong competitiveness and its similar use in other studies (Krato and Petersen, 2012; Gregoire et al., 2021). Besides the test weed and cover crop shoot biomass, other weed species were not considered due to their negligible proportion of the shoot biomass. The percentage of test weed shoot biomass refers to its proportion in the total shoot biomass. The competitiveness of cover crop treatments to suppress test weeds is described by the total dry matter shoot biomass (i.e., cover crops and weeds) harvested before winter, minus the percentage of test weed shoot biomass (Di Bella et al., 2021), customized to: Equation 1.

	




2.6 Statistical analysis

Statistical analysis was conducted using R version 4.3.1 (R Core Team, 2021). A mixed model accounting for block and year effects was fitted using the lmer function from the “lme4” package (Bates et al., 2015) to model the dry matter yield of the cover crops. Since analysis of variance (ANOVA) of this model showed a significant interaction of cover crop species and year, we decided to analysis each year with a separate model accounting for the block effects (treated as random). Residuals of the models were checked for normal distribution and heteroscedasticity with diagnostic plots before performing an ANOVA (Kozak and Piepho, 2018). If needed, observed values were transformed to meet this assumption.

Models were fitted at three different levels for each year: at the total plot level, at the species level, and with total plot values of observed and expected mixtures. Block effects were included as random effects, and at the species level, the interaction of species and cover crop treatment and the effect of the plot (both treated as random) were included. If the ANOVA was significant (p < 0.05), analyses were performed for each species without adjustment of p-values (Fisher´s LSD test) at the plot yield level. Analysis at the species level was also performed separately for each combination of species with Tukey’s adjustment of p-values (Tukey’s HSD test) due to 4 groups (species 1 & 2 in pure stand and their share in the mixture) being compared, using the ‘emmeans package’ (Lenth, 2017). A two-sample t-test was performed for each mixture to compare the actual measured total yield of a mixture with the estimated total yield. Linear regression analysis was performed to test the effect of cover crop shoot biomass on test weed shoot biomass. Prior to analysis, the data were checked for zero inflation using the R package “Performance” (Lüdecke et al., 2021).





3 Results

Multi-species cover crop mixtures are supposed to improve cropping systems and agronomic ecosystem services such as weed suppression. For this reason, the shoot biomass of cover crops in pure stands or dual mixtures was determined under two different conditions. While the 2016 growing season was characterized by moderate precipitation, growing conditions in 2017 were influenced by high precipitation and unlimited water supply.



3.1 Interactions in dual cover crop mixtures on shoot biomass formation

All species were grown as pure stands or in mixtures with adjusted seeding rates (50% of pure stands Table 1) to evaluate the interactions between different species in dual mixtures compared to pure stands. In the first step, mustard-containing cover crops were tested based on mustards’ historical relevance in cover cropping.



3.1.1 Dual mixtures based on mustard

In 2016, mustard produced 4.37 t ha-1 shoot biomass in a pure stand, while the second species tested in a dual mixture, oil radish, had 3.71 t ha-1 when grown in a pure stand (Figure 3A). Consequently, the estimated yield of the mustard and oil radish mixture (half of the shoot biomass yields of both species) reached 4.04 t ha-1 in 2016. The dual mixture achieved above-ground biomass of 4.44 t ha-1, which was not significantly higher than the estimate, thus indicating an additive effect on shoot biomass (Figure 3A). Interestingly, oil radish had the highest proportion of shoot biomass in the mixture, exceeding its estimated yield (Figure 3A), indicating a higher interspecific competitiveness than mustard. This result was reproduced under the non-water limiting conditions in 2017. However, the mixture’s yield increase exceeded mustard’s shoot biomass, although the differences were not statistically significant (Figure 4A).




Figure 3 | Shoot biomass production (dry matter) [t ha-1] of dual mixtures of cover crops consisting of mustard and a second species, namely oil radish (A), phacelia (B), Egyptian clover (C), common vetch (D), field bean (E), or field pea (F) compared to pure stands in 2016. The plots show results for pure stands of the two species used in the dual mixture, the estimated shoot biomass (est.) based on 50 % of each species in pure stand in relation to the measured shoot biomass (meas.) of the dual mixture at the end of the vegetation period, and the proportion of the individual species in shoot biomass of the mixture. The bars show means with standard deviations, n=4. Different capital letters indicate the significant differences in total biomass yield of treatments at p < 0.05 by Fisher LSD-Test, while different lower-case letters indicate significant differences in the total biomass of different species at p < 0.05 by Tukey’s HSD-Test. Significant differences between estimated and measured shoot biomass of dual mixtures are indicated by an asterisk (*, t-test, p < 0.05).






