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ABSTRACT
BACKGROUND: Plant diversification, especially sowing crops with the addition of companion plants has been demonstrated as a suitable practice to increase insect pest control in multiple cropping systems. Since the ban on use of neonicotinoid seed treatments in oilseed rape (OSR), the harvested area has significantly reduced in Europe, mainly because of the damage caused by cabbage stem flea beetle (Psylliodes chrysocephala). Several companion plants such as legumes and other species of Brassicaceae have been reported as potential companions for OSR but robust evaluation of their efficiency to reduce cabbage stem flea beetle damage in replicated trials is lacking. 
RESULTS: Four field trials were conducted in the UK and Germany to test the effect of different companion plants, or the addition of straw mulch, on cabbage stem flea beetle adult feeding and larval infestation in OSR. We found significant differences in the level of feeding damage between treatments in all experiments. Combinations of OSR with cereal companion plants or with straw mulch showed the strongest reduction in adult feeding damage. A protective effect of legumes was also observed in one trial. Differences in larval infestation were also observed between treatments but were not consistent and might be more related to the OSR plant biomass than to treatments. 
CONCLUSION: This study shows that companion planting can protect OSR crops from cabbage stem flea beetle adult feeding damage. We show for the first time that not only legumes but also cereals and the application of straw mulch can have a strong protective effect on the crop.
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1. INTRODUCTION
Simplification of farming systems, increasing field sizes and extensive use of pesticides over the last decades are considered as the main drivers of biodiversity loss in agricultural landscapes 1–3. Implementation of new practices to increase plant diversity can potentially mitigate this loss of biodiversity while supporting ecosystem services 4. Increase in plant diversity can be achieved by the addition of trees (i.e., agroforestry) or flowers in or around the field (i.e., flower margins) but most often plant diversification is achieved by companion planting where multiple crops are grown together in the same field 5. These plants can provide resources and shelter to the natural enemies of crop pests which can help to regulate pest populations in the crop 4,6. Companion plants can have a direct effect on pest behaviour by being attractive or repellent for insect pests and can be used as a trap or barrier crop 7,8; they can also affect host location behaviour and obfuscate the crop 9,10.
Oilseed rape (OSR, Brassica napus) is the most important oilseed crop in Europe and is mainly used to produce oil for human consumption and biofuel 11. The crop is attacked by multiple insect pests over its life cycle, making it particularly prone to insect damage 12. Over recent years the OSR area harvested has drastically reduced in Western Europe 13, and especially in the UK where the harvested area fell by 50 % between 2012 and 2020 11. This decline is largely due to the impact of the cabbage stem flea beetle (CSFB, Psylliodes chrysocephala) 14. Adults of this insect damage the plant by feeding on cotyledons and young leaves early in the autumn which can threaten crop establishment, and the larval stages feed in the petioles and stem causing reduced vigour and plant survival 12. Neonicotinoid seed treatments were the main method used to control this insect, but with the ban on their use due to concerns over environmental impact (EU Regulation No. 485/2013) 15 and the increase in CSFB populations resistant to pyrethroids16,17, farmers are left without efficient options to manage this pest18. 
In the UK, farmers have adapted their crop management practices to mitigate CSFB impact. Changes in the drilling date or the sowing rate are reported as potential ways to manage this insect (reviewed by Ortega-Ramos et al.18). The use of companion plants sown with the OSR crop is also frequently reported by farmers and researchers as a potential way to reduce CSFB attack 18. The companion plant species used are diverse but usually have common characteristics; they are not too competitive with the OSR and/or are easy to destroy by herbicide application or by low temperature in winter.
In this study the focus was made on 4 groups of companion plants: 1) the addition of legumes that are not too competitive such as clover and vetch. These plants can provide nutrients to the crop and improve its growth (in particular N due to nitrogen fixing bacteria that colonise the rhizosphere of leguminous plants) 19,20 and have also been reported to influence CSFB attack 21–24. 2) The addition of other Brassicaceae species. Some plant species such as turnip rape (Brassica rapa oleifera) are known to be preferred by CSFB over OSR and can be used in trap cropping systems 25,26. Other plants such as white mustard (Sinapis alba) are less preferred by CSFB and could be used as repellents 27. The main issue with the use of Brassicaceae as companions for OSR is that they can compete with the crop and are difficult to selectively destroy. This can be overcome if the companion plants are drilled in strips within the crop or around the perimeter of the cropped area, or if an herbicide resistant OSR cultivar is used (e.g., Clearfield® 28). 3) The presence of cereal volunteers has been reported by farmers to protect OSR plants from CSFB attack 29. It would be possible to delay the destruction of the volunteers or to drill cereals and destroy them once the peak immigration of CSFB has passed. 4) Finally, farmers also report that direct drilling in cereal stubble of the previous crop can reduce CSFB attack 30. This approach was tested using addition of straw mulch to simulate cereal trash left on the ground as part of direct drilling which has been demonstrated to reduce pest infestation in other cropping systems 31–33. 
