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The introduction of high-yielding and hybrid cultivars and the opening of new markets in the food and feed sector have steadily increased rapeseed production since the 1980s in the main production regions, Canada, Europe, China, India, and Australia. Since the 1990s, however, the average growth rate of yields has declined in Europe and Australia, which has been associated with a less effective control of biotic stresses. A global survey including the knowledge of 22 experts from 10 countries revealed a total of 16 diseases, 37 insect pests, several species of nematodes, and slugs currently affecting rapeseed production globally. A ranking of the top 10 most important biotic stresses in the four global regions where Brassica napus is grown (Canada, China, Europe, Australia) indicated an increase in several important stresses and distinct regional differences in the priority of prevailing diseases and pests. A stronger overlap exists among diseases, with Sclerotinia stem rot, Phoma stem canker, and clubroot occurring in all the four global regions on the top 10 list, while the range of prevailing insect pests was more diverse among the regions, with no top 10 insect playing an equally important role worldwide. Management options are substantially broader in disease than in pest control, making the latter the larger challenge. Since common integrated pest management (IPM) tools such as crop rotation, soil management, resistant cultivars or biocontrol are ineffective or not available, insect control largely relies on insecticides. Increasing restrictions on insecticide use, particularly in Europe, and losses in insecticide efficacy threaten the profitability of oilseed rape production and its role as an important break crop in cereal dominated cropping systems. Since the survival time of insects in the absence of their main host is relatively short (<1 year), a regional synchronization of cropping schemes resulting in one or more years without the crop could lead to a substantial disruption of regional insect populations. If rotation schemes were implemented on the landscape instead the farm level, by coordination among growers in zones covering the range distances of insect pests, an efficient and chemical low management strategy could be established and enable a more sustainable rapeseed production in the future.
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INTRODUCTION

Oilseed rape (Brassica napus) is the second most important oilseed crop and belongs to the mustard family (Brassicaceae), which consists of 338 genera with more than 3,709 species cultivated worldwide, especially in temperate and mountainous regions (Al-Shehbaz et al., 2006; Warwick et al., 2010). B. napus is a relatively young crop species (AACC genome, 2n = 38) that derived from a spontaneous hybridization between B. rapa (AA genome, 2n = 20) and B. oleracea (CC genome, 2n = 18) (Koh et al., 2017). Europe, Canada, China, India, and Australia are the leading production zones with 25.5, 20.3, 13.3, 8.4, and 3.9 million metric tons of rapeseed production in 2018, respectively (FAO Database).

The average yield of oilseed rape has increased since 1981, mainly due to the introduction of high-yielding varieties with an increasing share of hybrids. The improved yield potential together with the introduction of double-low varieties (<2% erucic acid and <25 μmol/g glucosinolates in seeds), has opened new markets for rapeseed oil used for human consumption and the meal as a valuable animal feed (Dimov and Möllers, 2010). This has significantly enhanced the profitability of the crop and has expanded its cultivation area. However, since 1990, the annual growth rate of average yields in Europe (Germany, France, and the United Kingdom) and Australia has declined, e.g., in Germany from 2.1% in 1961–1990 to 0.5% in 1991–2018, while it continues to increase in China (2.0%) and Canada (1.5%) (Figure 1). The decline in average yields in Europe and Australia was associated with increasing stresses from pests and diseases, warm temperature, low precipitation (Kutcher et al., 2010; Assefa et al., 2018) and decreasing availability of registered active ingredients for chemical control, e.g., through the ban on neonicotinoids (Noleppa, 2017).
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FIGURE 1. Development of average yields of oilseed rape in main producing countries from 1961 to 2017 (FAO Database).


In order to illustrate the status and trends in oilseed rape production and display actual major biotic constraints in the main growing regions, a global survey (see Supplementary Table 1) was conducted in 2019. To this end, a questionnaire was filled by 22 experts (see Supplementary Table 2) from 10 countries (Australia, Canada, China, Czech Republic, France, Germany, India, Sweden, Ukraine, and the United Kingdom), representing more than 95% of the global oilseed rape production area who are intensely involved in research and management of diseases and/or pests in oilseed rape (B. napus) or oilseed mustard (B. juncea). In addition, results of a long-term crop rotation study conducted in Göttingen, Germany, since 1986 were included to demonstrate the impact of crop rotation on the development of diseases and pests and on yield of oilseed rape.



RANKING OF IMPORTANT BIOTIC STRESSES IN OILSEED RAPE

Overall, the questionnaire return revealed 16 diseases and 37 insect pests, as well as nematodes, slugs and snails which were mentioned by the experts to occur in oilseed rape or mustard growing regions since 2016 until present (Table 1). The biotic stresses predominantly affect leaves (10 diseases and 22 insect pests) and stems (7 diseases and 12 insect pests), while only 2 diseases and 11 insect pests affect pods and seeds of oilseed rape.


Table 1. Diseases and insect pests on oilseed rape or mustard worldwide and their infection/feeding site on the plants (2016 until present), based on statements by 22 experts from 10 countries.
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In contrast to oilseed rape, bihar hairy caterpillar (Diacrasia obliqua), painted bug (Bagrada hilaris), and southern blight (Sclerotium rolfsii) were only reported in mustard production from India. Due to the specific profile of diseases and pests in mustard and its regional scope, the further analysis and discussion in this paper will focus on global B. napus production.