Figure 4 | Shoot biomass production (dry matter) [t ha-1] of dual mixtures of cover crops consisting of mustard and a second species, namely oil radish (A), and field pea (B), or phacelia in combination with field bean (C) or field pea (D) on shoot biomass production [t ha-1] compared to pure stands in 2017. The plots show results for pure stands of the two species used in the dual mixture, the estimated shoot biomass (est.) based on 50 % of each species in pure stand in relation to the measured shoot biomass (meas.) of the dual mixture at the end of the vegetation period, and the proportion of the individual species in the shoot biomass of the mixtures. The bars show means with standard deviations, n=4. Different capital letters indicate the significant differences in total biomass yield of treatments at p < 0.05 by Fisher LSD-Test, while different lower-case letters indicate significant differences in the total biomass of different species at p < 0.05 by Tukey’s HSD-Test. Significant differences between estimated and measured shoot biomass of dual mixtures are indicated by an asterisk (*, t-test, p < 0.05).



When mustard was grown with phacelia, the measured above-ground biomass yield was equal to that of the pure stands (Figure 3B). Mustard reached a higher proportion of shoot biomass than estimated based on the performance of the pure stands of both species. However, the measured above-ground biomass of the dual mixture showed no advantage over the pure stands or the estimated mixture. Thus, it resulted in an additive effect, which was also observed in the wet conditions of 2017, even though the proportion of phacelia’s shoot biomass was lower in the dual mixture (Supplementary Figure S1A).

Overyielding was observed in 2016 when mustard was grown in a dual mixture with the legume Egyptian clover and common vetch. Clover alone had a shoot dry matter yield of only 0.48 t ha-1, and the estimated yield of the mixture was 2.43 t ha-1. In the field trial, the measured shoot biomass of the Egyptian clover and mustard mixture exceeded the estimated shoot biomass and significantly overreached it by 1.02 t ha-1 in 2016. However, Egyptian clover contributed only 0.001 t ha-1 to the shoot biomass in this mixture (Figure 3C), and mustard reached 78.8% of the yield level of its pure stand even when half of the seed density was applied. A similar over-yielding effect was observed in the mustard-common vetch mixture. Here, the measured shoot biomass exceeded the estimated shoot biomass significantly by as much as 1.55 t ha-1 (Figure 3D).

These results suggest that combining mustard and legumes leads to an overyielding effect. However, this is in contrast to the fact that a combination of mustard with the legume field bean or field pea only led to additive effects in 2016 (Figures 3E, F), even though the above-ground biomass of field bean (3.31 t ha-1, Figure 3E) and field pea (2.64 t ha-1, Figure 3F) was apparently higher than that of Egyptian clover (0.48 t ha-1, Figure 3C) or common vetch (0.45 t ha-1, Figure 3D). Despite the comparatively high shoot biomass of field beans and field peas, the proportion of these crops in the above-ground biomass of the mixtures was surprisingly low (Figures 3E, F). These observations were stable for field beans over the years or for weather conditions.

Comparable observations were made for the grain legume field pea. The mixture with mustard showed 0.19 t ha-1 above the estimate in 2016, and mustard produced 97.7% of the biomass (Figure 3F). In 2017, the non-limiting water conditions changed the biomass proportions. The above-ground biomass of the mustard–field pea mixtures was 2.10 t ha-1 higher than the estimate. This resulted in total shoot biomass of 5.02 t ha-1 (Figure 4B) and an over-yielding effect. Interestingly, the proportion of field pea shoot biomass in the mixture (1.43 t ha-1) was on the same level as the total shoot biomass of the field peas in the pure stand (1.36 t ha-1).

These results indicate that the interactions between mustard and a second species and its impact on shoot biomass are rather species-specific than plant family-specific. However, the effects on the above-ground biomass yield of mustard-based mixtures tested were highly comparable under different growing conditions.




