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Abstract

:

Knowledge about the geographical areas preferred by grapevine moths, the size of the populations, and the attraction to certain cultivars supports winegrowers for a better zoning of vineyards and vine cultivars, which is in continuing dynamic due to the climate change. Grapevine moths Lobesia botrana (Denis & Schiffermüller) and Eupoecilia ambiguella (Hübner) are the main pests of grapes in the Târnave vineyard. For this reason, the influence of the cultivar in the climatic conditions of 2016–2019 period on the dynamics of the two moths species was evaluated in five plantations (Jidvei, Șona, Sâmniclăuș, Tăuni and Cenade) from Târnave vineyards on five cultivars Fetească regală, Sauvignon blanc, Chardonnay, Traminer and Rhine Riesling. During the studied period, the climate experienced deviations from the multiannual values. Our results highlight different activities of the two moth species. The number of captures was influenced by climatic conditions, geographical area and grape cultivar. L. botrana prefers drier climates, lower geographical areas and Traminer cultivar; meanwhile, E. ambiguella prefers wetter climates, higher hilly areas and the Sauvignon blanc cultivar. These findings are important in the general context of grapevine protection in order to reduce the use of pesticides by choosing the right cultivars in the appropriate climate conditions.






Keywords:


Lobesia botrana; Eupoecilia ambiguella; Târnave vineyard; pheromone traps; climatic conditions












1. Introduction


Climate change particularly affects grapevine culture [1] as well as the development of grapevine diseases and pests [2,3] and their interactions [4]. In these conditions, a continuous monitoring of the vineyards is necessary to adapt practices and management strategies as specific as possible. Vineyards are agroecosystems, which can host a large number of pests [5]. Among these, grapes moths E. ambiguella (Hübner) and L. botrana (Denis & Schiffermüller) (Lepidoptera: Tortricidae)—both originating in the Palearctic region—have been recognized as key pests of Western European vineyards since the 18th century [6]. Usually, E. ambiguella is more common in the northern regions of Western Europe, while L. botrana is more widespread in warmer regions [7]. E. ambiguella has been detected from Sicily to southern Scandinavia even outside the grapevine growing areas and is reported as a dominant species in vineyards located in Germany, France (northern regions), Switzerland, Austria, Hungary, the Czech Republic and Slovakia [6,7]. L. botrana, considered as the European grapevine moth, is one of the major harmful insects detected in worldwide vineyards. [8]



E. ambiguella and L. botrana are two of the most important harmful arthropods in viticulture, causing significant economic losses mostly because of the 2nd larvae generation, which feed on grapes [9,10,11,12,13]. By their feeding action, E. ambiguella and L. botrana can further attract infestations by Botrytis cinerea (a necrotrophic fungus that causes grey rot) and fruit flies (Drosophila spp.) [14].



Both L. botrana and E. ambiguella share similar native ranges. In some years, both pests are present, while in others, one is more dominant [15]. In Romania, E. ambiguella usually has two generations per year [16,17]; meanwhile, L. botrana has mostly three generations per year [10,16]. Both species overwinter in the pupae stage on the grapevine [18].



For viticulturists, it is important to keep the moth populations below the economic damage threshold; therefore, pest monitoring is an essential part of integrated pest management. Due to the increasing resistance of pests to the insecticide, which often exceeds the ability to generate new pest-control products, and because the larvae are sensitive to insecticides only immediately after hatching, the control of vine moths is generally preventive [19]. Following the spatio-temporal dynamics of moths through regular sampling and periodic monitoring allows viticulturists to make decisions regarding if and when a harmful population requires appropriate programming and optimization of subsequent protection measures [13,20,21].



Târnave is the largest vineyard in the Romanian viticultural zone 1, and it is positioned at the intersection of the geographical coordinates of 46–47° northern latitude and 23°–24° eastern longitude on the Transylvanian Plateau [22,23,24,25,26]. Here, in the Târnave vineyard, there are favorable conditions for the development of white grape cultivars, such as Fetească regală, Italian Riesling, Sauvignon blanc, Fetească albă, Chardonnay, Muscat Ottonel, Traminer, Rhine Riesling and other white grapevine cultivars. Along with the recent climate changes, red grape varieties such as: Fetească neagră, Pinot noir, Cabernet Sauvignon, Merlot or Syrah became also suitable for planting [27] in this area.



The aim of this study is to investigate the spatio-temporal dynamics of the two grapevine moths species, E. ambiguella and L. botrana, in grapevine plantations of the Târnave vineyard as well as the evaluation of ecopedoclimatic factors that underlie the variability of L. botrana and E. ambiguella activity using precision agriculture in combination with data analytics.




