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Abstract

:

In Quebec (Canada), viticulture is practiced at the fringe of what is known as a cool climate area. Quebec has a very recent history of viticultural entomology as the first artisanal permit for wine making was issued by the Quebec Government in 1985, and the first formal research project about arthropods associated with vineyards was initiated in 1997. The Quebec viticultural industry has consistently developed over ca. 35 years and, given the prospects of global warming, warmer abiotic conditions will allow to cultivate cultivars of better oenological value. Meanwhile, some invasive species that recently arrived in Quebec are causing concerns because they are threatening the sustainability of pest management programs. In this article, we will review of the evolution of entomological research in Quebec vineyards. We will then treat technology transfer activities that allowed to translate research results into protection programs. Finally, we will discuss new and coming entomological problems that are challenging the sustainability of pest management programs in Quebec vineyards.
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1. Introduction


In the world, few crops have experienced such a sustained economic growth rate as grapevines in the last 30 years. This has been particularly true of new production areas, notably North America, South America, Australia, New Zealand, South Africa, and recently China [1,2]. However, such growth has been and is currently challenged by a number of factors that must be addressed in a sustainable manner [1]. Chief amongst these factors are climate change scenarios that directly impact the agronomic environment of vines [3,4]. Invasive species are a factor related to increased international trade levels and climate changes that indirectly impact the development of arthropods.



Although Canada’s viticultural industry experienced tremendous growth, it is basically practiced in cool-climate conditions, and it does not rank amongst major grape producers in the world as of 2019, the five biggest producers of grapes being China (11.7 t), Italy (8.6 t), USA (6.9 t), Spain (6.9 t), and France (6.2 t) [2]. In 2018, global wine production was 26.7 billion litres, of which Canada represented 0.3% [5]. Amongst the four major producing areas of wines, the province of Quebec ranks third.



Quebec viticulture went from almost no production in 1980 to 2.3 million bottles produced in 2019 [6]. As of December 2019, amongst the 135 artisanal permits winery issued by the Régie des alcools, des jeux et des courses du Québec [7], 83 were members of the Conseil des vins du Québec. The eight biggest wineries produced > 50% of Quebec wine production. In 2019, the demand by Quebecers for Quebec wines largely exceeded the production.




2. Challenges of Quebec Vineyards


Isaacs et al. [8] and Daane et al. [1] discussed the challenges of major grape-producing areas. In contrast to major grape-producing areas of the world where water usage is an important concern [9], the major impediments to producing grapes in Quebec are the winter survival of grapevines [10], minimum winter temperatures (occasionally reaching −35 °C in southern Quebec) and the duration of the frost-free growing season which, in the warmer viticultural region of Quebec, is currently 148–160 days on average (1979–2008) [11]. To extend the frost-free season and to prevent cold injury in the spring and in the fall, the biggest vineyards installed wind machines, actioned when near zeros temperatures are predicted. Winter-hardy cultivars such as Chardonnay, Pinot noir and Cabernet franc resist lower temperatures of −17 to −19 °C, while semi-rustic cultivars such as Seyval, Vidal and Marechal Foch resist −20 to −24 °C.



Some Quebec viticulturists mitigate winter losses of vines by hilling soil around the stems in the fall (Figure 1(1)), which maintain the vines at temperatures > −8 °C, and unearthing them in the spring (Figure 1(2)). Others cover the vines with geotextiles (Figure 1(3); [12]). This method is riskier for Vinifera and some semi-rustic cultivars because vines experience temperatures of ca. −25 °C under geotextiles when outside temperature is −35 °C (J. Lasnier and C.-H. de Coussergue, pers. comm.).



From a Quebec viticultural point of view, climate change will be an opportunity, as it will allow to produce grapes with cultivars having a relatively higher oenological potential. Although the principles of pest management discussed in [13] will remain, entomological challenges will be exacerbated in scenarios with increased average temperatures, and trade will likely generate new entomological problems. For example, some arthropods such as the brown marmorated sting bug (Halyomorpha halys-Pentatomidae) and the spotted lanternfly (Lycorma delicatula-Fulgoridae) are currently under biovigilance in Quebec. Thus, the sustainability of arthropod management programs will be challenged. Amongst biotic factors, fungal diseases, (i.e., mainly downy mildew (Plasmopara viticola), powdery mildew (Erysiphe necator) and bunch rot (Botrytis cinerea) and, to a lesser extent, bacterial diseases are major drivers of crop protection programs [14].



