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Insect conservation through habitat management is particularly important in regions of high biodiversity potential, such as steep-slope viticultural landscapes. Therefore, we studied the effects of realistic options for the conservation of open and flower-rich vineyard fallows on local wild bee communities. Using a fully-crossed factorial design, we sampled bees in 10 vineyard fallows in the Moselle region (SW Germany), which were partially subjected to different treatments (mulching, sowing of wild flower strips, combination, and untreated control). Over two years, we sampled 9323 individuals from 140 bee species with hand netting and pan traps. Based on the hand-netting samples, AICc-based model selection (Generalized Linear Mixed Models) revealed effects of fallow treatment, interacting with sampling year, on the number of sampled bee individuals and on the number of sampled bee species. In the second sampling year, we sampled significantly more individuals in wild flower strips (WFS) as well as in the combination treatment than in the untreated control. Also in the second year, the number of sampled species was significantly higher in the combination treatment than in the mulching treatment, and significantly higher than in the untreated control. Vineyard fallow management can promote bee communities in steep-slope viticultural landscapes, and options involving WFS, especially in combination with an annual mulching, should be preferred over options solely relying on repeated mulching. Moreover, the findings highlight that management options involving WFS need some time after initiation for unfolding their positive effects on bee communities.
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1 Introduction

Declining insect populations have been reported worldwide (Wagner, 2020). While agricultural land-use intensification has been identified as a major driver of recent insect decline (Habel et al., 2019), abandonment of agricultural management can also result in habitat degradation (Caraveli, 2000; Giupponi et al., 2006). This is especially true for wild bee populations in steep-slope vineyards, which are often xerothermophilic, preferring open and sun-exposed habitats (Krahner et al., 2018; Böhm et al., 2024).

In order to preserve suitable bee habitats within steep-slope viticulture landscapes, different management options are available, which involve the provision of food resources and measures to maintain the openness of habitats. In general, bee communities in agroecosystems benefit from additional supply of floral resources in the form of managed wildflower strips (Lowe et al., 2021). This also applies to managed vineyards, where wild bee abundance and species richness are positively correlated with floral cover of entomophilous plant species (Kratschmer et al., 2018) and floral diversity (Böhm et al., 2024). However, compared to floral enhancements in managed vineyards, our knowledge about the effects of such treatment in set-aside areas within viticultural landscapes (vineyard fallows) on bee communities is still limited.

For maintaining suitable bee habitats on vineyard fallows, prevention of bush encroachment is pivotal. Without management, vineyard fallows are generally overgrown by shrubby vegetation (Wersebeckmann et al., 2023). This may negatively affect floral resources, because important food plants are replaced by dominant, less bee attractive plants (Kirmer et al., 2018). Likewise, bush encroachment may also have a negative impact on nesting resources (Boetzl et al., 2022), especially because most ground-nesting bees characteristic for the region prefer open habitats for nesting (Westrich, 2019; Böhm et al., 2024). Repeated mulching is a common practice in managed vineyards (Pardini et al., 2002), as well as in sown flower strips and field margins with spontaneous vegetation (Kirmer et al., 2018). However, our understanding of how repeated mulching affects bee communities in vineyard fallows remains incomplete.

In order to close remaining knowledge gaps and to provide recommendations for insect conservation efforts in vineyard landscapes on steep slopes, we investigated the short-term effects of wild flower strips and repeated mulching, including their interaction, on the abundance and species richness of wild bees. Our main hypotheses were, 1) that mulching and flower strips would be associated with a higher number of bee individuals and species compared to the no-treatment control, 2) that the combination of mulching and wild flower strips would be associated with a greater bee abundance and species diversity compared to single treatments, and 3) that these effects would increase over the years.