2. Materials and Methods


2.1. Studied Areas from Târnave Vineyard


The studies were carried out during four consecutive years (2016, 2017, 2018 and 2019) in the vineyards of SC Jidvei SRL Company (2500 ha) (Alba County Romania), plantations located in a hilly landscape of the Târnave vineyard [28]. Five grapevine plantations cultivated with different grape cultivars were studied (Figure 1) and they are presented in Table 1.



The Jidvei (J) grapevine plantation is located on the left side of Târnava Mică river and the plots studied were FR1J—Fetească regală, plot 1, Jidvei plantation; FR2J—Fetească regală, plot 2, Jidvei plantation; SB1J—Sauvignon blanc, plot 1, Jidvei plantation; SB2J—Sauvignon blanc, plot 2, Jidvei plantation.



Șona (S) grapevine plantation also located on the left side of the Târnava Mică river, has two plots cultivated with the Sauvignon blanc grape cultivar; therefore, the samples studied were SB1S—Sauvignon blanc, plot 1, Șona plantation; SB2S—Sauvignon blanc plot 2, Șona plantation.



The Sânmiclăuș (SN) grapevine plantation is located on the right side of the Târnava Mică river and it is a plot cultivated with Sauvignon blanc, Chardonnay and Traminer cultivars; therefore, the samples analyzed are SBSN—Sauvignon blanc, Sânmiclăuș plantation; CHSN—Chardonnay, Sânmiclăuș plantation; TRSN—Traminer, Sânmiclăuș plantation.



The Tăuni (T) grapevine, plantation located on the right side of the Târnava Mare river, has three experimental plots: SBT—Sauvignon blanc, Tăuni plantation; RR1T—Rhine Riesling, plot 1, Tăuni plantation; RR2T—Rhine Riesling plot 2, Tăuni plantation.



The Cenade (C) grapevine plantation is located on the left side of the Târnava Mare river, and it is cultivated with Sauvignon blanc, Rhine Riesling and Chardonnay cultivars; therefore, the studied plots were the following: SBC— Sauvignon blanc, Cenade; RRC—Rhine Riesling, Cenade plantation; CHC—Chardonnay, Cenade plantation.




2.2. Climate Characterization of the Studied Area from Târnave Vineyard


At SC Jidvei SRL Company (Târnave vineyard), climate factors with major impact (temperature and rainfall) are automatically recorded daily by meteorological stations (iMetos by Pessl instruments, Weiz, Austria). Thus, for this study, climatic data were obtained from the meteorological stations located in each of the studied plantations. Parameters such as average monthly air temperature (°C), average annual air temperature (°C), the sum of the monthly precipitation (mm), the sum of the annual precipitation (mm), and the duration of the growing season (days) were calculated [29] and processed into climatograms [30] in order to correlate them with the moths activity. The average monthly air temperatures were calculated as the mean of the temperatures recorded during 1 month (°C), the average annual air temperature was calculated as the mean of the temperatures recorded per year (°C), the sum of the monthly precipitation was calculated as Ʃ of rainfall water quantities in 1 month (mm), the sum of the annual precipitation was calculated as Ʃ of rainfall water quantities per year (mm), and the duration of the growing season was calculated as Ʃ of days from sprouting to the first frost (days) [29].




2.3. Monitoring Eupoecilia ambiguella and Lobesia botrana Populations


For the monitoring of the moths populations, tetratraps with synthetic pheromones were installed: AtraBOT traps for L. botrana and AtraMBIG traps for E. ambiguella. The pheromonal traps were of Romanian origin, manufactured at the Raluca Ripan Chemistry Research Institute, Cluj Napoca, and they are based on the pheromone lure on the moth males, followed by the capture of the insect by fixing it on an adhesive surface. The traps were fixed at about 80 cm above the ground, one per plot. The pheromone capsules were replaced after 6 weeks, and the clogged valves were replaced if necessary. The traps were checked weekly, with the captures being identified, counted, and notated, on which occasion the trap was also cleaned by removing all the butterflies and insects from the adhesive surface. Identification of moths (Figure 2) was carried out in the field based on physical characteristics [31].



Data collection was achieved using the 4Grapes mobile and tablet application using GPS-based geolocation. This application is linked to information from the QGIS database [28] (location of the plantation, plot, and grapevine variety); therefore, data were collected and stored on a platform that allows map viewing with indications of location, variety, date and other desired parameters. The flight of males of both species (E. ambiguella and L. botrana) was monitored throughout the vegetation period, from the end of April to the end of September or October, during four consecutive years (2016, 2017, 2018 and 2019).