In this paper, we review entomological issues that were addressed since 1980’s and will be addressed in the coming years by Quebec viticulturists. We will draw on the relevant literature, notably [13,15,16,17,18,19,20,21,22]. We will refer to a number of arthropod species discussed and illustrated in [22]. The topics will be discussed in the following sequence: challenges of Quebec vineyards, entomological research in Quebec vineyards, primary pests, secondary pests, pests under biovigilance, natural enemies and conclusive remarks. We used the phenological systems of Baggiolini (letters) and Eichhorn-Lorenz (numbers) as reference points [23].




3. Entomological Research in Quebec Vineyards


Historically, entomological research in vineyards focused on arthropod pests and consequently, relatively little is known about the biodiversity of arthropods in unmanaged or lightly managed vineyards. A notable exception are the biodiversity studies conducted systematically in the vineyards of Quebec, in which a high level of arthropod biodiversity was found, demonstrating the potentially rich array of natural enemies that may occur in this agroecosystem for biological control of pests [24].



In Quebec, the first formal research project was initiated in 1997 as a partnership between two commercial vineyards (L’Orpailleur, Dunham, Qc (45° 07′ N, 72° 51′ W) and Dietrich Jooss, Iberville, Qc (45° 16′ N, 73° 11′ W), Ag-cord inc. and Agriculture and Agri-Food Canada [18]. From the start, the project was designed to establish a base-line of arthropod biodiversity in insecticide-free vineyards. The approach was to work from the ground up, i.e., from general information concerning arthropod fauna towards more specific subjects as the projects and the situation evolved. This was feasible because, in the late 90’s, the agricultural lands devoted to viticulture were relatively small in Quebec and, consequently, the build-up of entomological problems did not occur at the same pace and intensity compared to well established wine-growing areas.



The populations of arthropods were estimated with a variety of methods, notably by visual estimation, by the tapping of clusters over a plastic pot, and with pitfall and flight interception traps [15]. A major challenge was to sort out the specimens by given taxa such that they were amenable to identification at the species level. Identification of specimens of selected taxa were done by professional systematists that co-authored scientific papers.




4. Primary Pests


In Quebec vineyards, primary pests must be monitored systematically as they entail a high risk of damage if their populations are abundant (Table 1).



4.1. Coleoptera


The grape flea beetle (Altica chalybea-Chrysomelidae) and the lesser grape flea beetle (Figure 1(4) (Altica woodsi-Chrysomelidae) are two specialist species of flea beetles found in Quebec vineyards [25,26]. These foliar pests occasionally require insecticide treatments in spring if massive migrations borned by warm and dominant south-west winds occur. These rare events can cause severe damage at stage C (05-bud swell).




4.2. Hemiptera


The tarnished plant bug (Lygus lineolaris-Miridae) (Figure 1(5) is a highly polyphagous (>300 plant species) insect that can complete three generations on vines [22,27,28]. Nymphs and adults puncture and feed on leaves, flower buds, shoots, meristem tissues and grapes. Histological studies conducted in the laboratory have demonstrated that, at stage H (55—flowers separating) and I (65—bloom), nymphs and adults feed on nectaries without damaging the ovaries [29,30]. However, field studies where 1–4 nymphs and adults were confined in sleeve cages at stage G (53—single flowers in compact groups) to stage K (75—berries pea-sized) have demonstrated a considerable (ca. 80%) reduction in cluster weight (Figure 1(6)). The first generation of nymphs (nymphal stages 1–5) may pierce the pedicels of berries after stage fruit set, which can cause berries to drop, causing economic damage if no insecticide has been applied before this stage. The foliar damage caused by adults and nymphs after stage K (75—berries pea-sized) has no economic impact. The toxicity of some insecticides against adults and nymphs have been established by [31]. Climate change is not expected to change the status or economic impact of tarnished plant bug.





5. Secondary Pests


These species are present in the vineyards every year at population levels that normally do not warrant insecticidal treatment (Table 1). However, they occasionally require localized insecticidal or biopesticidal treatments.



5.1. Acari


Three phytophagous species are commonly found in Quebec vineyards, notably the grape erineum mite (Colomerus vitis-Eriophyidae), the european red mite (Panonychus ulmi-Tetranychidae) and the two-spotted spider mite (Tetranychus urticae-Tetranychidae). They do not require acaricidal treatments as their populations are under check by conserving natural enemies.