3.1.2 Dual mixtures based on phacelia

To investigate if the interactions between species tested are species-specific, mustard was replaced by the less competitive cover crop species phacelia in dual mixtures (Figure 5). Compared to the results of mustard-containing mixtures (Figure 3), the legumes showed increased competitiveness against phacelia. The small-seeded legumes Egyptian clover and common vetch contributed a slightly higher proportion of shoot biomass in the mixtures (Figures 5A, B) than in the dual mixtures with mustard, and the share of field beans and field peas in dual mixtures with phacelia was markedly higher (Figures 5C, D).




Figure 5 | Shoot biomass production (dry matter) [t ha-1] of dual mixtures of cover crops consisting of phacelia and a second species, namely Egyptian clover (A), common vetch (B), field bean (C), and field pea (D) compared to pure stands in 2016. The plots show results for pure stands of the two species used in the dual mixture, the estimated shoot biomass (est.) based on 50 % of each species in pure stand in relation to the measured shoot biomass (meas.) of the dual mixture at the end of the vegetation period, and the proportion of the individual species in shoot biomass of the mixture. The bars show means with standard deviations, n=4. Different capital letters indicate the significant differences in total biomass yield of treatments at p < 0.05 by Fisher LSD-Test, while different lower-case letters indicate significant differences in the total biomass of different species at p < 0.05 by Tukey’s HSD-Test. Significant differences between estimated and measured shoot biomass of dual mixtures are indicated by an asterisk (*, t-test, p < 0.05).



Over-yielding was observed when phacelia was combined with Egyptian clover. The measured shoot biomass exceeded the estimated shoot biomass significantly by 1.45 t ha-1 in 2016 (Figure 5A). A similar effect occurred in the phacelia-common vetch mixture; the measured shoot biomass surpassed the estimate significantly by 1.32 t ha-1 (Figure 5B). In phacelia-field bean mixtures, only an additive effect was observed regardless of the water condition (Figures 5C, 4C). Field beans contributed a larger share of shoot biomass of 1.11 t ha-1 in the mixture with phacelia than 0.30 t ha-1 in a mixture with mustard (Figure 3E). In contrast to 2016 (Figure 5C), field beans contributed 2.85 t ha-1 under non-water-limited conditions (Figure 4C). So, field beans provided the majority of shoot biomass of the 4.00 t ha-1 in 2017.

Combining phacelia and field peas instead of field beans led to slight overyielding effects in shoot biomass formation, with a total yield of 3.54 t ha-1 in 2016 (Figure 5D). Surprisingly, a suppressive effect was observed in the phacelia-field pea mixture under water-sufficient conditions in 2017 (Figure 4D). In contrast to the mustard-field pea mixture (Figure 4B), phacelia contributed only a small portion of the shoot biomass in the phacelia-field pea mixture (Figure 4D), while under the water-limited conditions in 2016, phacelia produced more than 80% of the shoot biomass of the mixture (Figure 5D). Nevertheless, the most striking observation was that dual mixtures of legumes with phacelia showed similar shoot biomass yield response with mustard.




3.1.3 Single plant development in dual mixtures

So far, this work has focused on the total shoot biomass yield (dry matter) of the mixtures and the species involved in pure stands. We then shifted the focus to individual plants to examine the interactions between species in mixtures in more detail. One measure of the intraspecific competition of a species is the average weight of individual plants. Mustard showed significantly higher single-shoot weights (dry matter) when grown with Egyptian clover, common vetch, field bean, field pea or phacelia than with oil radish (Figure 6A). In contrast, phacelia (Figure 6B) significantly decreased single-shoot weights in mixtures with oil radish and mustard compared to those with Egyptian clover, field bean, or field pea. Similar observations were made for single-plant shoot weight of mustard or phacelia under water-sufficient conditions in 2017, except for field pea treatments (Supplementary Figure S2). One explanation may lie in the generally poor phacelia and field pea growth under water-sufficient conditions in 2017. In addition, field emergence was determined to rule out the possibility that plant density differences affected individual plants´ growth conditions (Supplementary Table S1), and no statistically significant differences between treatments were found.




Figure 6 | Single plant shoot weight (dry matter) [g] of mustard (A) and phacelia (B) in pure stand and dual mixtures with oil radish, Egyptian clover, common vetch, field bean, and field pea in 2016. Bars show means with standard deviations, n=4; different letters indicate significant differences among treatments at p < 0.05 by Tukey’s HSD-Test.






