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Endangered by laws: potential consequences of regulations against thistles on bumblebee conservation

Keywords: Bombus, Cardueae, Carduus, Cirsium, floral resources, pollinator conservation, weed control legislation

Many Bumblebee (Bombus) species are undergoing a strong decline in Europe due to, amongst other things, a decrease of food resources. While leguminous plants (Fabaceae) are considered to be one of the main pollen sources of bumblebees, thistles (Asteraceae tribe Cardueae) have been suggested to be important for male diet. Yet, several European countries apply strict regulations against thistles since they are considered to be one of the principal weeds in agricultural landscapes. Such regulations could impact bumblebee conservation through disruption of male diet and ecology. Here, we assess the male-depending importance of thistles for bumblebee species based on field observations across countries where a legal regulation against thistles is in effect. We ultimately aim to evaluate the potential consequences of these regulations on bumblebee conservation. Our results confirm that most of floral visit observations of males occur on thistles (mainly Cirsium spp. and Carduus spp.) and some species are almost exclusively observed on them. Thistle removal is thus most likely a threat for bumblebees. Therefore, we advocate repealing the thistle removal acts to make way for alternative thistle regulations which reconcile biodiversity conservation and agricultural requirements. Résumé. Menacé par des lois : les conséquences potentielles des législations d'échardonnage sur la conservation des bourdons. Les bourdons sont en régression en Europe, en partie à cause d'une diminution de leurs ressources alimentaires. Alors que les légumineuses sont considérées comme étant une des principales sources de pollen pour les bourdons, les chardons (Asteraceae, tribu des Cardueae) ont été suggérés comme étant importants pour l'alimentation des mâles. Pourtant, plusieurs pays européens appliquent des règles législatives strictes contre les chardons car ils sont considérés comme étant des « mauvaises herbes » majeures dans le paysage agricole. De telles régulations pourraient avoir un impact sur la conservation des bourdons à travers la perturbation de l'alimentation et de l'écologie des mâles. Ici, nous estimons l'importance des chardons pour les mâles d'espèces de bourdons en se basant sur des observations sur le terrain dans les différents pays où un règlement d'échardonnage est en vigueur. Notre objectif est d'évaluer les conséquences potentielles de ces règlements sur la conservation des bourdons. Nos résultats confirment que la plupart des visites florales des mâles sont observées sur les chardons (principalement Cirsium spp. et Carduus spp.) et que certaines espèces sont presque exclusivement observées sur ces plantes. La suppression des chardons constitue donc très probablement une menace pour les bourdons. Par conséquent, nous préconisons d'abroger les lois d'échardonnage pour faire place à des réglementations alternatives qui concilient la conservation de la biodiversité et les besoins agricoles.

Introduction

Almost 90 percent of all flowering plant species are pollinated by animals [START_REF] Ollerton | How many flowering plants are pollinated by animals?[END_REF]. In cold and temperate regions of the Northern Hemisphere, the social species group of bumblebees (Bombus spp.) is the main pollinating agent [START_REF] Heinrich | Bumblebee economics[END_REF]). However, many species are experiencing a strong population decline and range contraction fostered by landscape modifications and fragmentation, intensive use of agrochemicals, pathogen infections, competition with alien species, climate change, reduction in floral resources, and interactions between all these factors [START_REF] Goulson | Causes of rarity in bumblebees[END_REF]. Conservation actions have been developed to ensure bumblebee survival and to avoid a major disruption of pollination service. One strategy aims to mitigate the current qualitative and quantitative reduction in floral resources (e.g. [START_REF] Carvell | Comparing the efficacy of agri-environment schemes to enhance bumble bee abundance and diversity on arable field margins[END_REF][START_REF] Kleijn | A retrospective analysis of pollen host plant use by stable and declining bumble bee species[END_REF][START_REF] Scheper | Museum specimens reveal loss of pollen host plants as key factor driving wild bee decline in The Netherlands[END_REF] because bumblebees require a long term flowering and a large diversity in plant species [START_REF] Persson | Seasonal persistence of bumblebee populations is affected by landscape context[END_REF][START_REF] Rundlöf | Late-season mass-flowering red clover increases bumble bee queen and male densities[END_REF]. Determining the most important plants for bumblebee diet and ecology is therefore essential to plan efficient conservation management.