5.2. Coleoptera


The red-headed flea beetle (Figure 1(7) (Systena frontalis-Chrysomelidae) can cause severe damage in young vine plantings from mid-July to early September. A number of coleopteran pests are seldom found in low numbers, notably the grape cane girdler (Ampeloglypter ampelopsis-Curculionidae), the grape cane gallmaker (Ampeloglypter sesostris-Curculionidae), the black vine weevil (Otiorhynchus sulcatus-Curculionidae), and the rose chafer (Macrodactylus subspinosus-Scarabeidae) [33].



Native from Asia, the japanese beetle (Popillia japonica-Scarabeidae) was accidentally introduced in the United States in 1916 [34]. In 1939, it was found for the first time in Lacolle, Qc, a municipality located a few km from the New York State border. In the mid-80’s, it was a pest of rosaceous ornamentals in Bedford, Qc, a municipality near the Quebec-Vermont border (C. Vincent, pers. comm.). Since the early 2000’s, the japanese beetle has considerably extended its geographical distribution in Quebec. When present in vineyards, adults feed on leaves and new shoots of vines. Since 2000, their levels of damage have steadily increased in Quebec vineyards, and they increased significantly since 2015.




5.3. Diptera


Native from Asia, the spotted wing drosophila (Drosophila suzukii-Drosophilidae) was found for the first time in Quebec vineyards in 2012 [35]. As grape is not its preferred host, it currently does not warrant insecticidal treatments. D. suzukii is found on decomposing grapes fallen after harvest. In vineyards, adults are trapped in mid-September. Under a warming scenario, D. suzukii should rise in importance.



The grape tumid gallmaker (Janetiella brevicauda-Cecidomyiidae) is rarely found in Quebec vineyards. Its populations develop in low and poorly drained vineyards.




5.4. Hemiptera


In Quebec vineyards, [15] found 59 Cicadellids species assigned to four categories: 1) species strictly associated with grapevine; 2) species using grapevines as secondary hosts; 3) species associated with weeds inside the vineyard; and 4) species associated with neighboring vegetation of the vineyard. Among the species strickly associated with grapevine, five species, the eastern grape leafhopper (Erythroneura comes-Cicadellidae); the grapevine leafhopper (Erythroneura vitis-Cicadellidae); the three-banded leafhopper (Erythroneura tricincta-Cicadellidae); the virginia creeper leafhopper (Erythroneura ziczac-Cicadellidae); and the vine leafhopper (Erythroneura vitifex-Cicadellidae), were captured in very low numbers. The most abundant species were Latalus (Adarrus) ocellaris and Macrosteles quadrilineatus, two species associated with weeds inside vineyard; and Empoasca spp., i.e., species associated with neighboring vegetation of the vineyards.



Following the first mention of bois noir associated with vines in Canada by [36], research projects were undertaken to determine the biodiversity of cicadellids and quarantine phytoplasmas, notably flavescence dorée and bois noir. Phytoplasmas, mostly aster yellows, were found in several vineyards of Canada [37,38,39]. No quarantine or regulated phytoplasmas such as flavescence dorée and bois noir were found, although the vector, Scaphoideus titanus (Cicadellidae) (Figure 1(8)), a species native to North America, was found in Quebec and Ontario [32,38].



A rearing method for Erythroneura elegantula, Erythroneura vitis, and Erythroneura ziczac was developed by [40], allowing electropenetrography studies to understand the feeding behavior of these three species [41].



In a later study, ca. 110 cicadellid species have been found in vineyards of Canada [42]. The most damaging species are Empoasca fabae (mentioned previously) and Erythroneura spp. [32]. The potato leafhopper (Empoasca fabae-Cicadellidae) is a highly polyphagous pest that feeds on more than 200 plant species and do not overwinter in Quebec. Generally, this species arrives in mid-July by prevailing winds from the south-west and it does not cause significant damage to vineyards. The vector of aster yellows, Macrosteles quadrilineatus (Figure 1(9)), is a likely vector of aster yellows in Quebec vineyards.



Leafhopper development takes a variable amount of time depending largely on environmental conditions. Leafhoppers can have two or three generations per year, depending on the species, and can overwinter in various forms. Some species deposits their eggs in the bark of shoots and canes while other species overwinter as adults under leaf debris. A model to predict the abundance of cicadellids in Quebec vineyards was developed [43].