2.4. Statistical Analysis


The experimental data were statistically analyzed with Statview 5.0, performing one-way analysis of variance (ANOVA), followed by a Fisher protected least-significant difference (PSLD) test. p-values lower than 0.05 were considered significant, while p-values between 0.05 and 0.1 were considered tendencies.





3. Results and Discussion


3.1. Climate Characterization of the Studied Area from Târnave Vineyard


The studied climatic data collected from the meteorological stations were compared to the reference multiannual values [27]. From the viticultural point of view, the climate of the Transylvanian plateau corresponds to the bioclimatic index of 7.3, indicating that the vineyards here are rich in hydric resources [23]. These bioclimatic conditions make the Târnave vineyard recognized for its dry and semi-dry white wines [26].



The viticultural year 2016 was characterized by a normal vegetation period of 189 days for all five vineyards. Temperature plays a particularly important role in insect development [3]. The average annual temperatures registered in 2016 were 10.0 °Cat Jidvei (J) plantation, 10.3 °C at Șona plantation, 10.5 °C at Sânmiclăuș plantation, 10.6 °C at Tăuni plantation and 10.7 °C at Cenade plantation (Figure 3A). These values are slightly lower than the multiannual average temperature (10.8 °C). Precipitations were abundant in all of the five plantations, with the largest amount being recorded at Jidvei station (906 mm), followed by Tăuni (824 mm), Șona (813.6 mm), Cenade (770.4 mm), and Sânmiclăuș (766. 8 mm). All the recorded annual amounts of precipitation in 2016 were higher than the multiannual average (655.6 mm); therefore, 2016 is considered a cooler and rainier year characterized by a great variability of temperatures and precipitation (Figure 3A).



The viticultural year 2017 (Figure 3B) had a vegetation period of 188 days, with average annual temperatures lower than the multiannual average (10.8 °C). The coolest area was Jidvei with 10.1 °C, followed by Tăuni (10.4 °C), Șona and Sânmiclăuș (10.5 °C) and Cenade (10.8 °C) (Figure 3B). In terms of precipitation, at all of the five meteorological stations, the annual amount was lower than the average multiannual amount. The lowest rainfall level was recorded in Jidvei, (473.8 mm) and the highest amount was recorded in Tăuni (547 mm) (Figure 3 B). Thus, the viticultural year 2017 is considered slightly cooler and quite dry compared to the multiannual values (655.6 mm).



The viticultural year 2018 was a generous year for the grapevine plantations of Târnave vineyard (Figure 3C). This year was characterized by a soft winter, warm spring, moderate temperatures and abundant precipitations in the first part of the summer and a warm and dry autumn. The average annual air temperature in Jidvei was 10.8 °C, a value similar to the multiannual average. In Șona and Sânmiclăuș, an average annual temperature of 11.3 °C was registered. Higher values than the multiannual average temperature (10.8 °C) were registered in Tăuni (11.5 °C) and in Cenade (11.9 °C). The sum of annual precipitation also registered values close to the multiannual precipitations (655.6 mm). However, in the viticultural year 2018, precipitations were unevenly distributed. In all of the studied plantations, a very high amount of precipitation was recorded in June and July (60% of the annual precipitation amount). All of the studied areas registered similar precipitation amounts, with the largest sum of annual precipitations being registered at Șona (695 mm) and the smallest at Cenade (625 mm).



In the viticultural year 2019, all of the studied plantations registered higher average annual temperatures than the multiannual average temperature. The lowest average annual temperature was recorded in Sânmiclăuș (11.1 °C), and the highest average annual temperature was recorded in Șona (11.9 °C). All of the five plantations registered similar annual temperatures, with slight differences being observed in October. The annual precipitation amount was slightly lower than the multiannual average. The highest amount of precipitations was recorded at Șona (662.8 mm) and the lowest amount at Cenade (408 mm) (Figure 3D).



By comparing the studied years, we can conclude that the coolest and rainiest year was 2016, the warmest year was 2019, and the driest year was 2017. The plantations that registered the highest average annual temperature were Cenade in 2016, 2017 and 2018 and Șona in 2019, while the lowest annual temperatures were registered in Jidvei in 2016, 2017 and 2018, and Sânmiclăuș in 2019. In the four years of study, the highest amount of precipitation was recorded at Șona, and the lowest precipitation amount was recorded at Cenade.



During the studied period, the climate experienced deviations from the multiannual values (10.8 °C), with the average annual temperatures being lower in 2016 and 2017 and higher in 2018 and 2019. The amount of precipitation was lower than the multiannual (655.6 mm) in 2017, similar in the years 2018 and 2019, and higher in 2016.