Several studies based on field observations have pointed out that leguminous plants (Fabaceae) are among the main pollen sources for bumblebees, especially for scarcer species [START_REF] Rasmont | First estimation of faunistic drift by bumblebees of Belgium, (Hymenoptera: Apidae)[END_REF][START_REF] Goulson | Causes of rarity in bumblebees[END_REF][START_REF] Goulson | Diet breadth, coexistence and rarity in bumblebees[END_REF]. However, most of these assessments consider only the worker caste. Since workers are often the most abundant caste during field studies, floral preferences of other castes could be blurred. Yet, other caste requirements are thought to be different [START_REF] Goulson | Bumblebees: behaviour, ecology, and conservation[END_REF]). For instance, some studies have suggested the importance of thistles (Asteraceae tribe Cardueae; Tree of Life Web Project 2009) for male diet at regional scales (e.g. [START_REF] Croxton | A comparison of green lanes and field margins as bumblebee habitat in an arable landscape[END_REF][START_REF] Pywell | Providing foraging resources for bumblebees in intensively farmed landscapes[END_REF][START_REF] Carvell | Declines in forage availability for bumblebees at a national scale[END_REF]). Yet, several European countries apply strict legal regulations against thistles, aimed at curbing flowering, development and seed dispersal since they are considered to be noxious weeds in the agricultural landscape (Table 1). Under the assumption of the importance of thistles for bumblebees, such regulations could impact bumblebee conservation through disruption of male diet and ecology.

Here, we assess the importance of thistles for bumblebee males across countries with regulations against thistles by using field observations. We ultimately aim to evaluate the potential consequences of regulations against thistles on bumblebee conservation.

Methods

Plant systematics and definition of "Thistles"

We defined thistles as all species included in Cardueae (synonym: Cynareae); a monophyletic worldwide tribe in the Asteraceae family. It contains 2400 species and 73 genera [START_REF] Barres | Reconstructing the evolution and biogeographic history of tribe Cardueae (Compositae)[END_REF]. For historic reasons, we followed the broad interpretation of Scrophulariaceae s.l. as used in Flora Europaea Vol. 3 (Tutin et al. 1972).

Database and description of the dataset

We used opportunistic data consisting of 88 974 field observations of bumblebee (only observations of individuals feeding on flowers) which are recorded in the database Banque de Données Fauniques de Gembloux et Mons [START_REF] Rasmont | Atlas of the European Bees: genus Bombus. 3d Edition. STEP Project[END_REF][START_REF] Rasmont | Climatic Risk and Distribution Atlas of European Bumblebees[END_REF].

For each observation we looked at, (i) the plant species visited, (ii) the location, (iii) the date, and (iv) the visiting bumblebee species. All observations were performed in countries with a regulation against thistles (Table 1), with a proportion of 61% in France, 28% in Belgium, 11% in UK and 0.05% in the Netherlands. Observations were not fully distributed evenly across countries but were gathered in several regions (see the spatial distribution map in Fig. 1, created using ArcGIS 10 Esri software). Observations were carried out from 1878 to 2015 and more than three-quarters (78%) were in summer (11% in June, 49% in July, and 18% in August).

Assessing the importance of thistles for bumblebees

We assessed the importance of thistles at Bombus generic and specific levels.

At the generic level, we compared for each caste the number of observations on flower at three plant taxonomic levels: between (i) plant families (n= 88 974 observations), (ii) Asteraceae tribes (n= 15 746 observations) and (iii) Cardueae genera (n= 14 110 observations). Visit preferences between castes to different plant families were characterised using Correspondence Analysis (CA; 'FactoMineR' package) on the contingency table [34 plant families x 3 castes], only considering the plant families for which we had at least 50 observations (all castes combined). Moreover, since our data did not follow a normal distribution (Shapiro-Wilk test), differences in floral preferences between plant taxonomic groups were examined with nonparametric tests (two-sample Wilcoxon sign-rank tests) for each caste. All statistical analysis were done using R version 3.3.1 (R Development Core Team 2016).