Despite companion planting making its way into farm practice, farmers lack robust evaluation of the effect of companion plants on CSFB damage caused by both adults and larvae. This is particularly true for systems located in areas where winters are mild and companion plants cannot be destroyed by winter frost. This lack of knowledge limits the development and use of alternative cropping strategies less dependent on synthetic pesticides. In the present study we present results from different fields trials conducted in the UK over three years and Germany in one year. In these trials, different companion plants and other management practices were tested for their impact on CSFB adult feeding damage, OSR crop plant biomass in autumn, and CSFB larval infestation. Insight into how the different treatments affect CSFB behaviour were also investigated.

2. MATERIALS AND METHODS

2.1. Study sites and treatments:
Four experimental field trials were conducted between 2018 and 2021 in the UK at Harpenden (Hertfordshire), and in Germany at Witzenhausen (Hesse). These experiments tested the effect of different companion plants and the addition of straw mulch on CSFB adult feeding damage and larval infestation (summarised in Table S1). In all the experiments OSR seeds were drilled using a seed drill while companion plants and straw mulch were broadcasted manually (handfuls of seed were sprinkled on the soil at an even rate while steadily walking the length and breadth of the plot in a systematic manner).
Experiment 1: Sown on 30/8/2018, at Rothamsted farm, Harpenden, UK; the following treatments were used: 
· OSR mixed with white mustard (Sinapis alba cv. unknown, 150 seeds/m2)
· OSR mixed with Berseem clover (Trifolium alexandrinum cv. Tabor, 5 kg/ha)
· OSR mixed with winter wheat (Triticum aestivum cv. KWS Siskin, 800 seeds/m2)
· OSR with winter wheat (as above) - simulation of intercrop with plots split in half with one crop on each half
· OSR surrounded by a 1 m-wide trap crop of turnip rape (Brassica rapa cv. Jupiter, 100 seeds/m2) 
· OSR monocrop control. 
In all treatments the winter OSR cv. PT279CL (Clearfield, Corteva) was used at a sowing rate of 70 seeds/m2. Treatments were replicated 6 times in a Latin square with plot size 12 x 12 m.    
Experiment 2: Sown on 19/8/ 2019, at Rothamsted farm; the following treatments were used: 
· OSR mixed with wheat (cv. KWS Siskin, 800 seeds/m2), 
· OSR mixed with barley (Hordeum vulgare cv. KWS Orwell, 800 seeds/m2), 
· OSR mixed with rye (Secale cereale cv. Danielio, 800 seeds/m2), 
· OSR mixed with oats (Avena sativa cv. Mascani, 800 seeds/m2), 
· OSR covered with wheat straw mulch applied immediately after sowing (5.5 t/ha). The chopped straw mulch was spread manually all over the plots to cover the soil homogeneously.
· OSR monocrop control. 
In all treatments the winter OSR cv. Barbados was used at a sowing rate of 70 seeds/m2. All the cultivars used in this experiment were winter cultivars. Four replicates were sown of each of the 6 treatments in a Randomised Complete Block Design (RCBD) with plot size 3 x 9 m.