We assess that the temperature and precipitation differences observed between the studied areas are largely due to the altitude and distribution of the landforms as well as the influence of the type of the adjacent areas (forests or pastures).




3.2. Monitorization of Flight Activity and Number of Adult Moths Caught on Pheromone Traps


Due to the fact that the highest number of L. botrana captures was observed in the Sânmiclăuș plantation on the Sauvignon plot (SNSB), the data recorded in this study area were used to build the annual flying curves. L. botrana monitoring took place during the vegetation period of each year (Figure 4). In the same way, for E. ambiguella were used the data from Tăuni plantation—Sauvignon plot (TSB). E. ambiguella ended flight activity at the end of September, which was earlier than L. botrana (end of October).



3.2.1. The Dynamic of Flight Activity of the Lobesia botrana Species


Following the monitoring performed on the L. botrana species, in the four years of study, a trivoltin flight model was observed (Figure 4).



During the four years of study, the flight period of the first generation (G1) of L. botrana started at the end of April and lasted until the end of June (Figure 4). The second generation of L. botrana (G2) recorded the lowest number of captures and registered the lowest flight activity: from the beginning till the end of June. The third generation of L. botrana (G3) registered the highest number of captures and also had the highest number of flight days: from the beginning of July to the end of October (2017, 2019). The delimitation between G2 and G3 of L. botrana is not very clear, with a sort of overlap being observed in all of the studied years. Filip et. al. reported that in the Murfatlar vineyard (RO), L. botrana had three generations per year, and the development stages were very extensive, especially G3 [32].



The maximum of the flight curve of G1 was registered on 30 April 2018 (92 moths/trap—April III). For G2, the maximum number of captures was observed on 15 July 2017 (58 captures/trap—July III), and for G3, the maximum captures value was reached on 30 September 2017 (280 moths/trap—Sept. III) (Figure 4). Even though G1 had a lower number of captures in 2017 than in other years, G3 registered a record number of captures in 2017. This variability is due to the climatic conditions of each year. The year 2017 recorded the lowest amount of precipitation without being classified as a dry year. The months of August and September (2017) had quite small amounts of precipitation, which we consider to have favored the development of G3 of L. botrana. In fact, every year, towards the end of September, a more intense activity of L. botrana males was noticed.



The results regarding the number of captures of each generation are in accordance with those obtained from studies conducted in other Romanian vineyards (RO), such as in Iași vineyards [33], in which G1 was more numerous than G2. Studies conducted in the Murfatlar vineyard (RO) [32] and Dealu Mare (RO) [10] highlight the fact that L. botrana has three generations per year, with three flight peaks recorded in May, July and August. Moreover, in the viticultural plantations from Bujoru (RO) [34,35], the plantations from Dealurile Craiovei (RO) [36] registered a fourth generation, but it was incomplete (pseudogeneration). Pavan et. al. [12] reported that in some warmer areas, G3 flight takes place from late July to early August and this is associated with a shorter development time of second-generation larvae, which, in the warmer areas, develop in five stages while in cooler areas develop in ix stages. G3 is particularly difficult to control because the larvae hatch and penetrate rapidly into mature berries, and control measures on G3 should primarily target L. botrana eggs [37]. Factors that increase the preference of L. botrana for a particular grapevine variety at G1 (anthophagous generation) are different from those of other generations [38].




3.2.2. The Dynamic of Flight Activity of Eupoecilia ambiguella Specie


In the ecopedoclimatic conditions of the Tăuni plantation, during the studied period of time, E. ambiguella recorded two flight peaks resulting in two well-defined generations per year (Figure 5). Generally, the first generation (G1) of E. ambiguella had a shorter flight time, with the flight peaks towards the end of May (2016, 2018, 2019) or the beginning of June (2017) and the second generation (G2) had a larger flight time, with flight peaks in mid-August (2016, 2017, 2018) or the beginning of September (2019) depending on the annual climate fluctuations. In 2018, the maximum number of captures was registered for G1 individuals (143 captures), while in 2017, the maximum flight was recorded for G2 with 107 captured males. Our results are in agreement with the results of Popa, obtained from observations made in Dealu Mare vineyard (RO) [10] and with the results of Bărbuceanu, obtained from Ştefăneşti vineyards (RO, Argeş) [16]. They also recorded two generations of E. ambiguella per year.