At the Bombus species level (20 567 queen observations, 15 007 male observations and 38 892 worker observations), we compared for each caste the relative number of observations on the Cardueae tribe.

Thereafter, we assessed more specifically the consequences of national regulations against thistles by comparing the number of individuals from each Bombus species feeding on the four thistle species concerned by national regulations (n= 3016 observations): Carduus crispus L., Cirsium arvense (L.) (Fig. 2a) Scop., Cirsium palustre (L.) Scop. (Fig. 2b), and Cirsium vulgare (Savi) Ten (Tab. 1).

Results

Bumblebees' floral preferences and importance of thistles

Our CA showed differences in floral visit preferences between castes (Fig. 3). The total inertia contained in the contingency table [34 plant families x 3 castes] was fully retained in two dimensions (respectively 79.93% for Axis 1 and 20.07% for Axis 2). The first dimension (Axis 1) was mainly defined by three plant families: Solanaceae (39.79%), Asteraceae (16.89%), and Brassicaceae (15.48%), and by two castes: queens (68.45%) and males (21.98%). The second dimension (Axis 2) was mainly explained by Fabaceae (28.59%), Asteraceae (26.81%) and Scrophulariaceae (11.36%), and for the castes by males (57.86%) and workers (38.14%). The global pattern presented by the CA showed that, among the five most visited plant families, Asteraceae was highly associated with male observations (Fig. 3).

Focus on percentages of observations (Fig. 4a) and Wilcoxon sign-rank tests confirmed that males were significantly more observed on Asteraceae than on other families (41% of the 15 007 male observations; Wilcoxon sign-rank test, W = 1324400, p-value < 0.01). Queens were mainly observed on Solanaceae, Ericaceae, and Fabaceae families (respectively 20%, 19% and 14% of the 20 567 queen observations; only 7% on Asteraceae) and workers on Fabaceae, Asteraceae and Lamiaceae families (respectively 22%, 19% and 14% of the 38 892 worker observations). The surprisingly high percentage of queens recorded on Solanaceae is explained by observations of Bombus terrestris queens on Salpichroa origanifolia (Lam.) Baill. during September and October (4082 of the 4123 queens observations on Solanaceae).

Among observations on Asteraceae, the Cardueae tribe was significantly more visited than other tribes by males (90% of the 5947 males observations, Wilcoxon sign-rank test, W = 84052, p-value < 0.001) and by workers (92% of the 7413 workers observations, Wilcoxon sign-rank test, W = 70105, p-value < 0.001), and recorded 79% of the 1446 queens (Fig. 4b).

Among observations on Cardueae, 61% of the 1112 queens were observed on Cirsium spp., 22% on Centaurea spp. and 13% on Carduus spp. The 4722 male observations and the 6738 worker observations were quite equitably distributed among the three genera (respectively 36% and 35% for Carduus, 30% and 32% for Centaurea, and 29% both for Cirsium; Fig. 4c).

Bumblebee species most observed on thistles

Regarding the bumblebee specific richness, a total of 43 species was recorded on Cardueae (of the 45 species, all plant species included). For several species, more than half of recorded visits were to this tribe. (Table 2, Fig. 5a). The largest numbers, in descending order were:

Bombus veteranus (95% of the observations), B. quadricolor (61%), B. mucidus (59%), B. mesomelas (56%) and B. norvegicus (52%; Fig. 5a).

Moreover, comparative analyses between castes show that many species have one or two castes which are very often observed on Cardueae. Bombus veteranus males and workers were almost exclusively recorded on this tribe (respectively 98% and 96% of the observations). Males of B. mucidus (87%), B. mesomelas (86%), B. confusus (85%), B. mendax (81%), B. lapidarius (73%), B. quadricolor (70%) and B. sylvarum (70%) were also commonly seen on Cardueae (Fig. 5a).