Experiment 3: Sown on 24/9/2020 at Rothamsted farm; the following treatments were used: 
· OSR mixed with Berseem clover (cv. Tabor, 5 kg/ha)
· OSR mixed with Berseem clover (cv. Tabor, 4 kg/ha) and vetch (Vicia sativa cv. Jose, 4 kg/ha)
· OSR mixed with oats (cv. Mascani, 800 seeds/m2)
· OSR surrounded by a 1 m-wide trap crop of turnip rape (cv. Jupiter)
· OSR monocrop with herbicide application similar to the treatments with companion plants (low herbicide)
· OSR monocrop control with a standard herbicide regime (standard herbicide)
In all treatments the winter OSR cv. Barbados was used at a sowing rate of 70 seeds/m2. Treatments were replicated 6 times in a Latin square with plot size 24 x 24 m. To test the potential effect of the change in herbicide regime between plots with experimental treatments with and without companions, a treatment with low herbicide application was added. In this treatment, plots received reduced herbicide applications similar to the treatments with Berseem clover. However, because this experiment was terminated earlier than expected, herbicide was applied only on plots with oat to destroy the companion plant in winter. Consequently, there was no difference in herbicide application between plots with low and standard herbicide.
Experiment 4: Sown on 2/9/2020 at Witzenhausen, Germany; the following treatments were used: 
· OSR mixed with oat (cv. unknown, 800 seeds/m2), 
· OSR covered with wheat straw mulch (5 t/ha) 
· OSR monoculture control. 
In all treatments the winter OSR cv. Armani was used at a sowing rate of 40 seeds/m2. Treatments were replicated 4 times in a RCBD with plot size 15 x 15 m.
After drilling, yellow water traps were placed at the crop edge on each side of the field where trials were located and 25 m inside the crop to monitor the arrival of the CSFB on the experiment.
2.2. Adult CSFB leaf damage
Estimation of adult CSFB feeding damage started once the OSR germinated, and CSFB were detected in the yellow water traps. The typical ‘shotgun’ holes were observed on the cotyledons and true leaves. The percentage of leaf area lost to feeding was estimated on individual plants with the help of a visual scale (Fig. S1). In Experiment 1, 10 plants were chosen randomly on each plot; in Experiment 2, five plants per quadrat were sampled in three quadrats (0.25 m2) randomly placed in each plot (i.e., 15 plants/plot); and in Experiments 3 and 4, three plants per quadrat were sampled in five quadrats (0.25 m2) randomly placed in the plot (i.e., 15 plants/plot). Plants sampled within the quadrats were selected randomly. 
The feeding damage was assessed four times in Experiments 1 and 3 (September-November) and three times in Experiments 2 and 4 (September-October). Each assessment was separated by 1 - 2 weeks (Fig. S2).
2.3. Plant cover
The cover of the companion plants in each plot was recorded in the same quadrats and at the same time as adult feeding damage assessments were made on OSR crop plants. The percentage of cover of the different companion plants was recorded in three quadrats (0.25 m2) per plot in Experiments 3 and 4, however data were missing for the last sampling date of Experiment 3.
2.4. Plant biomass
For Experiments 2, 3 and 4, 15 OSR plants per plot in UK and 5 plants per plot in Germany were randomly sampled in each experiment in October and November (02/10/19, 30/10/20 and 09/11/20, respectively), when plants were at BBCH growth stage 11-16 (one to six true leaves34). These plants were returned to the laboratory and were oven dried overnight at 80 °C. They were then weighed (with a precision of 1 mg).
2.5. CSFB larval infestation
Between the end of November and February, three plants were collected at random from each plot and returned to the laboratory. Plants were then dissected under a binocular microscope and the leaves, petioles and stem were inspected for CSFB larvae. The number of leaves per plant was recorded. As dissection is time consuming, plants were kept in a cold room (4 °C) for up to 5 days before being dissected. For Experiments 1 and 2, one sampling session was conducted at the beginning of winter (03/12/18 and 25/11/19, respectively). Two sampling sessions were conducted for Experiments 3 and 4, one assessment at the beginning of the winter on 23/11/20 for Experiment 3 and on 24/11/20 for Experiment 4, and another assessment was conducted at the end of the winter on 17/02/21 for Experiment 3 and on 25/02/21 for Experiment 4. In Experiments 3 and 4, another set of three plants per plot were collected the following week and dissected to get a total of 6 plants per plot for each sampling period.
2.6. Data analysis
All analyses were performed using R 4.1.3 35 and the packages lme4 36, car 37, and multcomp38.