Climate changes in the Târnave vineyard had a strong impact on the activity of the two species. The studies carried out in the Târnave vineyard between 1992–1995 showed that both L. botrana and E. ambiguella recorded two generations per year [39]. Compared to the period of 1992–1995, an extra generation of L. botrana was identified in our study during 2016–2019. Furthermore, during the 1992–1995 period, the ratio between the two species was slightly in favor of E. ambiguella. In our studies (2016–2019), the ratio between the two was highly in favor of L. botrana, which we consider an invasive species in the context of climate changes, a fact also stated by Tancík et. al., Pavan et. al., and Voigt [40,41,42]. In the conditions of the years 1992–1995, the flight periods of the L. botrana and E. ambiguella species overlapped perfectly [39]. In comparison, in our studies, the flight of the two species was similar only for the first generation. The activity of grape moths in the Târnave vineyard is in a continuous dynamic that is influenced by a complex of factors.





3.3. The Influence of Climatic Conditions on the Activity of L. botrana and E. ambiguella


Taking into account the two species of moths, and following studies and analyses, the results showed that in the four years of study, they had different behaviors depending on the manifestation of climatic conditions. Analyzing the results from the four years, the L. botrana species registered significant differences between the number of captures in 2017 (p <0.05%) compared to the number of captures in 2016, 2018 and 2019 in the sense that the highest number of captures was in 2017 (Figure 6). The year 2017 registered the lowest amount of rainfall, which may prove to be the most favorable year for the evolution of L. botrana. In 2016, there was a higher amount of precipitation and a lowest number of captures; thus, we consider that it was a year with less-favorable climatic conditions for the development of L. botrana.



For the E. ambiguella species, the differences are statistically insignificant in all of the four years of study. However, in 2018, the highest number of captures was recorded on the pheromone traps (Figure 6). We consider that the significant amount of precipitations registered during the vegetation period of the year 2018 was favorable for the development of the E. ambiguella moth (Figure 3C). In each year of study in the Târnave vineyard, the number of L. botrana captures was significantly higher than the number of E. ambiguella captures (Figure 7).



From a statistical point of view, in the four years, the number of L. botrana captures from the experimental plots from Jidvei and Sânmiclăuș is significantly higher (p < 0.05) compared to the number of captures from Șona, Tăuni and Cenade (Figure 8A). In 2017, there was a significantly higher number of L. botrana captures in the Sânmiclăuș plantations than in the Jidvei plantations (Figure 8A 2017).



Regarding the E. Ambiguella species, a significantly higher number of captures was registered in Tăuni, with the differences between Jidvei, Șona, Sânmiclăuș, and Cenade being similar (Figure 8B).



Our findings are in agreement with the results present in the literature. Studies conducted by Pavan et al. regarding the distribution of the two species in vineyards from Italy reveal a significantly higher proportion of L. botrana larvae than E. ambiguella larvae [38]. In addition, the results obtained from studies conducted in vineyards in southern Slovakia showed that the number of L. botrana captures in pheromone traps was significantly higher than the number of E. ambiguella captures [40]. The cause may be the high temperature during the summer, which has dramatically reduced the number of male captures of E. ambiguella [40]. The two species coexist in transition areas and their proportion depends on climatic conditions [41]. Colder and rainier seasons favor the dominance of E. ambiguella populations, while warmer and drier seasons favor L. botrana [16,41,42].




3.4. Geographical Spread of L. botrana and E. ambiguella Moths in Vineyards


Regarding the distribution of the two species of moths in the five plantations studied, the results show large differences from one vineyard to another, keeping approximately the same proportions each year. In the 4 years of study, the highest number of captures of L. botrana was registered in Sânmiclăuș plantations (9091, representing 59.1% of the total L. botrana captures), and the smallest number of captures was registered in the experimental plots of Tăuni (Figure 9). In Șona and Tăuni plantations, L. botrana was almost nonexistent, and this may be due to the altitude, the exposure to direct sunlight, or the soil management.



During the 4 years of study, E. ambiguella was mostly found in from the experimental plot from Tăuni (1486, representing 90% of the total number of E. ambiguella captures). In the other plantations, E. ambiguella was found only sporadically, with the number of captures being very low (Figure 10).



In the Târnave vineyard, L. botrana has a much wider-spread area, being found mostly in Sânmiclăuș and Jidvei compared to E. ambiguella, which were mostly found in the Tăuni vineyard (Figure 10).