As shown in Table 2, Sclerotinia stem rot and clubroot are the most common and significant diseases in oilseed rape cultivation globally, while flea beetles represent the key insect problems worldwide, except for Australia. In spring oilseed rape producing regions, such as Canada, Phyllotreta spp. are the most common flea beetles, while in winter and semi-winter oilseed rape regions, Psylliodes spp. are prevailing. In contrast to Australia, where redlegged earth mite is the only pest mentioned in the top 10 list of biotic threats, the importance of insect vs. disease threats in Europe, China, and Canada is more balanced.


Table 2. Top 10 most significant biotic threats to oilseed rape cultivation in Australia, Europe, China, and Canada at present (based on statements by 21 experts from 9 countries; n, number of statements).
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IMPORTANT DISEASES OF OILSEED RAPE

Clubroot, Sclerotinia stem rot, and Phoma stem canker are the prevailing diseases commonly found in all oilseed rape producing regions, while light leaf spot and Mycosphaerella ring spot are only reported from Europe (Figure 2A). The Aster yellows phytoplasma disease, only mentioned by the Canadian expert and considered as 7th most important biotic threat to oilseed rape production, has caused a 20–30% yield loss in 2012, while common losses in Canada were <1% in most other years. Verticillium stem striping has recently become one of the most important diseases in Europe and Canada but has not yet been reported from China, although the causal fungal pathogen, Verticillium longisporum, has been found in Chinese cabbage. So far, Australia has not seen stem striping at all (Yu et al., 2015; Depotter et al., 2016; Canadian Food Inspection Agency, 2017). Compared to other regions, where winter oilseed rape and semi-winter oilseed rape are cultivated, Canada with its consistent cultivation of spring oilseed rape faces a lower abundance of fungal diseases. White rust, which has been only recorded in China and Australia, is one of the most destructive diseases of brassica in tropical and subtropical areas such as Pakistan (Asif et al., 2017). Although B. napus has been reported to be immune to white rust, low level average annual yield losses have been reported from China between 2007 and 2016, if no disease management was conducted (Subudhi and Raut, 1994; Yang et al., 2018).
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FIGURE 2. Occurrence of important diseases on oilseed rape worldwide (A) and in Europe (B). Top 10 diseases worldwide are marked in bold letters. *In China only Leptosphaeria biglobosa but not L. maculans has been reported.


Within Europe, the occurrence of diseases in the four considered geographic regions is more homogenous, although slight differences can be still found. In contrast to the cultivation on the continent, oilseed rape production on the British Isles displays a lower diversity of diseases (n = 6, Figure 2B). Due to its geographic position, Ukraine, at a lower latitude with a warmer climate is more suitable for development of powdery mildew (Ciola and Cipollini, 2011). This disease mainly occurs in Southern Ukraine but also in the central and western parts during warm years, whereas none of the experts from other regions in Europe regarded this disease as significant on oilseed rape. So far only one species of powdery mildew, Erysiphe cruciferarum, (Table 1) is known on Brassica spp., which may lead to yield losses by reducing plant growth and the quantity and quality of the seeds (Braun and Cook, 2012; Alkooranee et al., 2015; Abasova, 2018). Besides, another leaf disease, white leaf spot, has occurred infrequently in the Czech Republic and Ukraine since 2006, which since 2016 has become a consistent problem requiring regular control, e.g., in the eastern half of the Czech Republic. The causal agent of this disease, Pseudocercosporella capsellae, can produce cercosporin, a mycotoxin, which enhances the virulence of the pathogen on oilseed rape (Gunasinghe et al., 2016).

Several major diseases on oilseed rape are caused by soil-borne pathogens (Plasmodiophora brassicae, Verticillium longisporum) or by pathogens that affect the stem (Sclerotinia sclerotiorum, Leptosphaeria maculans, L. biglobosa, Alternaria spp., Pseudocercosporella capsellae, Pyrenopeziza brassicae). Sclerotinia stem rot (or white mold) is present in all major oilseed rape growing regions and considered a key disease causing significant yield losses ranging from 0.18 to 1.3% per percent disease incidence (Kirkegaard et al., 2006; Del Río et al., 2007). The causal agent, Sclerotinia sclerotiorum, is a devastating pathogen that is able to infect more than 400 plant species (Mizubuti, 2019). Its sclerotia can survive in the soil for more than 4 years (Table 3), which narrows the selection of rotation crops and increases the risk of accumulation of sclerotia in the soil. During periods of cool and humid weather during flowering, ascospores can be produced and spread typically to lower parts of stems within the canopy but may also be also disseminated by wind, insects or rain splash to upper leaves, and pods or neighboring plants (Link and Johnson, 2007).