Importance of the four thistle species included in the regulations

36 bumblebee species were observed on the four Cardueae species included in the regulations (see Table S1 

Discussion

Importance of thistles for bumblebee males

We confirm at a larger geographic scale previous results (e.g. [START_REF] Carvell | Habitat use and conservation of bumblebees (Bombus spp.) under different grassland management regimes[END_REF][START_REF] Carvell | Declines in forage availability for bumblebees at a national scale[END_REF][START_REF] Goulson | Diet breadth, coexistence and rarity in bumblebees[END_REF] highlighting the large number of bumblebee male floral visits on Cardueae (mainly Carduus spp., Centaurea spp. and Cirsium spp). This strongly suggests an important role of Cardueae as a nectar resource during late summer when males perform their energy-consuming courtship behaviour (e.g. [START_REF] Croxton | A comparison of green lanes and field margins as bumblebee habitat in an arable landscape[END_REF][START_REF] Pywell | Providing foraging resources for bumblebees in intensively farmed landscapes[END_REF][START_REF] Goulson | Bumblebees: behaviour, ecology, and conservation[END_REF]). The lower number of workers and queens foraging on Cardueae could be explained by their need to collect pollen in addition to nectar for the colony development, unlike males which only feed on nectar. Yet, Asteraceae pollen is rarely found in queens and workers pollen loads [START_REF] Goulson | Bumblebees: behaviour, ecology, and conservation[END_REF]), probably because it may represent a non-optimal diet for bumblebee colonies. This has recently been shown with the relative unsuitability of Cirsium pollen for the colony development of B. terrestris [START_REF] Vanderplanck | Is non-host pollen suitable for generalist bumblebees? Insect Science[END_REF]). It would have been of great interest to perform a comparison between time-periods of the importance of thistles in the foraging choice of bumblebees. However, our data set does not allow us to perform such a detailed study, because of the very different sampling efforts along time.

Importance of Cardueae has also been pointed out for other insect pollinators [START_REF] Vanbergen | Grazing alters insect visitation networks and plant mating systems[END_REF][START_REF] Ricou | A vegetation-based indicator to assess the pollination value of field margin flora[END_REF]. For instance, in the greenways and sown wildflower strips of Southern Sweden, Cirsium spp. and Centaurea spp. were the most visited plant species by eight bumblebee species, but also by 18 butterfly species [START_REF] Haaland | Butterflies and bumblebees in greenways and sown wildflower strips in southern Sweden[END_REF]. Cardueae are especially important in areas with intensive agriculture, where pollinators in general have a narrower spectrum and abundance of flowering plants (e.g. Cirsium species are a major foraging source where other wildflower species are absent; [START_REF] Haaland | Butterflies and bumblebees in greenways and sown wildflower strips in southern Sweden[END_REF]. Beside flower visiting insects, many phytophagous species are associated with Cardueae [START_REF] Freese | The insect complexes associated with the stems of seven thistle species[END_REF] while thistle seeds provide food resource for some beetles, birds and rodents [START_REF] Mccallum | Pre-and post-dispersal predation of nodding thistle seeds by birds and rodents[END_REF].

Potential consequences of regulations against thistles on bumblebee conservation

The four thistle species concerned by regulations against thistles in Belgium, France, the Netherlands and UK (i.e. Carduus cripus, Cirsium arvense, Cirsium palustre and Cirsium vulgare, Table 1) are commonly visited by male bumblebees (Fig. 5b and Table S1 in Supporting information). The regulations could thus (i) greatly reduce the availability of food resources for, especially, bumblebee males during mating period and (ii), consequently, decrease the offspring production reinforcing the bumblebee decline through the population size decrease and the "extinction vortex" [START_REF] Gilpin | Minimum viable populations: processes of species extinction[END_REF][START_REF] Zayed | Complementary sex determination substantially increases extinction proneness of haplodiploid populations[END_REF]. Such a phenomenon is most likely in "Threatened" or "Near Threatened" [START_REF] Cederberg | Bombus. IUCN Red List of Threatened Species[END_REF] species commonly visiting thistle flowers (e.g. B. confusus, B. distinguendus , B. mucidus, B. veteranus;[START_REF] Rasmont | Climatic Risk and Distribution Atlas of European Bumblebees[END_REF]. Moreover, thistle removal acts may affect several other plant species. Indeed, the correct identification of the species that are legislated against is not always easy for farmers and landowners. For the general public, "thistle" refers to all flowering plants characterized by leaves with sharp prickles on the margins. This usually implies that all thistles and thistle-like plants are wiped out leading to other Cardueae species decline (e.g. in Belgium, Cirsium dissectum, Cirsium tuberosum, Carduus nutans and Cirsium eriophorum; [START_REF] Crémer | Le contrôle des populations indésirables de rumex, chardons et orties dans les prairies permanentes[END_REF]. Furthermore, many measures taken to eradicate thistles (e.g. repeated mowing, fertilize and lime to ensure the maintenance of an herbaceous cover, or herbicides) also affect non-Cardueae plants (e.g. [START_REF] Turner | Organic weed management: A review of the current UK farmer perspective[END_REF][START_REF] Crémer | Le contrôle des populations indésirables de rumex, chardons et orties dans les prairies permanentes[END_REF][START_REF] Andreasen | Managing farmland flora to promote biodiversity in Europe[END_REF], including Fabaceae, the main food resources for bumblebee females (Fig. 4a).