2 Material and methods

We investigated the effect of different options for managing vineyard fallows on wild bee communities. Using a fully-crossed factorial design, we sampled bees in 10 vineyard fallows in the Moselle valley in SW Germany (49.916469°N, 6.995033°E; Figure 1; for exact locations of study sites, refer to https://doi.org/10.5073/20240408-104443-0). Eight of these vineyard fallows were clustered in one study site, with nearest neighbors being separated by 160 to 370 m, while the other two vineyard fallows had a distance of 5045 m to the nearest neighbor. The fallows varied in size (1060 to 4109 m²), were adjacent to managed vineyards, and were partially subjected to four different treatments: mulching (one fall mulching event per year), sowing of a wild flower seed mixture in spring 2013 to create wildflower strips (WFS; Saaten-Zeller GmbH & Co. KG, Eichenbühl-Riedern, seed provenance south-western Germany; Table 1), combination treatment of sowing and mulching, and untreated control. Within a vineyard fallow, differently treated areas were the same area size. We sampled bees from April to October in 2013 and 2014, under favorable weather conditions (no or little wind, cloud cover 50% or less, temperatures ≥15 °C), by hand netting (all 10 vineyard fallows), and using pan traps as a complementary method (6 vineyard fallows). Hand netting was standardized to a sampling time of 10 min per treatment variant and sampling event, along a 1 m wide non-permanent transect line that covered as much of the treatment area as possible, while maintaining a minimum distance of 2 m from the edge of the treatment area. For hand netting, the sampling sequence of transects was randomized for each sampling day so that the individual transects were sampled at different times of the day, with the restriction that sampling along shaded transects was avoided. In total, we completed 13 sampling events (5 in 2013, 8 in 2014). For pan trapping, we used triplets of fluorescent blue, white and yellow traps (Rondo-Gelbfangschale, Temmen GmbH, Hattersheim, Germany; upper diameter: 23 cm; volume: 2.3 L; Krahner et al., 2021). These traps were made by priming with white spray paint (sparvar 1315), followed by application of fluorescent spray paints (sparvar 3107, 3104, and 3103 for blue, yellow, and white colors, respectively; Spray-Color GmbH, Merzenich, Germany). In total, we had 9 sampling events (5 in 2013, 4 in 2014). Pan trapping events varied between 48 and 96 hours, but within a sampling event, pan traps were exposed the same time across all vineyard fallows and treatment variants. Some of the sampled data have already been used for analysis in a comparison of different methods for sampling wild bees (Krahner et al., 2021).




Figure 1 | Location of the studied vineyard fallows in the Moselle river valley (1–10, red dots representing fallow centroids), inset graphic showing the location of the study area (red dot) within Germany (grey). Digital orthophoto (DOP): © GeoBasis-DE/BKG 2024; Terms of use: http://sg.geodatenzentrum.de/web_public/nutzungsbedingungen.pdf. Geodata for Germany modified from Hijmans et al. (2015).




Table 1 | Composition of the perennial wild flower seed mixture used as a treatment variant.



Following sampling, we stored insects in 70% Ethanol. We dried, pinned and identified all bee individuals to species level following the taxonomy in Westrich et al. (2011) and using the following literature: Ebmer (1969, 1970, 1971); Dathe (1980); Koster (1986); Dylewska (1987); Dorn and Weber (1988); Mauss (1992); Amiet (1996); Amiet et al. (1999, 2001, 2004, 2007, 2010); Schmid-Egger and Scheuchl (1997); Banaszak and Romasenko (1998); Scheuchl (2000, 2006); Gusenleitner and Schwarz (2002); Straka and Bogusch (2011); and Gokzekade et al. (2015). We did not separate some morphologically similar species, combining Andrena ovatula, A. wilkella, A. intermedia, A. similis, and A. gelriae as Andrena ovatula agg.; Bombus cryptarum, B. lucorum, B. magnus, and B. terrestris as Bombus terrestris agg.; Bombus hortorum and B. ruderatus as Bombus hortorum agg.; Halictus eurygnathus, H. langobardicus and H. simplex as Halictus simplex agg.; Lasioglossum nitidulum and L. smeathmanellum as Lasioglossum smeathmanellum agg. In the analysis, we treated these species groups as single species. Voucher specimens are deposited in the collection of the corresponding author.