Table 3. Current management options for the control of important pests and diseases in oilseed rape.
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Clubroot caused by Plasmodiophora brassicae has become more important in the last two decades as a major threat to oilseed rape production worldwide. In Europe, awareness of the disease has risen only in the last 10–15 years. Average yield loss of 0.03 t/ha per every 1% increase in clubroot severity has been recorded (McGrann et al., 2016), while the potential total yield loss may reach up to 100%, current estimations in field surveys are ranging from 5 to 60% (Wallenhammar, 1998; Ren et al., 2014; Strehlow et al., 2015). Resting spores of P. brassicae from the infected root galls remain in the soil for more than 4 years in the absence of host plants (Table 7). A previous study has demonstrated a half-life of resting spores of 3.6 years (Wallenhammar, 1996). Besides, a strong increase in spore density in the soil has been recorded after ploughing (Murakami et al., 2004; Donald and Porter, 2009). Clubroot is mainly disseminated by the movement of soil containing resting spores via farm equipment or through water erosion (Ríčarová et al., 2016).

Stem striping caused by V. longisporum is a soil-borne, root-invasive, vascular disease with a damage potential ranging from 10 to 50% due single plant yield reduction. Yield losses are relatively moderate as stem striping symptoms occur only at the beginning of ripening (Dunker et al., 2008; Gladders et al., 2013; Depotter et al., 2019; Zheng et al., 2019b). Early season cabbage root fly damage during autumn and mechanical injury in roots may significantly enhance disease severity and fungal colonization in susceptible cultivars (Keunecke, 2009). Besides, the vascular spread upwards in the stem can be accelerated at increased soil temperature (Siebold and von Tiedemann, 2013; Zheng et al., 2019b). After harvest, the fungal resting structures, microsclerotia, remain in the stubbles, or are released into the soil. Three years after embedding oilseed rape stubbles carrying microsclerotia in 10 and 20 cm soil depth, the survival rate of microsclerotia was 7 and 35%, respectively (unpublished data). In addition, recent research indicated that V. longisporum may be transmitted by seeds of spring oilseed rape, while this pathway of transmission is unlikely to happen on winter oilseed rape (Zheng et al., 2019a).

Phoma stem canker or blackleg is one of the most important diseases and has been associated with yield losses ranging from 5 to 50% in Europe, Canada, and Australia, where Leptosphaeria maculans and/or L. biglobosa have been recorded to be widespread (Hall et al., 1993; Barbetti and Khangura, 1999; Zhou et al., 1999; Aubertot et al., 2004; Fitt et al., 2006; Hwang et al., 2016). L. biglobosa, which is less aggressive than L. maculans, is the only Leptosphaeria species reported from Chinese oilseed rape fields and may cause substantial seed yield losses ranging from 10 to 37% as estimated for 4 counties in the Hubei province in 2012 and 2013 (Fitt et al., 2006; Cai et al., 2017). Similar to V. longisporum, mechanical injury and feeding damage by the cabbage root fly, cabbage stem flea beetle, and rape stem weevil may significantly increase disease incidence, volume of diseased tissue and disease severity of Phoma stem canker in susceptible cultivars (Alford et al., 2003; Keunecke, 2009). While inoculum survival time on residues is <2 years in Europe, a longer survival up to 4 years is expected in Western Australia (West et al., 2001; Fitt et al., 2006). Air-borne ascospores are the main source of inoculum to start epidemics (Gladders and Musa, 1980) and the release of ascospores does not largely differ in a temperature range from 5 to 20°C, but is significantly increased by rainfall (Huang et al., 2005). A limited distance of spread, mainly within 14 cm, has been estimated to be due to rain-splash (Travadon et al., 2007). However, spores may be transmitted by wind over distances up to 10 km (Piliponyte-Dzikiene et al., 2014).



IMPORTANT PESTS OF OILSEED RAPE

Globally, insect pests play a superior role among biotic stresses in oilseed rape production compared to diseases (Table 1). Flea beetles, weevils, pollen beetle, aphids, brassica pod midge, diamondback moth, cabbage root fly, and redlegged earth mites are the most important insect pests in many regions according to the survey. A previous survey from 2002 to 2003 showed a similar result and indicated that pollen beetle, flea beetle, weevils, brassica pod midge, and cabbage root fly were also commonly recorded as important pests by the oilseed rape growers in 6 European countries (Menzler-Hokkanen et al., 2006). Similarly, more recent studies indicated that these pests can cause serious damage to oilseed rape production although their relative importance varies with country and year (Williams, 2010; Reddy, 2017). Similar to diseases, Europe has the highest diversity in insect pests (n = 17), while other main producing regions such as China, Australia, and Canada have less diversity and relatively specific insect pest problems (Figure 3A). In contrast to diseases, there is only a single insect species, diamondback moth, which has been reported to occur worldwide. Except for Canada, aphids are amongst the most important insect pests in all main producing regions. Canada, where mainly spring oilseed rape is cultivated, has the lowest number of insect pests (n = 7) with some individual species such as bertha armyworm, lygus bugs and swede midge, while Europe and China, where mostly winter oilseed rape and semi-winter oilseed rape is grown, respectively, share two important insect problems, brassica pod midge, and pollen beetle. In spite of this overlap, more leaf damaging insects are reported from China, while stem damaging insects prevail in Europe (Reddy, 2017). So far, the cabbage root fly and flea beetles have been regarded to be restricted to the Northern hemisphere and are not yet found in Australia. Interestingly, Australia, maybe due to its remote geographic position, displays a quite unique pattern of insect pests not existing elsewhere such as lucerne flea, cabbage webworm, budworm native, blue oat mite, and redlegged earth mite.
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FIGURE 3. Distribution of important pests on oilseed rape worldwide (A) and in Europe (B). Top 10 pests in the worldwide are marked in bold letters.