Native to North America, the grape phylloxera (Daktulosphaira vitifoliae-Phylloxeridae) was associated with the foliage of wild vines before the plantation of grape cultivars. In Quebec, there are two indigenous wild vines: Parthenocissus vitacea and V. riparia, and one introduced species, P. quinquefolia [44]. The forms gallicoles and radicicoles do not affect V. vinifera on North-American rootstocks and on most European and American hybrids. Several vines planted in Quebec in the last two decades were issued from new breeding programs. Generally resulting from crosses between V. labrusca or V. riparia, those cultivars are not generally attacked by the radicicoles, but some can be very susceptible to the gallicoles (1(10) and (11)). Planting some of these cultivars in Quebec favored the development of the gallicoles [45].




5.5. Lepidoptera


The grape leaffolder (Desmia funeralis-Crambidae), the eight-spotted forester (Alypia octomaculata-Noctuidae), and the climbing cutworm (Euxoa messoria-Noctuidae) rarely cause damage to Quebec vineyards.



Native from North America, the grape berry moth (Paralobesia viteana-Tortricidae) has two generations in Quebec [15,22]. The damage caused by the first generation larvae on the developing clusters is less severe than that caused by the second generation (Figure 1(12)). The injuries they cause promote the spread of the causal fungus of grey mould (Botrytis cinerea), which may damage part or all of the affected clusters [46]. In Quebec vineyards, as chemical treatment of first generation larvae has little impact on damage levels at harvest, control efforts are typically carried out when necessary against second generation larvae. Trap catches are used to time insecticide sprays, which are seldom needed in Quebec. As the pressure of grape berry moth is relatively low, mating disruption programs are not currently economically justified. Under a climate change scenario, grape berry moth could have a third, and possibly fourth generation such that it will become a major concern for viticulturists as is currently the case in Ontario and New York State, where mating disruption is not a registered product.





6. Pests under Biovigilance


Biovigilance allows for the detection of significant temporal and spatial trends of several agronomic factors, notably new pests [47]. The arthropod species in this section are indigenous or invasives. However, biovigilance is in order because they may pose important threats to the viticultural industry in Quebec. For example, grapevine leafroll-associated viruses are vectored by scale insects. Under a climate change scenario, the risks entailed by these species that may extend their current distribution to the north is likely to increase.



6.1. Coleoptera


Native from North America, the grape rootworm (Fidia viticida-Chrysomelidae) was so far restricted to Eastern USA [33] and southern Ontario. In 2016, F. viticida adults were sampled in Laval, Qc, by beating virginia creeper (Parthenocissus quinquefolia) and riverbank grape (Vitis riparia) [48]. F. viticida is currently under biovigilance in Quebec because it was reported as a serious pest in Erie County in Pennsylvania [49].




6.2. Hemiptera


Native to Asia and highly polyphagous, the brown marmorated stink bug (Hyalyomorpha halys-Pentatomidae) (Figure 2(13) has caused considerable concerns and damage in several crops where it established in North America [50]. In Quebec it has been found for the first time in Montreal [51] and has since slightly expanded its geographical distribution [52]. Reported to have caused severe damage in vineyards of mid-Atlantic States of USA [53], it has not so far been found in Quebec vineyards. When adults are pressed with grapes at harvest, they release a defensive chemical that can taint the wine [54]. It is under biovigilance because of the uncertainty of its geographical expansion under a climate change scenario.



Native from Asia, the spotted lanternfly (Lycorma delicatula-Fulgoridae) (Figure 2(14)) has been found for the first time in 2014 in Pennsylvania and, as of 2019, was found in several New England States, and have been intercepted in New York State [55]. It feeds on > 65 host plants, including Vitis vinifera, which is a preferred host. Although currently absent from Canada, it has been added to the list of regulated species by the Canadian Food Inspection Agency [56]. A MAXENT model predicts that Southern Quebec has low potential for the distribution of L. delicatula [57]. If present, this species is likely to cause some concerns and impact protection programs.



Absent from Quebec, the grape mealybug (Pseudococcus maritimus-Pseudococcidae) (Figure 2(15)) is currently found in Ontario and New York State, where it is a vector of leaf roll virus [58]. It is currently under biovigilance in Quebec. European fruit lecanium scale (Parthenolecanium corni-Coccidae) and cottony maple scale (Pulvinaria innumerabilis-Coccidae), are present in Quebec vineyards, but their populations are low.




6.3. Lepidoptera


The grape root borer (Vitacea polistiformis-Sesiidae) (Figure 2(16)) is potentially the most destructive pest of grapevines. The larvae tunnel into the largest roots and up to the crown of the vines. Since larval activity is limited to the vine structures below ground, the symptoms become apparent only when the vines are severely damaged. That is why this pest is often ignored until it becomes a serious problem in a vineyard.