The E. ambiguella population could be affected by the presence of alternative host plants and therefore by the complexity of the landscape, a fact stated also by Reineke et. al. [43]. According to studies conducted by Svobodava et al., the favorable climate for tortricids is declining in the Mediterranean (west of Spain and in Portugal) and the climate is becoming favorable for these species in the areas that include Hungary and the Black Sea coast (Romania, Bulgaria, Moldova and Ukraine) [44]. According to the same climatic scenario, for the Cydia pomonella and L. botrana species, it is predicted that they will change their range to the north by about 550 and 1300 km, respectively [44]. In the recent decades, the L. botrana species has moved to northern areas and the pest has invaded new wine-growing areas in Europe, even replacing E. ambiguella [44]. It is expected that in the context of climate change, this trend will become more severe in the future [45,46].



L. botrana is recognized as an extremely invasive pest in vineyards in warmer wine-growing areas [47,48], and E. ambiguella has been assumed to have the same invasive potential in colder wine-growing areas [49]. The Târnave vineyard is subjected to climate changes, which have resulted in an increase in the average annual temperature by 1–1.5 °C, and the vegetation period of grapevines has increased by 10–15 days [26,29].




3.5. Distribution of L. botrana and E. ambiguella Moths on Cultivars and Locations


By comparing the activity of the two studied moths on the experimental plots, the results show large differences in the distribution of the moths depending on the cultivars and locations. In the Jidvei vineyard, where two plots of Fetească regală, FR1J and FR2J, were studied, the differences between the average number of captures of L. botrana per plot are significant (Figure 11A). Thus, in the FR2J plot, located at an altitude of 404 m, there were significantly more captures than in the FR1J plot, located at an altitude of 345 m. We found the opposite situation in the plots cultivated with Sauvignon blanc, SB1J and SB2J, in the sense that, in the SB1J plot, located at an altitude of 311 m, there were significantly more captures of L. botrana than in the SB2J plot, located at an altitude of 399 m. On the same plots, the number of E. ambiguella captures were very small and the differences between them are statistically insignificant (Figure 11B). In the Șona plantation, the differences between the captures of L. botrana and E. ambiguella from the two plots of Sauvignon blanc, are statistically insignificant. In this area was registered the lowest activity of the two moths, with the plots being situated at an altitude of 386 and 378 m, respectively. In the plantations from Sânmiclăuș was registered the highest activity of the L. botrana moth in all of the four years. The results showed that there are no statistical differences between the three experimental plots located here (Figure 11A). At Cenade, the results show that the number of L. botrana captures on the RRC plot was higher than that on the CHC and SBC plots. At Tăuni, the results showed no differences between the number of L. botrana captures on the three studied plots.



Our results suggest that the spread of L. botrana species in the Târnave vineyard decreases along with the increase of the altitude. Studies conducted by Schartel et al. in California estimate that L. botrana occurrences are more numerous at altitudes below 250 m [47]. In contrast, studies conducted in vineyards from Italy stated that the number of generations of L. botrana will increase along with the altitude and temperature and that the global warming could exacerbate this phenomenon [2]. On the other hand, other studies claim that exposure to direct sunlight (at higher altitudes) can increase the temperature of the grape surface and, as a result, increase the mortality of L. botrana eggs and larvae [50].



In the case of the E. ambiguella species, found mainly in the vineyards from Tăuni, there were statistical differences registered between the captures from the SBT (405 m) and RR1T (348 m) plots. In general, it can be observed that E. ambiguella is more common in the wine-growing regions located on hills, which is in accordance with the findings of Pavan et. al. [51].



L. botrana has nocturnal activity, and the mating flight is initiated during the night. The laying of eggs begins at sunset and lasts until night. In contrast, E. ambiguella is flight-active at dawn, and egg laying has been observed from noon to night [52], when the temperature is higher, and the atmospheric humidity is lower; thus, the mortality of the eggs is higher. Each plot of the vineyard is unique, and the distribution of insects changes depending on the stage of development, the season, the phenological state of the crop, and the climatic conditions [20]. The causes of non-uniformity in insect populations are often difficult to understand, being determined by several factors [53]. Pest outbreaks may be more common in simpler landscapes [54] as well as because they often contain fewer resources to support natural enemies [55]. Complex landscapes can also provide alternative host plants for pests [56,57,58].




3.6. Preference of L. botrana and E. ambiguella Moths for Grapevine Cultivars


The number of males captured within a particular species reflects the preference of females for laying eggs, as they are actually attracted to them [59]. Several researchers suggest that grapevine cultivars can influence preference for L. botrana and E. ambiguella [8,38,59,60].



The results gathered in the four years of study including five cultivars of grapevine show that captures of both L. botrana and E. ambiguella were recorded on all cultivars. By analyzing the data (Figure 12A), it can be stated that the cultivar has a significant effect on the number of males captured on the traps.