Flea beetles (cabbage stem flea beetle), rape stem weevil, pollen beetle, aphids, and cabbage stem weevil are the most important insect pests that affect European oilseed rape crops (Figure 3B). Similar to diseases, Eastern Europe has the highest number of pest species (n = 15), followed by Western Europe (n = 13), the British Isles (n = 9), and Northern Europe (n = 8).

Damage by insect pests is a significant yield reducing factor in oilseed rape production, with an average annual yield loss of 13% on a global scale and 15% annual yield loss on a European scale (Cramer, 1967; Milovac et al., 2017). Due to their high mobility, most insect pests are not restricted to the infested field but can disperse and migrate over long distances, not only invading adjacent fields but more likely spreading on a landscape level (Table 7). Flea beetles (Psylliodes spp. on winter and semi-winter oilseed rape, Phyllotreta spp. on spring oilseed rape) are the most important pests worldwide. Under warm climatic conditions, leaf damage induced by flea beetles can advance from 25 to 50% within hours and treatment delayed by 1–2 days can result in loss of the entire harvest when a high feeding pressure occurs (Sekulic and Rempel, 2016).

The cabbage stem flea beetle (Psylliodes chrysocephala) can damage the plants by adult feeding on the cotyledons and leaves and reduces plant vigour due to larval mining within petioles and stems. Because of severe infestations by the cabbage stem flea beetle in recent years, many farmers in the UK had to re-sow fields with alternative crops resulting in a 21% reduction of the oilseed rape growing area since 2013 (Department for Environment Food and Rural Affairs, 2017; Wynn et al., 2017). In the complete absence of host plants, flea beetles are only able to survive for less than a year, but they can migrate distances of 3–4 km to search suitable host plants which is mainly guided by olfactory cues (Bonnemaison, 1965; Finch and Collier, 2000). In the Northern hemisphere and winter type oilseed rape, the immigration flight begins in late August/early September and reaches the maximum in September at daily temperatures above 20°C (Johnen et al., 2010).

The rape stem weevil (Ceutorhynchus napi) is a further detrimental pest in continental European winter oilseed rape production. The adults immigrate from previous year rapeseed fields and lay their eggs in the shooting stems in February and March (Alford et al., 2003). Oviposition can cause twisting and splitting of the stems resulting in distortion and considerable disruption of growth, low pod production, and plant lodging (Juran et al., 2011). In the recent 5–10 years, the cabbage stem weevil (C. pallidactylus) has been also reported as a consistent problem in the Czech Republic, Germany, France, Poland, and the UK. Similar to the rape stem weevil, it usually immigrates into oilseed rape crops in March and April (Johnen et al., 2010; Döring, 2012). However, instead of oviposition into stems, this species lays its eggs into petioles and the neonate larvae feed inside the petioles before they invade the stems (Alford et al., 2003).

The pollen beetle (Brassicogethes aeneus) is a major pest throughout Europe, with its importance increasing due to the development of insecticide resistance (Skellern and Cook, 2018). Feeding damage of adults induces bud abscission and may result in yield losses up to 70% (Nilsson, 1987; Williams, 2010). However, at low to moderate levels of infestation, bud losses can be compensated by newly produced racemes and buds or higher seed weight (Williams, 2010; Gagic et al., 2016).



MANAGEMENT OPTIONS FOR DISEASES AND PESTS ON OILSEED RAPE

Although there are several management tools in oilseed rape to control pests and diseases, the availability and diversity of these options strongly differs between the two types of biotic stresses (Table 3). While a relatively broad range of tools exist for disease control, including crop rotation, use of biological control agents, cultivation of resistant varieties, soil tillage and application of chemicals, insect control largely relies on insecticide use. By February 2020, four biocontrol agents have been registered for disease control in the EU, namely Coniothyrium minitans CON/M/91-08 against Sclerotinia sclerotiorum, Phythium oligandrum M1 against S. sclerotiorum and Leptosphaeria maculans, Bacillus amyloliquefaciens MBI 600 against L. maculans, and B. amyloliquefaciens QST 713 against Sclerotinia spp. Coniothyrium minitans CON/M/91-08 strongly reduced the carpogenic germination rate of sclerotia of S. sclerotiorum from 25 to 1.2% within 6 months (unpublished data). Still on research level, several candidate antagonists showed promising effects in controlling Verticillium longisporum and Plasmodiophora brassicae (Peng et al., 2011; Deketelaere et al., 2017; Zhu et al., 2019).