Difference in CSFB adult feeding damage, CSFB larval infestation and OSR plant weight between companion crop treatments
The effect of companion plant treatments on CSFB adult feeding damage was analysed using a Linear Mixed Model (LMM) explaining the percentage of leaf damage by the treatment, the sampling date, and their interaction as a fixed factor. The quadrat was nested in the sampling date, nested in the plot, nested in the block, and was used as random factor for the trials with RCBD. The interaction between the quadrat, the sampling date, the row, and the column of the trial, as well as the interaction between the row and the column were used as random factors for experiments designed as Latin squares. The percentage of damage was root square transformed to ensure normality of the residuals. Separate models were built for each experiment. Similar models were used to analyse the numbers of larvae per plant for each sampling assessment. The only difference was that the quadrat random factor was removed as plants were not sampled in quadrats for the larval infestation assessment. The number of larvae was root squared transformed to ensure normality of the residuals. Differences in the OSR plant biomass between treatments were also analysed with the same type of models for each experiment. The plant biomass was log transformed to ensure the normality of the residuals. The significance of the fixed factors was then tested using a Wald χ2 test and pairwise comparisons were performed on the Estimated Marginal Means (EMM) for the number of larvae per plant and OSR plant biomass.
Relationship between CSFB adult feeding damage and companion plant cover
To test the relationship between the percentage of leaf area damaged by CSFB adults and the percentage of companion plant cover, data collected in 2020 in Experiments 3 and 4 were used. The damage estimations were averaged for each quadrat where an estimation of the plant cover was available. Only the plots with OSR and oats, or OSR and legumes were used to establish this relationship as no companion plants were present in the OSR crop area of plots with treatments using straw mulch and turnip rape trap crop borders. The percentage of leaf area lost to adult CSFB feeding damage and the percentage of companion plant cover were logit transformed. An offset was added to scores of zero when present in the data. The relationship between the two variables was then tested with a LMM for each experiment. The sampling date was used as fixed factor in the two models; the plot treatment was used as fixed factor only for Experiment 3 as only one treatment (OSR mixed with oats) was used in Experiment 4. For Experiment 3, the column, the row, the interaction between the column and the row and the interaction between the column, the row and the sampling date were used as random factors. The block and the interaction between the block and the sampling date were also used as random factors for the data collected in Experiment 4. The significance of the different fixed factors was then tested using a Wald χ2 test.
Relationship between larval infestation and plant biomass
To test the relationship between the level of CSFB larval infestation and the plant biomass, the average level of larval infestation (no. larvae / OSR plant) and the average OSR plant biomass were computed for each plot in Experiments 2, 3, and 4, where those values were available. When two assessments for larval infestation were performed on the same experiment, only the first date, i.e., the date closest to the weight measurement was used. The relationship between the average number of CSFB larvae per plant in each plot and the log of the average plant biomass per plot was analysed using a multi-trial LMM allowing separate residual variance terms for each trial, taking into account their different blocking structures (RCBD or Latin squares). The treatment, the experiment, as well as their interactions were also included as explanatory factors. The effects of the different explanatory variables were tested using a Wald χ2 test.

3. RESULTS

3.1. Effect of companion crops on adult CSFB feeding damage
Significant differences between treatments in the percentage of leaf area loss were observed for each experiment (Fig. 1, Exp.1: χ² = 144.66, df = 5, p < 0.001; Exp. 2: χ² = 62.27, df = 5, p < 0.001; Exp. 3: χ² = 240.44, df = 5, p < 0.001; Exp. 4: χ² = 103.86, df = 2, p < 0.001). The OSR plants when sown with cereal companion plants were less damaged than OSR in control treatments of Experiments 1, 3, and 4. However, no reduction in damage was observed for plots with wheat - OSR split-plots (‘intercrop’) compared to control plots. A significant reduction in damage was also observed in plots sown with a white mustard companion in Experiment 1. No significant differences between the OSR monoculture control and the treatments with legume companions were found in Experiment 1, but significant differences were found in Experiment 3. In Experiment 3, the differences between the feeding damage observed on OSR plants in the control and legume treatments increased over time (Fig. S2). In Experiments 1 and 3 no significant difference between OSR in plots with a turnip rape trap crop and control plots was observed. Finally, a significant reduction in the level of feeding damage was observed in plots with straw mulch compared to control plots in Experiments 2 and 4. Significant differences between sampling dates were also found in all experiments except Experiment 4 (Exp.1: χ² = 20.71, df = 3, p < 0.001; Exp. 2: χ² = 18.76, df = 2, p < 0.001; Exp. 3: χ² = 71.50, df = 3, p < 0.001; Exp. 4: χ² = 0.194, df = 2, p = 0.907). An effect of the interaction between the sampling date and the treatment was observed only for Experiment 3 (Exp.1: χ² = 18.53, df = 15, p = 0.236; Exp. 2: χ² = 13.64, df = 10, p = 0.19; Exp. 3: χ² = 47.12, df = 15, p < 0.001; Exp. 4: χ² = 3.631, df = 4, p = 0.458).