3.1.4 Interactions in mix containing legumes only

So far, only mixtures between legumes and non-legumes have been investigated. Following the observation that small-seeded legumes, such as Egyptian clover and vetch, caused over-yielding effects in dual mixtures with non-legume species (Figures 3C, D, 5A, B), it was tested whether this observation can also be made in combination containing small-seeded legumes and grain legumes. Significant differences were found between estimated and measured shoot biomass with an overyielding effect of 0.83 t ha-1 when the small-seeded legume common vetch was combined with field bean (Figure 7A). The increased yield of field beans caused the overyielding effect compared to the estimate. However, with 3.16 t ha-1, the above-ground biomass was highest in the pure stand of field beans. A similar result was found for the common vetch-field pea mixture. Here, an overyielding effect was observed with a difference of 0.53 t ha-1 between measured and estimated shoot biomass (Figure 7B). An additive effect was also observed when the field beans and field peas were grown together (Figure 7C). Here, the above-ground biomass yield of the two species and their expected share in the mixture corresponded to the estimate.




Figure 7 | Shoot biomass production (dry matter) [t ha-1] of dual mixtures of cover crops consisting of legumes compared to pure stands in 2016. Mixtures combine common vetch and field bean (A), common vetch and field pea (B), and field bean and field pea (C). The plots show results for pure stands of the two species used in the dual mixture, the estimated shoot biomass (est.) based on 50 % of each species in pure stand in relation to the measured shoot biomass (meas.) of the dual mixture at the end of the vegetation period, and the proportion of the individual species in shoot biomass of the mixture. The bars show means with standard deviations, n=4. Different capital letters indicate the significant differences in total biomass yield of treatments at p < 0.05 by Fisher LSD-Test, while different lower-case letters indicate significant differences in the total biomass of different species at p < 0.05 by Tukey’s HSD-Test. Significant differences between estimated and measured shoot biomass of dual mixtures are indicated by an asterisk (*, t-test, p < 0.05).



Taken together, the interactions among cover crop species mainly resulted in an additive or overyielding effect on above-ground biomass. Interestingly, observations in mixtures showed comparable interaction patterns regardless of whether phacelia or mustard was grown with a second species. Additive effects were observed, especially when grain legumes were added, while overyielding occurred when small-seeded legumes complemented the mixture.





3.2 Competitiveness of cover crops against weeds

Weed suppression is one management service that cover crops provide in crop rotations. We evaluated the competitiveness of cover crop treatments against weeds by determining the shoot biomass of oilseed rape as test weed at cover crop harvest at the end of the vegetation period.

A negative correlation was observed between the above-ground dry matter biomass of cover crops and the weed under water-limited conditions in 2016 (Figure 8A) but not under sufficient water supply in 2017 (Figure 8B). The cover crop shoot biomass in 2016 explained 72% (p < 0.001) of the variance in test weed shoot biomass. A species-specific pattern was evident for pure stands (marked with crosses). The small-seeded legumes Egyptian clover and common vetch did not suppress weeds sufficiently. In contrast, the grain legumes field peas and even more field beans were able to reduce weed shoot biomass. However, the test weed shoot biomass was higher than 0.5 t ha-1. Best results in weed suppression were obtained with phacelia, mustard, or oil radish, where the test weed no longer developed.




Figure 8 | Correlation between cover crop shoot biomass (dry matter) [t ha-1] in pure stand (crosses) or dual mixtures containing legumes only (dots), mustard (triangle), phacelia (square), with a second partner (color code) and test weed shoot biomass (dry matter) [t ha-1] in 2016 (A) and 2017 (B). Color code represents the species of the pure stand or the second partner in the dual mixture and the influence of cover crops pure stands and dual mixtures on competitiveness (C) in 2016. Bars show means with standard deviations, n=4; different letters indicate significant differences among treatments at p < 0.05 by Tukey’s HSD-Test.



As shown earlier, over-yielding effects were observed in some dual mixtures. We therefore tested whether the increased above-ground biomass would also lead to increased weed suppression. Dual mixtures consisting only of legumes (marked with grey dots) showed better weed suppression (Figure 8A), although weed suppression was significantly lower than in other dual mixtures (Figure 8C). Mixtures of phacelia with other cover crops (marked with squares) showed that all legumes tested decreased the competitiveness compared to the pure phacelia stand (Figure 8A). This even held for the grain legumes field bean and field pea, which produced much more biomass than small-grained legumes. Combining phacelia with mustard or oil radish outcompeted the weeds. On the other hand, mustard (marked with triangles) suppressed the weeds, regardless of which other species were grown in the dual mixture.