From the statistical point of view, our study reveals that L. botrana has a preference for the Traminer cultivar, with the number of L. botrana captures being significantly higher than on the other cultivars. This is also due to the fact that the Traminer cultivar was studied only at Sânmiclăuș, where the largest number of L. botrana captures was registered. On the Fetească regală and Chardonnay cultivars, the number of L. botrana captures was similar, with the differences being statistically insignificant. The lowest number of L. botrana captures was recorded on the Rhine Riesling cultivar.



Regarding the preference of the E. ambiguella species (Figure 12B), following statistical analyses, the preferred cultivars seem to be Sauvignon blanc and Rhine Riesling, with the number of E. ambiguella captures being significantly higher on Sauvignon blanc and Rhine Riesling than on the other cultivars. In our study Chardonnay, Traminer and Fetească regală were less-preferred by E. ambiguella. According to some authors, the preferred cultivars for L. botrana are Chardonnay, Tocai Frulano and Sauvignon blanc [38,60]; meanwhile, E. ambiguella, seems to prefer red cultivars [38]. The factors that increase L. botrana preference for a cultivar at G1 (the anthophage generation) are different from those that make it preferred during the other generations [38]. For G1, the level of infestation was correlated with the precocity of flowering [41]. Studies conducted by Vogelweith and Thiéry showed that the grape cultivar can affect the immunity of the moth larvae. Larvae from Gewurztraminer grapes were more resistant to parasitoids compared to those from Riesling and Merlot grapes [5]. Knowing moth preferences can lead to an improved monitoring system, with the preferred cultivar being used as an early indicator [59].





4. Conclusions


Collectively, our results show that the distribution of L. botrana and E. ambiguella species in the Târnave vineyard is uneven and influenced to greatest extent by climatic factors, landform and grapevine cultivars.



During the studied period of time, the climate experienced deviations from the multiannual values. The average annual temperature was lower in 2016 and 2017, and higher in 2018 and 2019. The amount of precipitation was lower than the multiannual reference value in 2017, similar in the years 2018 and 2019 and higher in 2016.



Less rainfall and lower altitudes are associated with a higher number of captures of L. botrana. Higher altitudes and moderate rainfalls are associated with higher number of E. ambiguella captures.



The analysis of the obtained data reveals:




	
The existence of three generations of L. botrana and two generations of E. ambiguella;



	
The presence and dominance of the L. botrana species in two of the vineyards: Sânmiclăuș and Jidvei;



	
The presence and dominance of the E. ambiguella species in the vineyards of Tăuni;



	
The reduced, almost non-existent presence of both moths in the Șona plantation.








In terms of moths preferences for a certain grapevine cultivar, the study shows that L. botrana prefers the Traminer cultivar, having Rhine Riesling as the least-preferred cultivar and E. ambiguella prefers the Sauvignon blanc cultivar, with Chardonnay being the least-preferred of the cultivars.



Further studies regarding the biology and ecology of the grapevine moths in the context of climate change are needed in all of the Romanian vineyards, especially in the Târnave area. Such information is useful for winegrowers, as it provides insight into the dynamics and management of grapevine moths.
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Figure 1. Maps of studied areas in Târnave vineyard (green color—SB1J, SB2J, SB1S, SB2S, SBSN, SBT, SBC; blue color—FR1J, FR2J; yellow color—CHSN, CHC; red color—TRSN; purple color—RR1T, RR2T, RRC). 
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Figure 2. Lobesia botrana: (A,A1–A3); Eupoecilia ambiguella (B,B1–B3); pheromonal trap (C) (Original photo). 
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Figure 3. Climatogram of Jidvei, Șona, Sânmiclăuș, Tăuni, and Cenade plantations for the years 2016 (A), 2017 (B), 2018 (C) and 2019 (D). 
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Figure 4. Flight activity of Lobesia botrana. 
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Figure 5. Flight activity of Eupoecilia ambiguella. 
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Figure 6. Average number of L. botrana captures/trap/year (A) and E. ambiguella (B) captures/trap/year. (The variants with different letters are statistically different (p < 0.05); the differences of the variants with the same letter are statistically insignificant.) 
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Figure 7. Average number of L. botrana (LB) and E. ambiguella (EA) captures/trap/year. (The variants with different letters are statistically different (p < 0.05); the differences of the variants with the same letter are statistically insignificant.) 
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Figure 8. Average number of L. botrana (A) and E. ambiguella (B) captures in plantations. (The variants with different letters are statistically different (p < 0.05); the differences of the variants with the same letter are statistically insignificant; on the OX axis are represented the number of captures > 1 and on the OY axis the numbers of captures < 1.) 
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Figure 9. Distribution of L. botrana species in vineyards. 