Crop rotation is a crucial factor affecting oilseed rape yields (Sieling et al., 1997; Sieling and Christen, 2015) and considered a tool to reduce risks of diseases mainly induced by soil-borne or soil-based pathogens, such as clubroot, Verticillium, and Sclerotinia which leave durable inoculum in the particular field. In addition, cultivars with enhanced resistance to stem canker and clubroot are available. Further progress is also made in breeding for resistance to Verticillium. Soil tillage represents a further tool which may reduce diseases through the management of plant debris carrying fungal inoculum. Taken together, a considerable range of measures for control of diseases in oilseed rape is available on the farm level.

In contrast to diseases, options for pest management are significantly scarcer. Since effective methods of biocontrol and cultivar resistance are lacking and the impact of crop rotation and soil tillage is rather limited, the main pillar of insect control in oilseed rape is insecticides (Table 3).



LONG-TERM CROP ROTATION EXPERIMENT

A long-term crop rotation study has been conducted near Göttingen, Germany (51°33′49″ N 9°56′49″ E) during 34 years (since 1986). Winter oilseed rape was grown every 2–4 years after winter wheat, winter wheat/winter barley, and winter wheat/oats/winter barley, respectively. Oilseed rape cultivars were chosen according to the most commonly grown in practice in the referred year (Figure 4). No fungicides were applied throughout the whole duration of the experiment. Herbicides were evenly applied on the whole area according to good agricultural practice, as well as insecticides, however, plots were split into two halves leaving one half without any insecticide treatment. Insecticide treatments were adjusted to actual pest situations in individual years (see Supplementary Table 3). The experiment was arranged in a split plot design with three replicates of each treatment and a plot size of 15 × 30 m.


[image: Figure 4]
FIGURE 4. Effect of crop rotation on yield of oilseed rape. Long-term crop rotation field experiment conducted since 1986 in Göttingen, Germany. No replication was conducted in the years 1990 and 1994. Experiment is arranged in a split-plot design with three replicates (plot size 15 × 30 m). Crops are grown according to good agricultural practice, however, without any fungicides. Bars indicate standard errors. Statistical analysis was conducted with t-test in each year. 2-year, oilseed rape cultivated every second year; 4-year, oilseed rape cultivated every 4 years; -, cultivar was not recorded; *P < 0.05; ***P < 0.001.


The results showed that compared to a 2-year rotation with winter wheat, a significant positive effect of the 4-year rotation on yield can be observed, however, only after 20 years of cultivation (Figure 4). The average yield difference between the 2 and 4-year rotation in 2006, 2010, and 2014 was 11.8% (4.9 dt/ha). This confirms previous studies which have shown significant yield losses in crop rotations with more than 40% cultivation of oilseed rape. In addition, these earlier studies which are based on a similarly designed long-term experiment, indicated a significant effect on grain yield of oilseed rape by the preceding crop and even the pre-preceding crop (Sieling et al., 1997; Sieling and Christen, 2015). However, in seasons with extreme weather conditions, such as drought, differences in yields due to crop rotation were strongly masked, as shown in the Göttingen experiment in 2018 (Figure 4). Moreover, in the experimental plots treated with insecticides following common agricultural practice, the negative yield effect caused by the 2-year rotation partly disappeared (Figure 5). These plots showed significant increases in yield compared to insecticide untreated plots, which further indicated that insect pests play an essential role in declining the potential yield of oilseed rape.
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FIGURE 5. Effect of insecticide application on yield of oilseed rape in the long-term crop rotation experiment in Göttingen Germany. Three insecticide treatments were applied in 2014 on 11th March at growth stage (GS, Weber and Bleiholder, 1990) 33 with 0.2 l/ha of Trebon (ethofenprox) against pollen beetle and on 1st April and 23rd April at GS 61 with 0.3 l/ha of Biscaya (thiacloprid) against aphids. In the season 2017/2018, insecticides were applied three times on 28th September 2017 at GS 15 with 0.3 l/ha of Bulldock (beta-cyfluthrin), on 10th April 2018 at GS 38 with 0.2 l/ha of Trebon and on 17th April 2018 at GS 51 with 0.17 l/ha of Avaunt (indoxacarb) against pollen beetle, respectively. Bars indicate standard errors. Different letters denote significant differences among treatments in each year (LSD test, P < 0.05). 0, without insecticide application; +, with insecticide application, 2-year, oilseed rape cultivated every two years; 4-year, oilseed rape cultivated every 4 years.


A possible explanation for lower yields in narrow crop rotations is the accumulation of soil-borne or soil-associated host specific pathogens. This is implied by former studies relating the impact of shorter crop rotation on oilseed rape yield to the diversity of soil and rhizosphere microbes (Hilton et al., 2013, 2018; Floc'h et al., 2020). Two soil-borne plant pathogens Olpidium brassicae and Pyrenochaeta lycopersici were significantly accumulated in the field continuously grown with oilseed rape as compared to wider rotations (Hilton et al., 2013). Surprisingly, assessments of two major diseases occurring in the Göttingen experiment, Phoma stem canker, and Verticillium stem striping, did not indicate any significant increase in disease severity with narrowing the rotation, during 29 and 13 years of observation, respectively (Table 4). Sclerotinia stem rot did not establish in the plots at sufficiently high levels to be recordable. The potential explanation for these phenomena, that after such a long time period under monoculture a maximum level of inoculum has built up which cannot further increase, can be ruled out since the overall levels of the two diseases remained consistently low. Also, in a separate study, soil suppressive effects, which may have established after long-term mono-cropping, were not confirmed (data not shown).