The competitiveness of cover crop treatments against weeds can also be described by the percentage of cover crop shoot biomass to the whole shoot biomass of the treatment. The cruciferous species oil radish and white mustard and the non-cruciferous species phacelia had a high competitiveness of 99.2 to 100.0% in a pure stand (Figure 8C). Pure stands of field beans and field peas had a lower competitiveness of 92.3% compared to cruciferous species. Generally, pure stands of Egyptian clover (38.5%) and common vetch showed significantly lower competitiveness (28.2%, Figure 8C) than the other cover crops in pure stands.

Combinations with cruciferous species attained a high competitiveness of 99.0% to 100.0% (Figure 8C). In contrast, the competitiveness decreased in dual mixtures of phacelia with Egyptian clover (96.1%), common vetch (97.4%), field bean (96.1%), and field pea (96.0%). Mixtures containing only legumes showed the lowest competitiveness in dual mixtures. Compared to other dual mixtures, combinations of common vetch and field bean (84.8%), common vetch and field pea (85.4%), and field bean and field pea (90.6%) showed significantly lower competitiveness against the test weed, compared to mixtures containing cruciferous species and mixtures of phacelia with field peas or common vetch (Figure 8C).

Under sufficient water conditions in 2017, no correlation was observed between cover crop shoot biomass and test weed shoot biomass. However, competitive species such as oil radish, mustard, and phacelia competed well with the test weed, regardless of whether it was grown in pure stands or mixtures (Figure 8B). A closer look at the competitiveness showed that phacelia had significantly lower competitiveness in the pure stand than mustard or oil radish under the conditions of 2017 (Supplementary Figure S3). Nevertheless, similar patterns were observed in 2016 and 2017.

In summary, the ability of competitive species to compete against the test weed was not hampered when dual mixtures with less competitive species were formed. However, unlike shoot biomass, no synergistic effects in suppression performance were observed between the species used.





4 Discussion

The integration of cover crops into cropping systems offers many benefits in terms of ecosystem services and crop management. These benefits are further enhanced when combined with other techniques, such as reduced tillage (Groß, 1996; Wittwer et al., 2017; Abdalla et al., 2019; Alletto et al., 2022). On the other side, it becomes more challenging to control volunteer plants and weeds. In conventional farming systems, volunteer seed germination is often controlled with non-selective herbicides before planting to maintain cover crop benefits and reduced tillage intensity. However, this strategy has been criticized from several perspectives. A promising strategy is to control volunteer plants and weeds by growing cover crops during the off-season. This approach requires high competitiveness of cover crop mixtures by using species that produce more above-ground biomass or better compete with weeds (Büchi et al., 2018; Grosse and Heß, 2018; Schappert et al., 2018; Schmidt et al., 2019; Bunchek et al., 2020). Therefore, the present study aimed to identify mechanisms in shoot biomass formation in dual cover crop mixtures of different plant species and their ability to suppress weeds.



4.1 Impact of interactions between species in cover crop mixtures on shoot biomass is species-specific

Plants growing in a mixed stand compete for space, light, water, and nutrients. This becomes even more important when combining species with different characteristics, as in cover crop mixtures. Nevertheless, interactions among species can also promote plant growth (Baeumer and De Wit, 1968; Heuermann et al., 2019). One hypothesis as to why mixtures can produce more shoot biomass than pure stands assumes that competitive species benefit from less competitive partners in mixtures. However, in contrast to previous studies (Finney et al., 2017; Wendling et al., 2017), we did not observe significantly higher shoot biomass yields than in pure stands, described as transgressive over-yielding under the water-limited conditions in 2016 (Figures 3, 5 & 7), but in mustard - oil radish and mustard – field pea mixtures under the water-sufficient conditions in 2017 (Figures 4A, B). Nevertheless, an overyielding effect was evident in 2016 when the competitive species mustard was combined in dual mixtures with less competitive species such as Egyptian clover and common vetch (Figures 3C, D). Similar observations were made for phacelia. While phacelia is not as competitive as mustard (Figure 3B), the number of less competitive partners leading to over-yielding effects was even higher and included field beans in addition to Egyptian clover and common vetch (Figures 5A–C). Even when dual mixtures were designed among much less competitive species, such as field bean or field pea, the combinations with even less competitive species, such as common vetch, resulted in an over-yielding effect (Figures 7A, B).