Figure 9. Distribution of L. botrana species in vineyards.



[image: Sustainability 14 14554 g009]







[image: Sustainability 14 14554 g010 550] 





Figure 10. Distribution of E. ambiguella species in vineyards. 
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Figure 11. Average number of L. botrana (A) and E. ambiguella (B) captures/trap/plot. (The variants with different letters are statistically different (p < 0.05); the differences of the variants with the same letter are statistically insignificant; on the OX axis are represented the number of captures >1 and on the OY axis the numbers of captures < 1.) 
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Figure 12. Average number of L. botrana (A) and E. ambiguella (B) captures/trap/cultivars, (The variants with different letters are statistically different (p < 0.05); the differences of the variants with the same letter are statistically insignificant.) 
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Table 1. Information regarding the experimental plots used in the study of the dynamic of the grapevine moths Eupoecilia ambiguella and Lobesia botrana in the Târnave vineyard.
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Plantation

	
Variety/Plot

	
Establishment Year

	
Plot Surface [ha]

	
Vine Management System

	
Soil Management

	
GPS Coordinates

	
Altitude

	
Adjacent Areas






	
Jidvei (J)

	
Fetească regală 1 (FR1J)

	
2011

	
5.6

	
Guyot with periodic replacement of the arms

	
Tillage

	
4.62175897

2.40685159

	
345 m

	
Grapevine plantations




	
Fetească regală 2 (FR2J)

	
2010

	
3.26

	
Alternative grassing

	
4.620476794

2.407701199

	
404 m

	
Grapevine plantations, forest




	
Sauvignon blanc 1 (SB2J)

	
2006

	
15.66

	
Alternative grassing

	
4.622460552

2.407597702

	
311 m

	
Grapevine plantations, walnut plantation




	
Sauvignon blanc 2 (SB2J)

	
2006

	
7.71

	
Permanent grass cover

	
4.62122824

2.40839464

	
399 m

	
Grapevine plantations, forest




	
Șona (S)

	
Sauvignon blanc 1 (SB1S)

	
2005

	
133

	
Guyot with periodic replacement of the arms

	
Permanent grass cover

	
4.62032931

2.40156813

	
386 m

	
Grapevine plantations, grassland




	
Sauvignon blanc 2 (SB2S)

	
2005

	
2.76

	
Permanent grass cover

	
4.6203575

2.40172483

	
378 m

	
Grapevine plantations, grassland




	
Sânmiclăuș (SN)

	
Sauvignon blanc (SBSN)

	
2006

	
11.03

	
Classical low

	
Tilllage

	
4.625414638

2.403265727

	
332 m

	
Apples plums and grapevine plantations




	
Traminer (TRSN)

	
2006

	
3.26

	
Guyot with periodic replacement of the arms

	
Alternative grassing

	
4.62557756

2.40249267

	
371 m

	
Grapevine plantations, cereal crops (wheat, corn)




	
Chardonnay (CHSN)

	
2006

	
9.72

	
Alternative grassing

	
4.6257406829

2.4024253647

	
386 m

	
Grapevine plantations, cereal crops (wheat, corn)




	
Tăuni (T)

	
Sauvignon blanc (SBT)

	
2007

	
18.6

	
Guyot with periodic replacement of the arms

	
Permanent grass cover

	
4.616793798

2.414274301

	
405 m

	
Grapevine plantations, grassland, forest




	
Rhine Riesling 1 (RR1T)

	
2007

	
6.61

	
Permanent grass cover

	
4.616490308

2.414282416

	
348 m

	
Grapevine plantations, grassland, forest




	
Rhine Riesling 2 (RR2T)

	
2010

	
5.32

	
Permanent grass cover

	
4.615699197

2.415552524

	
466 m

	
Grapevine plantations, grassland, forest




	
Cenade (C)

	
Chardonnay(CHC)

	
2008

	
8.8

	
Guyot with periodic replacement of the arms

	
Alternative grassing

	
4.60290786

2.40158771

	
409 m

	
Grapevine plantations, grassland, forest




	
Sauvignon blanc (SBC)

	
2009

	
9.73

	
Alternative grassing

	
4.603375789

2.400707454

	
433 m

	
Grapevine plantations, grassland




	
Rhine Riesling (RRC)

	
2008

	
3.91

	
Guyot with periodic replacement of the arms

	
Alternative grassing

	
4.60367322

2.40008326

	
439 m

	
Grapevine plantations, grassland
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