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Figure 1. Estimated Marginal Mean (± SE) percentage of leaf area loss caused by adult cabbage stem flea beetle (Psylliodes chrysocephala) on oilseed rape in different companion plant treatments. Means are averaged over multiple sampling dates. Significant differences between treatments are indicated with different letters. (a) Experiment 1 conducted at Rothamsted Research, 2018, (b) Experiment 2 conducted at Rothamsted Research, 2019, (c) Experiment 3 conducted at Rothamsted Research, 2020, (d) Experiment 4 conducted at Witzenhausen, Germany, 2020.

3.2. Relationship between plant cover and adult CSFB damage 
Using the data recorded during the assessment of feeding damage in Experiments 3 and 4, it was possible to relate the average damage level per quadrat to the companion plant cover. This relationship is significant and negative in Experiment 3 (Fig. 2a; χ2 = 10.42, df = 1, p = 0.001), with an effect of the treatment (χ2 = 32.20, df = 2, p < 0.001), the sampling date (χ2 = 6.46, df = 2, p = 0.04), and the interaction between the sampling date and the treatment (χ2 = 10.6, df = 4, p = 0.031). In Experiment 4, no significant effect of plant cover (Fig. 2b; χ2 = 1.05, df = 1, p = 0.307), or the sampling date (χ2 = 1.28, df = 2, p = 0.526) was found. The treatment effect was not tested in this experiment as only data on the mixture of OSR with oat were used.
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Figure 2. Relationship between the logit of the percentage of oilseed rape leaf area damaged by cabbage stem flea beetles (Psylloides chrysocephala) and the proportion of ground covered by companion plants. a) Data from Experiment 3 conducted at Harpenden in 2020 (including oat, clover and vetch companions) and b) Experiment 4 (oat companions) conducted at Witzenhausen in 2020. Grey lines represent linear regression between the two variables.

3.3. Effect of companion plants on OSR plant biomass, CSFB larval infestation and the relationship between OSR plant biomass and larval infestation
The number of larvae per plant significantly differed between treatments for each experiment and sampling date (Fig. 3; Exp. 1: χ2 = 20.9, df = 5, p = 0.001; Exp. 2: χ2 = 92.1, df = 4, p < 0.001; Exp. 3 date 1: χ2 = 46.6, df = 5, p < 0.001; Exp. 3 date 2: χ2 = 20.9, df = 5, p = 0.001; Exp. 4 date 1: χ2 = 49.14, df = 2, p < 0.001; Exp. 4 date 2: χ2 = 37.1, df = 2, p < 0.001). For the two trials where larval infestation was estimated twice, the average number of larvae per plant per plot in autumn was correlated with the number found later in the season (Exp. 3: p < 0.001, df = 34, r = 0.79; Exp. 4: p = 0.006, df = 9, r = 0.76). In all experiments, the OSR plants sown with cereal companions or mulched with straw were significantly less infested by CSFB larvae than the OSR control plants (except Experiment 3, winter samples) (Figure 3).  The number of larvae in OSR plants with all other treatments was not consistently significantly reduced. In Experiment 2, plots with barley were not sampled because most of the OSR died by the time of the larval sampling assessments.
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Figure 3. Estimated Marginal Mean (± SE) number of cabbage stem flea beetle larvae (Psylloides chrysocephala) per oilseed rape plant grown with different companion plants. (a) Experiment 1 conducted at Rothamsted Research, 2018, (b) Experiment 2 conducted at Rothamsted Research, 2019, (c) Experiment 3 conducted at Rothamsted Research, 2020 – autumn sample, (d) Experiment 3 – winter sample, (e) Experiment 4 conducted at Witzenhausen, Germany, 2020 – autumn sample (f) Experiment 4 - winter sample

Significant differences in the dry biomass of OSR plants were observed between treatments in Experiment 2 (χ2 = 188.9, df = 5, p < 0.001), Experiment 3 (χ2 = 11.5, df = 5, p = 0.041), and Experiment 4 (χ2 = 175.4, df = 2, p < 0.001). In Experiments 2 and 4, OSR plants grown with cereals had a significantly lower biomass than OSR plants grown with straw mulch or OSR plants in control plots (Fig. S3). No significant difference in the plant dry weight was found between treatments by pairwise comparisons in Experiment 3.