Compared to the estimated shoot biomass based on the pure stand, the shoot biomass of the competitive partner (mustard, phacelia, and field bean) increased significantly in dual mixtures with weaker species, not only in dual mixtures showing over-yielding. For mustard, this observation is consistent with other studies showing its high competitiveness in dual mixtures with legumes (Wortman et al., 2012; Couëdel et al., 2018b). However, our results suggest that this is wider than legumes. Mustard also increased shoot biomass relative to the estimate in mixtures with phacelia (Figure 3B). There is a clear indication that this effect generally works, as shown for phacelia against less competitive species such as Egyptian clover, common vetch, and field bean (Figures 5A–C), or field bean against common vetch (Figure 7A). Moreover, this effect is even reversible when these previously competitive species are combined with an even more competitive species, such as oil radish in the case of mustard (Figure 3A), mustard in the case of phacelia (Figure 3B), or mustard and phacelia in the case of field bean (Figures 3E, 5C). When placed as the weaker partner in another mixture, the former dominant species showed less shoot biomass than the estimate based on pure stand yields.

The mode of action of the increasing above-ground biomass of the competitive species in a mixture is unlikely due to the promotive effect of nitrogen fixation of the less-competitive partner because it was also observed with non-legume partners. Non-legume species increased the growth of more competitive partners, even if they belonged to the same family and shared similar root properties for nutrient acquisition or pest control, such as oil radish and mustard (Figure 3A). The promotive effect was also observed even if only legumes, such as field beans and common vetch, were combined (Figure 7A). This observation is even more significant because similar results were observed under the water sufficient conditions in 2017, and transgressive over-yielding even occurred for the mustard-field pea mixture when mustard was the dominant partner (Figure 4B) and the mustard-oil radish mixture when mustard became the weaker partner of the mixture (Figure 4A).

Another mechanism is explained by a niche differentiation leading to a complementary effect or the dominance of a higher-yielding species, known as a selection effect (Loreau and Hector, 2001). Studies by Elhakeem et al. (2021) and Couëdel et al. (2018b) observed both effects in mixtures containing oil radish. These findings might further indicate that the competitive species mustard, oil radish, and phacelia generated higher shoot biomass through a selection effect. In another experiment, higher crop growth rates and higher crop nitrogen uptake rates of mustard than phacelia and mustard were measured across different environments (Tribouillois et al., 2015a).

Another approach to further investigate the mechanism of increased above-ground biomass of the competitive species by companion crops is to shift the focus from total shoot biomass in the stand to the single plant weight. Both mustard and phacelia decreased shoot weight per plant when combined with more competitive species (Figures 6A, B). Mustard reduced shoot formation by over one-fourth when combined with oil radish (Figure 6A) and phacelia by factor 4 when grown together with mustard (Figure 6B). However, the seeding rate was reduced by half for all species in the dual mixture. The situation was quite different when tested species acted as the competitive partner in a mixture. They showed an apparent increase in the shoot weight per plant regardless of whether the less competitive partner was a legume or not (Figures 6A, B). Based on these observations, the main advantage of the weak partner, besides increasing diversity, appears to be its retarded development or the small plant size, resulting in higher availability of space and resources for the rapidly developing competitive partner. Supposing the advantage is only based on more space and resources per plant, the effect must also be present when reducing seed density. However, a reduction in the seeding rate did not increase the above-ground biomass in the species tested (data not shown). This is also consistent with Wendling et al. (2017), who showed that responses to sowing rate adjustments are species-specific and dependent on the fertilization level.

The stimulatory effect on the single plant weight of a competitive partner in a mixture was observed regardless of whether the combination resulted in over-yielding (Figures 3C, D, 5A–C) or not (Figures 3B, E, F, 5D). There is a clear indication that over-yielding is only possible if the weak partner reduces its proportion of shoot biomass compared to the estimate. However, this conclusion does not align with the transgressive over-yielding effects observed under water-sufficient conditions in 2017 (Figure 4). While the radish-mustard mixture followed the pattern of 2016 and mustard significantly reduced its shoot growth under these conditions (Figure 4A), the mustard-pea mixture showed a significant increase in shoot biomass of both species compared to the estimate (Figure 4B).