The blotch leafminer (Antispila viticordifoliella-Heliozelidae) and the grape plume moth (Geina periscelidactylu-Pterophoridae) are found in vineyards of Ontario, but not in Quebec.





7. Natural Enemies


The conservation of predators, notably Anystis baccarum (Anystidae), is the cornerstone of Quebec protection programs. Over the years, it allowed phytophagous mite and cicadellid management without pesticidal treatments. As a rule, the least toxic pesticides are timely used to conserve predators. In Quebec vineyards, A. baccarum developed, over the years, some tolerance to pyrethroids sprayed annually at stage H (17—flower separating stage) against tarnished plant bug nymphs and to sulphur sprayed annually against powdery mildew. It also developed resistance to some fungicides used against downy mildew, powdery mildew and botrytis bunch rot, notably Metiram, Captan, Metalaxyl-M, fenhexamid, Boscalide, and sulphur. It is an excellent candidate for conservation-augmentation biological control program.



To foster natural enemies two augmentation techniques were used [22]. First, if absent or present in insufficient numbers, the predatory mites can be collected on dormant wood in a donor vineyard. The collected wood is transferred to a recipient vineyard. Second, flowering strips can be established in three manners: (1) flower strips in middle rows of vineyards (Figure 2 (17)); (2) flower strips at the perimeter of vineyards (Figure 2(18)); and (3) small islands of flowering plants at the end of rows.



Predators and parasitoids that are most attracted by flowering strips are hymenopterans and dipterans [59]. Flowering strips may also serve as a refugia and hibernation sites for numerous beneficial arthropods such as spiders, carabs, coccinellids, hemipterans, etc.



7.1. Predators


7.1.1. Arachnida


Araneae. In the late 1990s, the spider fauna of vineyards in northern parts of North America were completely unknown and their role was poorly known, even though spiders represent important natural enemies to phytophagous insects occurring in vineyards. Weekly pitfall trapping in 1998 and 1999 in Dunham and Iberville yielded over 4610 spiders belonging to 97 species and 16 families [60]. Spider assemblages (diversity and community composition) were similar between the two vineyards. The most abundant species were the linyphiid Tennesseellum formicum, the lycosid Trochosa ruricola, the linyphiid Erigone atra, and the linyphiid Halorates plumosus.



Species turnover was high between sample dates, and activity and species richness of the guilds of web-building and hunting spiders indicated that many species that differ in foraging mode are active during all months of the growing season. The diverse ground-dwelling spider fauna in vineyards was therefore well positioned to prey on phytophagous pests, and their populations should be conserved in these agroecosystems.



Amongst mite predators found in Quebec vineyards, the anystid Anystis baccarum is the most prevalent species. This generalist and voracious species predates on a wide range of prey, notably two-spotted spider mites (Tetranychus urticae-Tetranychidae) and european red mite (Panonychus ulmi-Tetranychidae), leafhoppers (Figure 2(19)), tarnished plant bug nymphs and lepidopteran eggs.



Flowering strips in row middles of the vineyard favor the presence and establishment of natural enemies. Populations of Anystis baccarum and parasitoids, mostly hymenopteran, provides natural suppression of leafhopper populations [22].



Balaustium sp. (Erythraeidae) and Allothrombium sp. (Trombidiidae) are occasionally present in old vineyards. Neoseiulus fallacis and Thyphlodromus caudiglans are dominant phytoseiid predators. On grapevine canopy, they are rarely found because their mite preys are decimated and they are victims of intraguild predation exerted by anystids (J. Lasnier, comm. pers.). On ground-cover, predatory mites of the family Phytoseiidae are very effective natural enemies for the control of two-spotted spider mites. They attack the eggs and mobile stages of the two-spotted spider mite. In addition, they lay their eggs in two-spotted spider mite colonies, allowing future generations to prey directly on the two-spotted spider mites.



To keep phytophagous mites at acceptable levels in a sustainable manner, it is crucial to use pesticides that are least toxic to predatory mites. Such information has been established by [61].




7.1.2. Coleoptera


Carabidae. Ground beetles are opportunists that eat many types of food. They are primarily predators of insects (including many pest species), arthropods and other organisms such as slugs. A study on the biodiversity of carabids was conducted by [62]. Most species engage in random search for prey. Several species of ground beetles are phytophagous and have a significant beneficial impact by eating and destroying weed seeds. Typically, ground beetles do not cause any damage to vines.