All statistical analyses were conducted in the R environment (v4.2.2; R Core Team, 2022). We analysed the number of sampled wild bee individuals and species (excluding managed Apis mellifera) with Generalized Linear Mixed Models (GLMMs), using vineyard fallow as random intercept factor to account for among-fallow differences, a log-link function and a negative binomial (bee individuals) or a Poisson (bee species) error distribution. Because replication (number of vineyard fallows) varied between sampling methods, we conducted separate analyses for hand net and pan trap samples. We created full models with treatment variant, year and the treatment-by-year interaction as fixed effects. GLMMs were fit using the ‘glmmTMB’ package (v1.1.5; Brooks et al., 2017). For selection of most parsimonious models, we compared the full models to all possible reduced models using Akaike Information Criterion (AICc), holding the random effect structure constant. We used the ‘MuMIn’ package (v1.47.1; Bartoń, 2022) for model selection, reducing the fixed effect terms of the full models to yield best-fitting final models. We validated final models by visually inspecting the residual plots, using function ‘simulateResiduals’ from the ‘DHARMa’ package (v0.4.6; Hartig, 2020). We used the ‘emmeans’ package (v1.8.3; Lenth, 2022) for post hoc tests, and corrected P values via the Tukey method. We determined significant statistical differences at alpha = 0.05.




3 Results

In total, we sampled 9323 individuals (pan traps: 7867, hand netting: 1456) from 140 bee species. Based on the hand-netting samples, AICc-based model selection (lowest AICc) revealed effects of fallow treatment, interacting with sampling year, on the number of sampled bee individuals (Figure 2) and on the number of sampled bee species (Figure 3).




Figure 2 | Effect of treatment variants, interacting with study year, on the number of bee individuals sampled with hand netting. Red dots and error bars represent model fit (mean and 95% CI), while grey dots represent observations from 10 vineyard fallows. Different letters indicate significant differences (α = 0.05). Treatments: untreated control (ctrl), annual mulching (m), sowing of wild flower strip (s), and combination of annual mulching and sowing (ms). Treatments were initiated in spring 2013.






Figure 3 | Effect of treatment variants, interacting with study year, on the number of bee species sampled with hand netting. Red dots and error bars represent model fit (mean and 95% CI), while grey dots represent observations from 10 vineyard fallows. Different letters indicate significant differences (α = 0.05). Treatmens: untreated control (ctrl), annual mulching (m), sowing of wild flower strip (s), and combination of annual mulching and sowing (ms). Treatments were initiated in spring 2013.



We did not observe significant differences with regard to sampled individuals and species in the first sampling year. In the second sampling year, we sampled significantly more individuals in the WFS treatment (ratio = 1.484, SE = 0.221, df = 78, p = 0.047) than in the untreated control. Also in the second year, we sampled significantly more bee individuals in the combination treatment compared to the untreated control (ratio = 1.679, SE = 0.248, df = 78, p = 0.004) and compared to the mulching treatment (ratio = 1.555, SE = 0.227, df = 78, p = 0.018). Regarding the number of sampled bee species, we sampled significantly more species in the combination treatment compared to the untreated control (ratio = 1.514, SE = 0.189, df = 79, p = 0.007) and compared to the mulching treatment (ratio = 1.473, SE = 0.182, df = 78, p = 0.013). Based on pan trap samples, the treatment variable was incorporated neither in the most parsimonious model explaining sampled bee individuals nor in the most parsimonious model explaining sampled bee species (in both cases, ΔAICc > 4).




4 Discussion

The 140 wild bee species sampled over two years in this study correspond to one quarter of the total number of bee species found in Germany. This is roughly comparable to results from a two-year study of managed vineyards from the same study region (Böhm et al., 2024: 1013 individuals from 110 species), and also to results from a one-year study of vineyard landscapes from the Upper Middle Rhine Valley in SW Germany (Wersebeckmann et al., 2023: 3385 individuals from 115 species). These figures highlight the value of viticultural landscapes with steep slopes, and especially of vineyard fallows within these landscapes, as habitats for wild bees. To our best knowledge, our study is the first to investigate the effects of bee habitat management in vineyard fallow on steep slopes.

Our experiment covered only the first two years after establishment of the treatment variants. Because perennial flower strips may unfold their effects on pollinator communities over a longer period of several years after establishment (Albrecht et al., 2021; Schmied et al., 2022), longer-term observations are needed to assess the longer-term conservation value of the treatments investigated here. Still, the present results are relevant for bee conservation in vineyard landscapes, because vineyard fallows often exist for only one to a few years, before they are replanted with wine grapes. Moreover, the study design has an emphasis on a high temporal sampling intensity rather than a wide sampling area. This approach is favorable in terms of yielding sampling results representative of the real species richness within a bee community (Levenson et al., 2024). Our approach also means our results directly apply to a relatively small study area. However, since we chose our study area to represent common landscape context and management practices in central Europe, we are confident that the implications for conservation measures we derive from our study can be extrapolated to vineyard landscapes on steep slopes across central Europe.