One explanation can be found in the favorable starting conditions for field peas in 2017 compared to 2016. Moderate temperatures and sufficient soil moisture provided perfect conditions for germination and seedling development, even for field peas, which have a high water demand during germination (Raveneau et al., 2011; Tribouillois et al., 2016). For this reason, an equal development of mustard and field peas during early development could lead to similar competitiveness. These observations align with other studies that report transgressive overyielding of mustard-field pea mixture under non-water-limited conditions (Wendling et al., 2017). While the non-limited water conditions promoted field peas, they hampered the development of phacelia (Figures 4C, D compared to 5C, D). Thus, the mixture of phacelia and field beans showed only an additive effect in 2017 (Figure 4C) instead of an over-yielding effect in the water-limited conditions in 2016. The retarded performance of phacelia under water-sufficient conditions in 2017 was also obvious in the phacelia-field pea mixture, resulting even in a suppressive effect (Figure 4D). However, besides phacelia-containing mixtures, the weather conditions had no significant effect on the observed patterns of interactions in the mixtures.

Taken together for autumn-grown cover crops in the two tested environments, over-yielding in cover crop mixtures is likely to occur when two characteristics of the combined species are met: (i) Species must differ in competitiveness. The present study allows competitiveness to be ranked from the strongest to the weakest species from oilseed radish > mustard > phacelia > field bean > field pea > common vetch > Egyptian clover. (ii) The shoot biomass production in pure stands of the less competitive partner must be lower by at least a factor of two than that of the competitive species. However, the system has only been tested for dual mixtures. It should also be noted that phacelia significantly reduces biomass and competitiveness, especially in wet years.




4.2 Improved cover crop mixtures can suppress weeds and volunteer plants

A large above-ground biomass is often proposed as the primary property of a cover crop in weed control (Hoffman et al., 1993; Gerhards and Schappert, 2020). In this study, a negative correlation between the shoot biomass of the cover crop and the shoot biomass of the test weed oilseed rape was only observed in one of the two experimental years (Figures 8A, B). While cover crop shoot biomass was important for weed suppression under water-limited conditions in 2016 (Figure 1A), biomass production was not the mode of action under sufficient water supply in 2017 (Figure 1B). This is consistent with previous observations, which showed no correlation between cover crop shoot biomass and weed suppression (Schappert et al., 2019b; Smith et al., 2020). However, in both years, a suppressive effect was observed for some of the cover crop species or mixtures tested.

Pure stands of mustard and phacelia have been well described to reduce weed shoot biomass more effectively than small-seeded legumes under European field conditions (Brant et al., 2009; Brust et al., 2011). In the present study, the cover crops mustard, oil radish, and phacelia showed the best competitiveness against weeds regardless of the weather conditions. However, the suppressive effect was weaker for phacelia and showed a larger variation in the case of mustard and oil radish under wet conditions in 2017 (Figure 8B). In general, these observations were confirmed by other studies, which also found that pure stands of mustard, oil radish, and phacelia were able to suppress weeds effectively (Brust et al., 2014; Schappert et al., 2019a; Cottney et al., 2022; Tadiello et al., 2022), even under similar growing conditions as in southern Germany in 2016 and 2017 (Schappert et al., 2019a).

Other tested cover crop species, such as field bean and field pea, showed lower competitiveness than cruciferous species. At the same time, common vetch and Egyptian clover failed to outcompete weeds (Figure 8A). Previous studies reported the low competitiveness of pure legume stands against weeds compared to phacelia and oil radish (Cottney et al., 2022). An explanation for this is that the conditions of the locations may not fit this species. However, in northern Italy, Egyptian clover and common vetch as pure stands showed similar low biomass production (Tadiello et al., 2022) as in this study (Figures 3C, D, 5A, B), and hence lower competitiveness against weeds than mustard (Figure 8A). Our results are consistent with studies from Canada, which have shown that legumes have a lower competitiveness against weeds compared to crucifer or forb species (Wagg et al., 2021). Thus, neither the climatic conditions nor the daylength effect cause a low level of competitiveness of the small-seeded legume species.