Coccinellidae. Amongst the 22 species of coccinellids found in Quebec vineyards [15,63], the multicoloured asian lady beetle (Harmonia axyridis-Coccinellidae) (Figure 2(20)) has a special status because it is a voracious predator of arthropods and, potentially a pest if found in great abundance at harvest [64,65]. Found for the first time in Canada in Frelighsburg, Qc (a municipality near the Quebec-Vermont border) in 1994 [66], it has displaced native coccinellids including Coccinella spp., Coleomegilla sp., Hyperaspis spp., Hyppodamia spp. [63]. Larvae and adults of these species are predatory. When pressed with grapes at harvest, adult H. axyridis can taint wine [65].




7.1.3. Diptera


Asilidae. Asilidae larvae feed in the soil during their development. The adults are formidable predators, capturing prey that are often larger than themselves in mid-flight, earning them the common name robber fly, also hunt their prey by lying in wait and ambushing it. The larvae and adults are predators.



Syrphidae. They are a large and very diverse group commonly named flower flies or hoverflies (Figure 2 (21)). The eggs are usually attached singly to leaves or bark close to their prey. The larvae (maggots) of several species of the subfamily Syrphinae are important predators of leafhoppers, aphids, thrips, and phylloxera. Syrphid flies are widespread and frequently found in flower strips, where adults feed on pollen and nectar.




7.1.4. Hemiptera


The main families of hemipterans found in Quebec vineyards are Miridae (Hyaliodes vitripennis, Hyaliodes harti, Campylomma verbasci and Blepharidopterus sp.), Nabidae (Hoplistoscelis spp. and Nabis spp.), Pentatomidae (Perillus spp.) and Reduviidae (Zelus spp.) [22]. These species exert important functions as predators of arthropods.




7.1.5. Neuroptera


The main species, the green lacewing (Chrysoperla carnea-Chrysopidae) and the brown lacewing (Hemerobius humilinus-Hemerobiidae), are generalist predators. The presence of strips of flowering plants in the vineyard promotes the development of colonies of Chrysopidae and Hemerobiidae as they feed on nectar, pollen, and honeydew before and during the egg-laying period.





7.2. Parasitoid Insects


Flower strips attract and harbor an array of species of parasitoids that generally feed on nectar and pollen. For example, a study conducted at the experimental farm of Frelighsburg, Qc, showed an increase of 960% of Hymenoptera (Ichneumonoidae, Chalcidoidea, and Proctotrupoidea) and 983% of Diptera (Cynipoidea, Syrphidae, and Tachinidae) in traps positioned at ca. 15m from flower strips [59].



7.2.1. Diptera


Tachinidae. Adult Tachinidae feed on nectar and pollen and are very effective natural enemies, particularly against lepidopteran larvae. O’Hara [67] mentioned Istocheta aldrichi (Tachinidae) (Figure 2(22)) in Nepean, On. Its eggs were observed on the scutellum of japanese beetle (Popillia japonica-Scarabaeidae) adults (Figure 2(23)) in 2015 in vineyards of Dunham, Qc (J. Lasnier, pers. comm.). Prevalence of parasitism by I. aldrichi is increasing since as it was 29% in 2018, and 38% in 2019, such that japanese beetle population is conversely decreasing (J. Lasnier, pers. comm.).




7.2.2. Hymenoptera


The main species of parasitoids belong to the families Braconidae, Ichneumonidae (Figure 2(24)), and the super-family (Chalcidoidea). Most Braconids are endoparasitoids of a number of coleopteran, dipteran, heteropteran, and lepidopteran species. Adult Ichneumonidae feed on nectar, sap, and sometimes small arthropods, most commonly lepidopteran and coleopteran larvae or pupae.



Three important families of Chalcidoidea for natural control of vineyard pests are Aphelinidae, Encyrtidae, and Trichogrammatidae. The great majority of Aphelinidae are ecto- or endoparasitoids of mealybugs, aphids, whiteflies, eggs of Lepidoptera and all stages of Diptera.






8. Technological Transfer


From 1997 up to now, the research results were transposed in an Integrated Pest Management program favoring biocontrol by conservation and augmentation. In parallel, efforts have focused on the transfer of information to viticulturists, as outlined in [18,22] Table 1. Hence, a number of documents were published [16,17,18,68]. A Guide to the key arthropods of vineyards of Eastern Canada [22] help viticulturists to quickly identify arthropods in their vineyards. A biovigilance approach has been envisaged to address protection problems before they arise in vineyards [47]. Information about the management of insects of grapes and viticultural issues is available on the website of MAPAQ [69].