A significant relationship between the average plant biomass per plot and the average larval infestation was found (Fig. 4; χ2 = 52.13, df = 1, p < 0.001). This relationship is affected by the treatment (χ2 = 91.31, df = 8, p < 0.001), the experimental trial (χ2 = 48.54, df = 2, p < 0.001) and their interaction (χ2 = 25.46, df = 3, p < 0.001). 
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Figure 4. Relationship between the mean number of cabbage stem flea beetle (Psylloides chrysocephala) larvae per oilseed rape plant per plot and the log of the mean plant weight (g) per plot. Lines represent linear regression between the two variables for each experiment. Orange: Experiment 2 conducted at Rothamsted Research, UK, 2019; Blue: Experiment 3 conducted at Rothamsted Research, UK, 2020; Green: Experiment 4 conducted at Witzenhausen, Germany, 2020.

4. DISCUSSION
Cabbage stem flea beetle (CSFB) is a major pest of OSR in Europe and farmers currently lack reliable options to manage this insect 18. Combining OSR with companion crops, leaving volunteers, or stubble trash in the field (here simulated by the sown cereal treatments and the addition of a straw mulch, respectively) have been proposed as potential ways to reduce CSFB infestation 21,23,24,29,30,39. Many farmers are taking up this practice 40,41, but there is little evidence to support efficacy. In the present study, four field experiments were conducted to test the effect of different companion plants and other management measures on CSFB attack by both adult and larval stages. Companion planting and straw mulch significantly reduced adult damage and larval abundance, therefore showing great promise as strategies to control CSFB, but some treatments were more effective than others, and there were inconsistencies between study years.
The primary concern of many farmers is crop establishment; adult CSFB feeding damage can completely devastate newly emerging plants and result in failure to establish and crop loss 42. Companion plants which aid establishment by reducing CSFB attack are therefore highly demanded by farmers. In the present study, a reduction of CSFB adult feeding damage on OSR plants was observed when companion plants such as mustard, cereals, and legumes were grown with the crop plants, or when the crop was mulched with wheat straw. This reduction was strong and observed in most years of the experiment when OSR was combined with cereals (wheat or oat). No significant reductions in damage were observed between plots with companion cereals and OSR only in two situations: (1) in the OSR-wheat split-plots which simulated intercropping in Experiment 1, suggesting that OSR and the companion plants need to be spatially close or mixed to have a protective effect and (2) in Experiment 2 when the environmental conditions that year (2019) were locally very dry early in the season (45 mm rain in August); this is likely to have strongly constrained crop growth and likely resulted in the cereal companions competing with the OSR plants for water during establishment. As companion plants, cereals have the benefit of fast establishment, quickly forming a dense cover. These trials are the first demonstration that cereals combined with OSR can reduce CSFB attack. Oilseed rape is usually included in a rotation with cereals and combination of OSR with a cereal can be achieved by leaving volunteers to grow early in the season 43. This method has the benefit of being cheap for farmers as no cost is associated with the seeds and the sowing of the cereal, but the volunteer density can be spatially uneven. The use of sown cereals such as oat that are cheaper than wheat and barley and easy to destroy by herbicide application can be an alternative to volunteers. Combining cereals and Brassicaceae is not common because the two crops tend to compete with each other 44. Consequently, it is important to destroy the cereal companions as soon as the OSR has passed the most susceptible stage; optimisation of timing of this and the seed rate of the cereals to reduce the competition requires further work. 
The field trials also demonstrated that the application of straw mulch significantly reduced CSFB adult attack in both trials where this method was tested. The effect of the mulch is in line with results obtained from experiments on potato that showed a strong reduction in Colorado potato beetle (Leptinotarsa decemlineata) and aphid infestation in plots treated with mulch compared to controls45–47 . The mulch also has the benefit that it does not compete with the crop; part of its success was probably due to its moisture retaining capacity, helping to maintain soil moisture early in the season. This might explain why the OSR plants grown with straw mulch in Experiment 2 in the year 2019, which was exceptionally dry, had higher biomass than in the other treatments. Addition of mulch to the crop with the rate used in our experiments (5 t/ha) and at large scale can be challenging and costly (Wenzel B. pers. comm.) but as part of direct drilling practice, leaving straw and stubble from the previous cereal crop on the soil surface could help to reduce adult CSFB attack 30. The amount of mulch applied in our experiment was likely to be more than that left as part of direct drilling strategies and further experiments are needed to optimise the amount required.