The use of mixtures is often discussed as a strategy to increase the competitiveness of cover crops, as the species then complement each other in their suppressive effect on weeds. In our study, this hypothesis can only be confirmed in some cases: While mustard alone perfectly suppressed the test weed oilseed rape (Figures 8A, B) and showed a competitiveness factor of almost 100% (Figure 8C; Supplementaryray Figure S3), the addition of other species to form dual mixtures neither increased nor decreased the ability of mustard (Figure 8), regardless of whether such dual mixtures lead to an over-yielding effect (Figure 3). Other studies have shown similar results. For instance, the over-yielding of cover crop mixtures compared to the best-performing pure stands did not lead to benefits in weed suppression or other ecosystem services (Smith et al., 2014, 2020). The question then arises whether increasing the mixtures’ biodiversity affects weed suppression. Schappert et al. (2019b) showed that mixtures containing three or more cover crop species have a reduced ability to suppress weeds compared to pure cruciferous crops. Lower soil coverage and shoot biomass best explained the lack of competitiveness.

Regarding weed suppression, the beneficial effects of competitive cover crops like mustard are rapid field emergence and soil coverage (Brust et al., 2014). These benefits are still present in dual mixtures containing mustard. Other mechanisms of action, such as allelopathic effects via released glucosinolates, were found to be 20% lower in dual mixtures than in pure crucifer stands (Couëdel et al., 2018a). For phacelia, the choice of a partner is more important, even though phacelia showed high competitiveness (99.2%, Figure 8C) under dry growing conditions (Brust et al., 2014; Schappert et al., 2018). In dual mixtures with legumes, phacelia could not fully compensate for the low competitiveness of legumes (Figure 8C), which slightly increased the observed test weed shoot biomass (Figure 8A). Whether this was due to the lower competitiveness of phacelia compared to mustard (Figure 3B), the tendentially lower biomass of the phacelia-legume mixtures (Figure 5), the lack of allelopathic effects (Couëdel et al., 2018a), or further characteristics of the mixture partners (Heuermann et al., 2023) could not be determined here. It remains to be noted that the mixtures showing over-yielding effects (Figures 5A–C) did not perform better in weed suppression (Figure 8).

A remaining open question is whether legumes, in general, are less competitive against weeds than non-legumes. Legume-only combinations were designed to investigate this further. All mixtures tested showed weaker competitiveness against test weeds than cruciferous species or phacelia (Figures 8A, C). Small-seeded legumes such as Egyptian clover and common vetch showed weak weed suppression and weak competitiveness even when combined with grain legumes with higher weed suppression, such as field bean or field pea (Figures 8A–C). Explanations for weak weed suppression by mixtures with legumes, especially small-seeded legumes, may be found in lower growth rates of the legumes compared to other species (Wendling et al., 2016) or poor performance under conditions of lower precipitation and temperature (Lavergne et al., 2021). Although the shoot biomass increased when two legumes were grown in mixtures, their competitiveness did not reach the level of the dual mixtures or the pure stands of the crucifer species (Figure 8).

In conclusion, our results indicate that weed suppression by cover crop mixtures is best achieved by the inclusion of a competitive species such as oil radish or mustard that effectively suppresses weeds even in combination with less competitive species such as field bean, field pea, common vetch, or Egyptian clover under different weather conditions. The use of phacelia is rather recommended under dry conditions. Under water-sufficient conditions, a mixture containing grain legumes as competitive partners, such as field beans or field peas, also performs satisfactorily.





5 Conclusion

In agricultural practice, cover crop mixtures are designed mainly through trial and error, consuming field trial resources to find the best-performing combinations. This study systematically evaluated two-component mixtures under two contrasting weather conditions. Our results show that competitive species in cover crop mixtures are essential for biomass production and weed suppression. Biomass formation showed over-yielding effects when competitive species, such as oil radish, mustard, and phacelia, and to a lower extent, field beans were combined in dual mixtures with species that form less above-ground biomass, such as common vetch or Egyptian clover. By contrast, additional species did not significantly enhance competitiveness against the test weed. Generally, the most competitive cover crops were the dominant ones, such as oilseed radish or mustard, while phacelia performed better, especially in dry conditions. For adaptions strategies, this means that cruciferous species such as mustard and oil radish form the basis of cover crop mixtures in crop rotations without oilseed rape. In oilseed rape rotations, the basic component is phacelia. The other species completing the mixtures must either have a high level of weed suppression or produce significantly less biomass than the main species to induce over-yielding effects in the cover crop mixture. Future research must determine which non-legumes are suitable as weak components to create optimized cover crop mixtures in legume-free rotations with high weed suppression potential. Generally, breeding programs to optimize species for cover crop mixtures and the identification of suitable seeding ratios for mixtures will be promising future strategies.
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