9. The Future: Conclusions


As reviewed by Gerling [70], there are several parameters and systems to measure viticultural sustainability. Basically, economic, social, and environmental components must be considered. Because this review is focused on the sustainability of arthropod management programs, we will briefly address the economic and social components, and will conclude with the environmental component.



From an economic point of view, the cost of practicing viticulture is helped by the relatively low cost of land, including in areas where climate is more suitable, i.e., southern Quebec. As with any agri-business, profit margins are slim, even on a medium term (10 years) perspective. As for any perennial crop, the cultivation of grapevines is a long-term commitment. From the start, the choice of cultivar is a major driver of type of wine to be produced and the agronomic practices that will be made to have sustained yields, including protection practices. The economic outlook is positive for Quebec wines of quality [71].



From a social point of view, viticulture benefits from a positive image in Quebec. Viticulture lends itself to agritourism, bringing more value and customers to the wineries. Some consumers from Quebec have started to make comments about the importance of how viticultural and oenological steps are influencing their choice to buy a local wine (C.-H. de Coussergues, pers. comm.). The societal pressure is likely to be a formidable driver to make protection programs as sustainable as possible.



From an environmental point of view, rainfall is abundant in Quebec, and consequently, water usage is not a factor to take into account as a sustainability benchmark as it is in major wine-producing areas. In the last decade, participating vineyards received, on average < 1.5 insecticidal treatment and no acaricidal treatment per year. In the last two decades, several new chemicals were registered as fungicides and insecticides. However, few ecotoxicological studies have been published, notably on natural enemies. Likewise, systematic studies concerning the effect of flower strips, especially native plant species, are required to manage arthropod pests in a sustainable manner.



The area devoted to viticulture increased dramatically in Quebec over the years, allowing reservoirs of hosts plants much greater than in early 1980s. Several new rustic cultivars issued from North American hybrids were planted recently by Quebec viticulturists. They are generally sensitive to the form gallicoles of phylloxera, notably Oceola muscat. As increasing world trade and climate change scenarios will exert pressure, biovigilance is in order to keep Quebec viticulture as sustainable as possible.
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Figure 1. (1) Hilling soil to cover trunk and canes in autumn (J. Lasnier); (2) Unearthing vines in the spring (J. Lasnier); (3) Winter frost protection with geotextile (J. Lasnier). (4) Adult grape flea beetle, Altica woodsi (Chrysomelidae)(J. Lasnier); (5) Tarnished plant bug, Lygus lineolaris (Miridae) adult on cluster (J. Lasnier); (6) Tarnished plant bug damage on cluster (J. Lasnier); (7) Adult red-headed flea beetle, Systena frontalis (J. Lasnier); (8) American grapevine leafhopper, Scaphoideus titanus (Cicadellidae) (I. Loser); (9) Adult six-spotted leafhopper, Macrolestes quadrilineatus (Cicadellidae), aster yellow vector (J. Saguez); (10) Grape phylloxera, Daktulosphaira vitifoliae (Phylloxeridae) eggs, nymphs and adults in a gall (J. Lasnier); (11) Severe Grape phylloxera infestation of terminal shoots (J. Lasnier); (12) Grape berry moth, Paralobesia viteana (Tortricidae) larva on open berry (J. Lasnier). 
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Figure 2. (13) Adult brown marmorated stink bug, Halyomorpha halys (Pentatomidae) (D. Pfeiffer); (14) Adult spotted lanternfly, Lycorma delicatula (Fulgoridae) (D. Pfeiffer); (15) Grape mealybug, Pseudococcus maritimus (Pseudococidae)(J. Lasnier); (16) Grape root borer, Vitacea polistiformis (Sesiidae) adult (C. Bergh); (17) Flower strips in middle row of a vineyard (J. Lasnier); (18) Flower strips at the perimeter of a vineyard (J. Lasnier); 19) Anystis baccarum (Anystidae) feeding on Erythroneura vitis (Cicadellidae) nymph (J. Saguez); (20) Multicoloured asian lady beetle, Harmonia axyrydis (Coccinellidae) fourth larval stage (J. Lasnier); (21) Toxomerus spp. (Syrphidae) fly (J. Lasnier); (22) Istocheta aldrichi (Tachinidae) adult (J. E. O’Hara); (23) Istocheta aldrichi (Tachinidae) eggs on adult japanese beetle, Popillia japonica (Scarabeidae) (J. Lasnier); (24) Therion fuscipennis (Ichneumonidae)(J. Lasnier). 
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Table 1. Biological and agronomical attributes of the main arthropods of Quebec vineyards.
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	Arthropod
	Number of Generations in Quebec
	Pest Status (1)
	Part of Vine Attacked (2)
	Treatment Required Every Year (3)
	Biocontrol (4)
	Level of Risk (5)