The effect of the legumes on reducing adult CSFB feeding attack was observed in Experiment 3 but not in Experiment 1. This is likely to be due to reduced establishment of the Berseem clover in Experiment 1 compared to Experiment 3. The effect of clover, and especially Berseem clover, on reducing CSFB adult feeding damage has been previously observed 23,39 and is confirmed by our results. Clover has the benefit of not competing with the OSR (personal observation) but takes time to properly establish and create a dense cover. It is interesting to note that the protective effect of the clover observed in Experiment 3 increased with time, probably with the growth of the clover during the experiment. This could explain the negative relationship observed in this trial between the companion plant density and the CSFB damage level. To reduce this delayed effect clover could be sown before the OSR to ensure that a dense companion cover develops to protect the crop during its susceptible establishment phase. 
In the only field trial where OSR was combined with white mustard companion plants, a reduction of adult feeding damage was found which supports observations from a previous study 27. However, as white mustard is a Brassicaceae, like OSR, this strategy is limited by the need to use a specific herbicide resistant OSR variety (e.g., Clearfield). Due to potential problems of timing removal of the companion, this strategy was not developed further. Contrary to observations in other studies 25,27,26, no effect of a trap crop of turnip rape was observed in Experiments 1 and 3. This could be because CSFB pressure in autumn 2018 and 2020 was very high and probably higher than the conditions in these previous studies. CSFB in Experiments 1 and 3 almost completely destroyed the turnip rape and OSR plants, pointing to the fact that the trap crop effect was not strong enough to control the sizable pest infestation.
The effect of companion plants on CSFB larval infestation has already been reported for legumes 23,24,39. Differences between larval infestation in OSR plants in control plots and plots with companions were found in this study, but they are not consistent from one trial to the other. The fact that we found a strong positive relationship between the OSR plant biomass and larval infestation suggests that in conditions of high insect pressure, plant biomass can be a limiting factor for the larvae and that larval infestation is more dependent on host plant biomass than the presence or absence of companion plants. However, it is important to note that in Experiments 2 and 4 there were significantly less larvae in plants in plots with straw mulch than in the control plots, and that no significant difference in plant biomass between these two treatments was observed. The same was observed between the oat and control treatments in Experiment 3. This indicates that it might be possible to reduce larval infestation while having a limited impact on plant biomass. Observations conducted by Breitenmoser et al. found a protective effect of a legume (Vicia faba) on OSR against CSFB larval infestation with an increase in plant biomass24. 
[bookmark: _Hlk124433998]The mismatch between the effect of companion plants on adult CSFB attack and larval infestation could be explained by the different ways in which the companion plants affect host plant location and acceptance for feeding and oviposition. Companion plants could mask the cues, both visual and olfactory, used at distance by the insects during the crop colonisation phase 48, and could explain the difference in feeding damage observed 49. Oviposition occurs later, after the crop colonisation and an initial feeding phase 50. The effect of companion plants may not be as efficient at short range, and / or may not affect host plant location and acceptance for oviposition in the same way as they do for feeding, thereby explaining the disparity. 
The use of companion plants to protect OSR crops from CSFB attack is promising. Here we demonstrated a reduction of adult feeding damage when OSR is combined with cereals, legumes, or straw mulch. The addition of straw mulch limited the larval infestation without affecting plant growth. These results demonstrate that this strategy can easily be transferred to farmers, but there is a need for more research to define the best agronomical practices, such as the seed rate of the companions in relation to crop plant density and their sowing date. The addition of companion plants can deliver additional ecosystem services such as a reduction of the infestation by other insect pests (e.g., aphids, cabbage root fly, stem mining weevils, and pollen beetles) 24,51–53, increased biological control services from natural enemies54,55, or improved weed management 56. By providing a more functionally complex habitat in the crop, companion planting systems by their nature of increased plant diversity can also promote an increased diversity of insects within the field 4 and can help farmers to farm more sustainably and mitigate the negative effects of food production on the environment.
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