Table 4. Long-term effects of crop rotation on severity of Phoma stem canker and Verticillium stem striping.
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CHEMICAL CONTROL IN OILSEED RAPE PRODUCTION

According to the experts' statements from the four global regions, the insecticide treatment frequency index in Europe and China has increased in the last 20 years, while the use of fungicides has remained constant or even decreased (Table 5). Besides, increased frequency of both insecticide and fungicide applications in recent years is reported from Canada and an increased use of fungicides has occurred in Australia. Although the demands for chemical treatments have been generally grown, the development of active ingredients with novel modes of action has not significantly changed or even decreased. The latter applies for insecticides, where new active ingredients have been rarely found in the last 25 years resulting in only four different modes of action available for oilseed rape in 2019 (voltage-dependent sodium channel blocker, sodium channel modulators, nicotinic acetylcholine receptor competitive modulators, and chordotonal organ transient receptor potential vanilloid family of ion channel modulators) (Table 6).


Table 5. Chemical treatment frequency index (TFIa) in oilseed rape in the past and at present.
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Table 6. Number of active ingredients (a.i.) and modes of action (MOA) registered for use in oilseed rape in Europe from 1995 to 2019.
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In the last 5 years, no new insecticidal active ingredient has been approved in Europe (Bundesamt für Verbraucherschutz und Lebensmittelsicherheit, 2020a). Due to the limitations in use of registered active substances on account of securing bee health, the control of insect pests in oilseed rape currently heavily relies on pyrethroids. However, major pests like cabbage stem flea beetle, rape winter stem weevil, pollen beetle and green peach aphid have already developed high levels of resistance to pyrethroids in several countries, such as Germany, France, and the UK (Heimbach and Müller, 2013; Sekulic and Rempel, 2016; Insecticide Resistance Action Group, 2019b).

Due to the ban of neonicotinoid seed dressing in 2014 (including imidacloprid, clothianidin and thiamethoxam) and decreasing yields, the area grown to oilseed rape has significantly declined in Germany, from 1.465 Mio ha in 2013 to 856,800 ha in 2019 (Eurostat, 2020). Similarly, a strong reduction in oilseed rape cultivation and increased yield losses caused by the cabbage stem flea beetle, as reported from England, is considered a consequence of neonicotinoid and seed dressing ban (Scott and Bilsborrow, 2019). As there has been so far no evidence for strong resistance to neonicotinoids in the British green peach aphid population, the foliar application of thiacloprid has been an important tool in aphid management, until also banned in April 2020. However, in stone fruit orchards of Southern Europe (France, Spain, and Italy), and more recently in Greece, Morocco, Tunisia, and in vegetable greenhouses in Belgium, the green peach aphid has been found to carry the R81T target site mutation causing strong resistance to neonicotinoids (Slater et al., 2012; Insecticide Resistance Action Group, 2019a,b).

For fungicide applications in German oilseed rape fields, 17 active ingredients including nine candidates for substitution with six different modes of action are currently available for the management of the major diseases, except for Verticillium stem striping and clubroot, which represents a much more comfortable situation than with insecticides (Table 6).



INNOVATIVE DISEASE AND PEST MANAGEMENT ON THE LANDSCAPE LEVEL

In spite of the increased intensity of chemical crop protection applied in oilseed rape in recent decades, major biotic stresses have been generally on the rise, which indicates that the current management strategy is not sustainable. The experts' replies and recent reports from the agricultural practice (Menzler-Hokkanen et al., 2006; Arthey, 2020) indicate that insect pests currently are the major threat for oilseed rape in all global production regions, except for Australia. The exceptional role of Australia is both due to the regional differences in the range of prevalent insects (lack of flea beetles, pollen beetles, and stem weevils) and the larger number of available insecticides. In contrast to Australia, insect control has become particularly difficult in Europe due to two reasons, (i) the increase in resistance of several key insect pests to insecticides and (ii) a narrowed range of available modes of actions (Insecticide Resistance Action Group, 2019b; Bundesamt für Verbraucherschutz und Lebensmittelsicherheit, 2020a). This situation is further aggravated by the lack of alternative or preventive control measures available for insect pest management as outlined above. Among the missing tools of insect control, the general lack of effective cultivar resistance to insects appears to be the most severe constraint. This is in contrast to a diversity of options of disease control which are available to the farmers. Overall, the limited and decreasing competence in insect control, which threatens the profitability of the crop, has caused a substantial decrease in the production area in major oilseed rape producing countries such as France, Germany and UK (Arthey, 2020).