	ACARI
	
	
	
	
	
	



	Grape erineum mite (Colomerus vitis)
	5–7
	S
	L, B
	Nev
	Y
	X



	European red mite (Panonychus ulmi)
	5–8
	S
	L, B
	Nev
	Y
	X



	Two-spotted spider mite (Tetranychus urticae)
	6–8
	S
	L, B
	Nev
	Y
	X



	COLEOPTERA
	
	
	
	
	
	



	Grape flea beetle (Altica chalybea)
	1
	O
	B, L
	O
	N
	XXXM



	Lesser grape flea beetle (Altica woodsi)
	1
	O
	B, L
	O
	N
	XXXM



	Grape rootworm (Fidia viticida)
	1
	B
	R
	
	
	



	Redheaded flea beetle (Systena frontalis)
	1
	S
	L, NV
	Y (NV)
	N
	X



	Grape cane girdler (Ampeloglypter ampelopsis)
	1
	S
	C
	Nev
	N
	X



	Grape cane gallmaker (Ampeloglypter sesostris)
	1
	S
	C
	Nev
	N
	X



	Black vine weevil (Otiorhynchus sulcatus)
	1
	S
	R
	Nev
	N
	X



	Rose chafer (Macrodactylus subspinosus)
	1
	S
	B,L
	Nev
	N
	X



	Japanese beetle (Popilia japonica) [23]
	1
	S
	L
	Nev
	Y
	X



	DIPTERA
	
	
	
	
	
	



	Grape tumid gallmaker (Janetiella brevicauda)
	1–2
	S
	L,F
	N
	N
	X



	Spotted wing drosophila (Drosophila suzukii)
	2–3
	S
	Fr
	Nev
	N
	X



	HEMIPTERA
	
	
	
	
	
	



	Potato leafhopper (Empoasca fabae)
	1–2
	S
	L
	N
	Y
	XX



	Leafhoppers (6) [19]
	1–3
	S
	L
	N
	Y
	X



	European fruit lecanium scale (Parthenolecanium corni)
	1
	B
	S,L,Fr
	
	
	



	Cottony maple scale (Pulvinaria innumerabilis)
	1
	B
	S,L
	
	
	



	Tarnished plant bug (Lygus lineolaris) [5,6]
	3
	P
	F,Fr
	Y
	N
	XXX



	Brown marmorated stink bug (Halyomorpha halys) [13]
	1
	B
	B,S,L,Fr
	
	
	



	Grape phylloxera (Daktulosphaira vitifoliae) [10,11]
	6–8
	S, P
	L
	OAH
	N
	XX



	Grape mealybug (Pseudococcus maritimus) [15]
	2
	B
	S,L,Fr
	
	
	



	LEPIDOPTERA
	
	
	
	
	
	



	Grape leaffolder (Desmia funeralis)
	2–3
	S
	L
	Nev
	N
	X



	Blotch leafminer (Antispila viticordifoliella)
	1–2
	B
	L
	
	
	



	Eight-spotted forester (Alypia octomaculata)
	1–2
	S
	L
	Nev
	Y
	X



	Climbing cutworm (Euxoa messoria)
	1
	S
	B,F,L
	Nev
	N
	X



	Grape plume moth (Geina periscelidactylus)
	1
	S
	L
	Nev
	N
	



	Grape root borer (Vitacea polistiformis)
	1, by 2 years
	B
	R
	
	
	



	Grape berry moth (Paralobesia viteana) [12]
	2–3
	S
	F, Fr
	Nev
	Y
	X







Presentation structure adapted from Table 2 of Lasnier et al. (2019) [22]. Numbers in square brackets following species names refer to Figure numbers reported in this study. (1) P- primary pest; S- secondary pest; O- occassionally severe following migration; B- pest under biovigilance. (2) L- leaves; B- buds; R- roots; F- flowers; S- shoots, Fr- fruit; NV- new vines; C-canes. (3) Y- yes; N- no; O- occasional treatment; Nev- never; OAH- occasional on american hybrids. (4) Y-yes; N-no. (5) X- no risk; XX- low risk; XXX- considerable risk of damage; XXXM- considerable risk of damage if heavy migration. (6) Several species are phytophagous, some are vectors of phytoplasmas and viruses. See [22,32].
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