In contrast to hand net samples, we observed no difference in sampled bee abundance and species richness between treatment variants, based on pan trap samples. This may be a consequence of the lower replication in this method (6 vineyard fallows sampled with pan traps, compared to 10 fallows sampled with hand netting). Moreover, although pan traps are an efficient method for sampling bees (Westphal et al., 2008), especially in steep-slope viticultral landscapes (Krahner et al., 2021), they have a strong bias for particular taxa (Portman et al., 2020) and trait groups of bees (Klaus et al., 2024). It is also possible that pan traps were unable to resolve differences in bee activity between treatments, due to the close proximity of the differently treated fallow areas. While the competition between neighboring pan traps levels off at distances of 3–5 m between traps (Droege et al., 2010), pan traps in one treatment variant may have attracted bees from adjacent treatment variants, especially in absence of surrounding floral resources (Wilson et al., 2008; Prendergast and Hogendoorn, 2021). In the following, we therefore focus the discussion on the results from hand netting. More generally, our results caution against close distances when replicating pan traps within a landscape.

Based on hand netting data, both treatment variants involving WFS increased the number of sampled bee individuals compared to the untreated control in the second study year, but not so in the first study year. This is in line with previous research, which showed positive effects of perennial WFS to increase over the years following sowing (Lowe et al., 2021). The effect may be driven by the sown perennials, which increase in floral abundance over the first two years following sowing, accompanied by an increase in bee abundance (Carvell et al., 2022). Likewise, Kehinde et al. (2018) observed that an increase in floral abundance resulted in an increased bee abundance in viticultural landscapes. Thus, although we did not survey floral resources in this study, floral abundance would be a plausible explanation for the treatment effect on bee abundance we observed in our study.

In general, pollinator richness in WFS increases over the first three years (Lowe et al., 2021), which might explain why we did not observe treatment effects of WFS before the second study year. We observed a positive effect of WFS on bee species richness only in combination with annual mulching, while mulching in the first year is likely to positively influence establishment of sown plants (Carvell et al., 2022). Therefore, we assume that annually mulched WFS had a positive effect on bee species richness through an increase in species diversity of plants providing floral resources to bees, and/or through an increase in nesting resources. Species richness of wild bees in viticultural landscapes and the diversity of flowering plants are correlated (Böhm et al., 2024; but see Wersebeckmann et al., 2023). However, because we did not survey flowering plant species richness in this study, we cannot validate this assumption with our data. Since the soil of the vineyard fallows remained undisturbed after sowing of the WFS, and because wild bees use WFS as nesting habitats under low soil disturbance (Boetzl et al., 2022), it is likely that the annually mulched WFS served as a nesting habitat for wild bees. Most native bee species in viticultural landscapes are ground nesting (Krahner et al., 2018; Wersebeckmann et al., 2023), and creation of sun exposed ground spots with scarce vegetation is an important conservation measure for promoting bees (Gardein et al., 2022).

Based on our study, the mechanisms behind the observed effects of the combination treatment remain obscure. The increase in bee species richness and abundance may be a consequence of individuals dispersing into the fallow due to increasing resources, or represent a population build-up of bees nesting within the study site, or both. Future studies could involve resource intensive nest surveys and mark-recapture methodology in order to investigate further the role of these two mechanisms.

In summary, our study shows that WFS are an effective conservation measure for increasing bee abundance and species richness in vineyard fallows in the short term. Corroborating the recommendations by Carvell et al. (2022), an annual mulching of WFS is highly advisable. Vineyard fallows often exist for several to many years, and the habitat value of WFS may change over the years (Albrecht et al., 2021), with decreases in wild bee abundance and diversity from one and two years after establishment, respectively. Therefore, we suggest studies with a longer observation period in order to investigate whether our findings hold true in the longer term.
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