The current situation in hot spot regions of biotic stresses to oilseed rape like Europe requires novel strategies of pest management. Such innovative approaches should target the bottlenecks in the life cycle of pest populations. Continuous cultivation of oilseed rape for many years has led to the establishment of large populations of insect pests in the growing regions, which is indicated by the massive appearance of many species already in the early season enabling them to start an early attack on the crop at a high infestation level. A key factor is the high dispersal ability of major pest insects which allows them to roam on a landscape level (Table 7). While the five major fungal pathogens in oilseed rape are bound to the field, the insect pests are not, thus making the widening of crop rotation schemes on the field level a poorly efficient measure against insects. Insects such as the pollen beetle can disperse over several kilometers at a landscape scale by using upwind anemotaxis and following visual and olfactory cues (Skellern et al., 2017). Migrating insect pests which hibernate or aestivate in adjacent natural habitats or in previous oilseed rape fields can easily colonize new fields where their host plants are grown, thus compromising any crop alternation scheme on the farm level. In conclusion, effective management of insect pests in oilseed rape requires to operate on the landscape scale.


Table 7. Survival and range of dispersal of the top 5 important pests and diseases of oilseed rape in Europe.

[image: Table 7]

A potential Achilles heel is the limited survival time of insects in the absence of host plants, which is significantly shorter than of fungal pathogens (Table 7). In fact, four out of five major insect pests in Europe have a survival potential of <1 year, which means that the new-generation adults rely on finding a field with their host plants in the following season and within their roaming distance. Organizing synchronous crop rotations on a landscape scale resulting in the total absence of host crops within larger areas for one or several years therefore appears to be a promising measure to disrupt the survival of regional pest populations. Such areas may be bordered and separated from neighboring growing areas by non-agricultural land such as forests, or natural landscape barriers such as mountains or water surfaces.

A landscape management approach has been tested in a large-scale experiment in the 1970s in North-West Germany, where oilseed rape cultivation was completely offset for one season on 29 farms in an area of 800 hectares (Schütte, 1979). Compared to an area with a regular, farm-level rotation scheme which was separated from the test area by a strip of 5–6 km without oilseed rape, in oilseed rape crops regrown in the following season pod infestation by the brassica pod midge (D. brassicae) was significantly decreased from 27.8 to 2.4%. Similar substantial effects were recorded for the cabbage seedpod weevil (C. obstrictus), while effects on the pollen beetle population were less pronounced. Although only conducted in one season, this experiment provides evidence that a regional synchronization of cropping schemes (“zoning”) may have a substantial effect in reducing populations of harmful insect pests.

We conclude that successful pest management has become crucial for the profitability of oilseed rape production in the hot spot zones in Europe and elsewhere. Since the current management measures such as field-bound and farm-level crop rotation fail to be effective and other preventive measures, including cultivar resistance, are lacking, an innovative approach is required. Synchronizing the regional crop frequency on the landscape level might be a promising innovation to sustainably reduce regionally established insect populations operating from habitats outside the fields. The effects of such strategy requires further research in order to explore the potential efficacy and applicability in the control of particular insect species. A broad cooperation and coordination among growers within larger growing regions will be required to establish such novel sustainable systems of insect control in oilseed rape production at the landscape level. Besides its expected higher effectiveness, such strategy would allow a substantial reduction in the amount of insecticide use. This strategy may be further supported by reduced or non-inversion soil tillage to increase the abundance and diversity of parasitoids and predators of important oilseed rape pests (Nilsson, 2010), further reducing the risks from insect pests. This strategy which may be suitable for European oilseed rape production, could be also useful in other global regions which encounter similar biotic constraints by insects. Overall, such novel strategies appear to be essential to safeguard the role of oilseed rape as a valuable crop in productive arable cropping schemes.
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Name Causative agent Root Seedling Leaf Stem Buds/flowers Pods/seeds

Diseases
Alternaria spots. Alternaria spp. x x x x
Clubroot Plasmodiophora brassicae x

Downy mildew Peronospora parasitica x

Fusarium wilt Fusarium oxysporum f.sp. conglutinans x

Grey mould Botrytis cinerea x

Light leaf spot Pyrenopeziza brassicae x

Mycosphaerella ring spot Mycosphaerella brassicicola x

Powdery mildew Erysiphe cruciferarum x x x
Sclerotinia stem rot Sclerotinia sclerotiorum x x

Seedling disease complex Rhizoctonia, Fusarium, Pythium spp. x x

Stem canker and blackleg Leptosphaeria spp. x x

Southern blight* Sclerotium rolfsii x % x

Verticilium stem striping Verticillium fongisporum x x

Virus Turip yellows virus Turnip mosaic virus

White leaf spots Pseudocercosporella capselae

White rust Albugo candida x x

Insect pests

Armmy cutworms Euxoa auxiliaris x

Baris coerulescens Baris coerulescens x x

Bertha armyworm Marmestra configurata x x
Bihar hairy caterpilar* Spilosoma obligua

Blue oat mite Penthaleus spp. x

Brassicaleaf beetle Phaedon brassicae x

Brassica pod midge Dasineura brassicae x
Budworm native Helicoverpa spp. X X X
Cabbage aphid Brevicoryne brassicae X x x x
Clover cutworms Anarta trfoli x x x x
Cabbage root fly Detia radicum x

Cabbage seedpod weevil Ceutorhynchus obstrictus (syn.assimilis)