Guidelines for policy-makers and conservation organizations

Because of the importance of thistles for bumblebee males (and also for other species ensuring the pollination ecosystem service) there is a premium on repealing the thistle removal acts but also on limiting Cardueae suppression in regions where thistle removal is not mandatory but is still carried out by most farmers [START_REF] Bond | Non-chemical weed management in organic farming systems[END_REF][START_REF] Turner | Organic weed management: A review of the current UK farmer perspective[END_REF][START_REF] Melander | Direct control of perennial weeds between crops -Implications for organic farming[END_REF]). Moreover, bumblebees can act as umbrella species for the other organisms associated with thistle and thistle-like plants (butterflies, other bees and hoverflies).

Despite the obvious benefit of minimising the removal of Cardueae for many pollinators, agricultural policy requires the control of thistles in order to maintain farmland productivity. Indeed, some thistles may weaken pasture and crops due to their allelopathy (i.e. releasing soluble inhibitors that discourage the growth of pasture grasses and legumes; [START_REF] Wardle | Influence of plant age on the allelopathic potential of nodding thistle (Carduus nutans L.) against pasture grasses and legumes[END_REF], their highly effective seed dispersal and their clonal spreading ability (leading to large area monopolization; [START_REF] Kelemen | Sustaining recovered grasslands is not likely without proper management: vegetation changes after cessation of mowing[END_REF]. In grasslands, thistle control can be achieved by prevention techniques that maintain a large floral diversity (e.g. avoiding over-fertilizing, over-or under-grazing, and bare soils) coupled with more specific methods (e.g. alternating mowing and grazing). In crops, thistle control without the use of pesticides is possible by using crop rotation and stubble techniques [START_REF] Andreasen | Managing farmland flora to promote biodiversity in Europe[END_REF][START_REF] Nicholls | Plant biodiversity enhances bees and other insect pollinators in agroecosystems. A review[END_REF]. When such actions in croplands and grasslands are not possible, maintaining tolerable densities of thistles in fields could help to support pollinator populations [START_REF] Nicholls | Plant biodiversity enhances bees and other insect pollinators in agroecosystems. A review[END_REF]. Moreover, thistle removal in other areas should not be promoted because they are very rarely a problem outside farmlands. Therefore, gardens can act as refuges for bees and bumblebees in urban environments and intensively managed farmlands, as already suggested by previous studies (e.g. [START_REF] Ahrné | Bumble bees (Bombus spp) along a gradient of increasing urbanization[END_REF][START_REF] Samnegård | Gardens benefit bees and enhance pollination in intensively managed farmland[END_REF].

In summary, thistle removal regulations are obsolete because they are based on an old agricultural context, and methods of weed control have evolved since their establishment [START_REF] Andreasen | Managing farmland flora to promote biodiversity in Europe[END_REF]. These regulations should therefore be re-evaluated, taking into account the increasing consideration of biodiversity in agricultural landscapes [START_REF] Nicholls | Plant biodiversity enhances bees and other insect pollinators in agroecosystems. A review[END_REF] and particularly the high priority given to the wild pollinator conservation (IPBES 2016). 
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