Cabbage stem flea beetle Psyliodes chrysocephala x x

Cabbage stem weevil C. palidactylus X x

Cabbage webworms Hellula rogatalis x x

Cabbage White Peris rapae x

Clover cutworms Anarta tifoli x x x x
Cabbage/striped flea beetles  Phylotreta cruciferae, P, striolata, Phyllotreta spp. x x

Diamondback moth Plutella xylostella x x

Green peach aphid Myzus persicae x x

Lucerne flea Sminthurus viridis x x

Lygus bugs Lygus borealis, Lygus spp. x x
Mustard sawfly Athalia lugens proxima x

Painted Bug* Bagrada hiaris x

Pollen beetle Brassicogethes aeneus x

Rape stem weevil Ceutorhynchus napi x

Rape winter stem weevil C. picitarsis x

Rape-leaf nitidulid Strongyllodes variegatus x

Rapeseed stem weevil Ceuthorrhynchus asper x

Redlegged earth mite Halotydeus destructor x

Swede midge Contarinia nasturtii x x

Turnip aphid Lipaphis erysimi x x

Turnip Moth Agrois segetum x x

Turnip sawfly Athalia rosae. x

Wireworms, false Isoptron spp. x x

Nematodes x

Slugs Deroceras spp. x

*Disease and insect pests reported from India on mustard.
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Crop frequency n° Phoma stem Verticillium stem
Oilseed rape canker® striping®
Monocuiture 66/36 3.83£0.156° 1.42 £0.06*
Every 2 years 31721 3.31+0.16° 1.39+005°
Every 3 years 24/12 3.80 £0.22% 117 £004°
Every 4 years 14/12 3.31 £0.31% 1.26 + 0.07%

Data from the long-term crop rotation experiment in Géttingen, Germany, presented as the
mean of disease severity + standard error. Different letters indicate significant differences

among crop frequencies for each disease (LSD test, P < 0.05).

@, number of plots evaluated during the experimentel period from 1990 to 2019 for
Phome stem canker and from 2006 to 2019 for Verticilum stem striping. ®Phoma severity
scored onascalefrom 0= healthy to 9 = completely diseased (Kriiger, 1982).  Vertiillum

stem striping severity scored on the stubble on a scale from 1 = healthy to

covered with microsclerotia (Eynck et al., 2009).

= completely
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Ranking Australia (n = 3) Europe (n = 9)

1 Phoma stem canker Cabbage stem flea bestle
2 Sclerotinia stem rot Sclerotinia stem rot

3 White leaf spot Pollen bestle

4 Downy mildew Phoma stem canker

5 Redlegged earth mite Rape stem weevil

6 Viruses Verticilium stem striping
7 Powdery mildew Cabbage stem weevil

8 Clubroot Clubroot

9 Alternaria spots Brassica pod midge

10 Seediing disease complex” and White rust Light leaf spot

*Seedling disease complex consisting of Rhizoctonia, Fusarium, Pythium spp.

China (n = 4)

Sclerotinia stem rot
Aphids

Downy mildew

Cabbage stem flea beetle
Diamondback moth
Rapeseed stem weevi
Viruses

Clubroot

Brassica leaf beetle
Alternaria spots

Canada (n = 1)

Clubroot
Sclerotinia stem rot
Cabbage flea beetle
Phorma stem canker
Diamondback moth
Bertha amyworm

Aster yellows phytoplasma
Seedling disease complex
Cabbage seedpod weevil
Lygus bugs
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Pest/disease Chemical Biological Crop ~Cultivar  Soil
rotation tillage

Insect pests
Flea beetle
Polien beetle

Brassica pod midge - ) - -
Aphids

Fungal diseases
Sclerotinia stem rot + +
Phoma stem canker + +
Verticilium stem striping +)
Light leaf spot + =
Clubroot = )

+
+

Rape stem weevil + = ) = =
+
+

+ (5]
+) -
+ (5]
+ +

+ o+ o+ o+ o+

0: potential management options based only on resuts from experimental studies or with
a weak impact.
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“Data from own field experiments (not published); ®West et al. (1999); °Personal

communication with Bruce Fitt; ¥ Wallenhammar (1996).

*Rape stem weevil and pod midge overwinter in the soil of the previous year oilseed rape
crop, and migrate to new oilseed rape crops in the following year.
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1995 2000 2005 2010 2019

Fungicides®
No. ai. 9 10 15 18 17.(8%
No. MOA 5 5 8 8 6(5%)
Insecticides
No. a.i. 14 14 9 15 14 (10°)
No. MOA 3 3 4 2 4

“Microbes registered as fungicides (F6 in FRAC Group) are excluded; ®candidates for

substitution according to the EU pesticides database are excluded (Bundesamt fiir
Verbraucherschutz und Lebensmittelsicherheit, 2020a,b).
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About 20 years ago At present

Insecticides
Europe (0 = 8) 25 35
China (1= 3) 18 23
Australia (0 = 3) 3 3
Canada (n = 1) <02 05

Fungicides
Europe (1 = 8) 28 28
Ghina (1= 3) 25 2
Australia (0 = 3) <01 2
Canada (n = 1) <01 06

aTFl equals the number of applications of a plant protection product at full registered dose
in a crop within one season; TFl were estimated by the regional experts.
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