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highest remaining proportion of a feature {in this case, genetic di-
versity of a species) remaining in a cell. This complementarity-based
priority ranking of geographic areas ensured that diversity hotspots
of every species were at least partly represented in the top priority
areas even if they did not overlap with genetic hotspots of other
species. The analysis produced a priority ranking for each cell, with
the least important grid cell receiving a value of 0.0 and the most
important cell receiving a value of 1.0. This analysis was replicated
with the different radii of the sliding window. As for the building
of multispecies GDH consensus maps, we excluded C. hederae from

Zonation analyses.

3 | RESULTS

3.1 | Species-specific GDH

Interpolation surfaces based on a sliding window defined by circles
of different radii r highlighted similar portions of the distributions
where genetic diversity was higher than defined threshold values
(0.50, 0.75 and 0.95 quantiles; see Figure 1, Supporting information
Figures S1-S2). Genetic diversity was unevenly distributed across
species ranges for all thresholds (Figure 1). Comparing the distribu-
tions of species-specific GDH among species showed that regions
associated with high genetic diversity differed among species for
all threshold values (Figure 1). For each species, we also detected
small differences among loci in their genetic diversity distribution
(Supporting information Figure S3), which further underlines the ne-
cessity to base genetic diversity measures on multiple loci to account

for stochastic variability among loci.

3.2 | Multispecies GDH and spatial
prioritization analyses

The multispecies GDH hosting more than four species were re-

stricted to some areas {e.g., inside the south-western quarter of
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France and Central Europe; Figure 2, Supporting information Figure
S4) and included a small amount of species-specific GDH (Table 1).
This trend increased with higher threshold values (Figure 2,
Supporting information Figure S4).

The top 5% priority areas identified by the Zonation analyses
mainly included areas of overlap among GDH for several species
(Supporting information Figure S5). However, some regions of GDH
for only one or two species were also identified as priority areas
(Supporting information Figure S5). Compared to the consensus
maps, the Zonation analyses thus provided additional information
by identifying areas of high irreplaceability. The results based on
the three sliding window radii did not differ notably, except that the

largest radius led to the identification of fewer, larger priority areas.

4 | DISCUSSION

4.1 | Potential limitations

While a small sampling size at each sampling location can bias the
conclusions on GDH patterns, the sliding window approach allows to
a certain extent to minimize this deleterious effect. Indeed, the ap-
proach estimates the genetic diversity for particular point of the map
from several individuals sampled within a given radius around this lo-
cation. This means that a large number of specimens are considered
to estimate the genetic diversity in a particular location, even when
only few specimens have been collected at each sampling place.
However, the sliding window approach can be limited in areas where
sampling places are scattered and distant from each other (i.e., more
distant than the sliding window radius, e.g., B. terrestris). Therefore,
GDH patterns in such areas should be carefully considered and fur-
ther supported by future genetic assessments.

The present GDH analysis is based on mitochondrial and nuclear
sequences. This choice was primarily motivated by the availability
of these markers for the studied species. Other markers such as sin-

gle nucleotide polymorphisms (SNPs) or simple sequence repeats
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FIGURE 2 Consensus maps based on the specific threshold maps built from interpolation surfaces based on sliding windows with a
radius r = 50 km. The colour scale reports the number of species for which the nucleotide diversity is higher than the threshold value of 0.50
and 0.75 quantiles. Black lines indicate the position of national borders. See Supporting information Figure S4 for consensus maps based on

alternative sliding window radius
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TABLE 1 Percentage of areas of consensus maps with a given number of species associated with a nucleotide diversity higher than a

specific threshold value

Number of species with a nucleotide diversity higher than the threshold value

Sliding window

Threshold value radius (r) 1 2
0.50 quantile 25 km 100% 65.8%
50 km 100% 64.3%
100 km 100% 60.9%
0.75 quantile 25 km 100% 64.9%
50 km 100% 62.1%
100 km 100% 56.3%
0.95 quantile 25 km 100% 19.5%
50 km 100% 23.0%
100 km 100% 20.4%

(“microsatellites”) are currently not available at the continental scale
for European bees. Because in general a larger number of loci can
be genotyped with this type of markers, they would give us access
to genetic variation from a much larger portion of the genome,
and future GDH studies should seriously consider to include them.
Nonetheless, the mitochondrial and nuclear sequences analysed for
the present study offer a sufficient number of alleles per species to

provide important information regarding recent population history.

4.2 | Few and small multispecies GDH

Comparison of sampling efforts of analysed genetic datasets shows
discrepancies between species (Figure 1). As observed in many
European invertebrate and vertebrate taxa (Avise, 2000; Hewitt,
2004), genetic diversity of Bombus and Melitta species is unevenly
distributed and scattered in several hotspots across their distribu-
tion range (Figure 1). The hotspot locations could correspond to lce-
Age refugia or hybrid zones between previously isolated gene pools
(Avise, 2000). The restricted dispersal ability of many bees (Lecocq
et al, 2017; Murray, Kuhlmann, & Potts, 2009) may explain the
maintenance of such geographic structure through time. In contrast,
C. hederae displays a more even distribution of its genetic diversity,
which may be associated with the very recent (since the 1990s)
range expansion with relatively high migration rates of this species
(Dellicour et al., 2014). However, our geographically limited sampling
for this species should be expanded to assess this hypothesis.

Some areas clearly exhibit higher genetic diversity levels for a
majority of the examined species (Figure 1). However, our analyses
did not highlight a large common pattern of genetic diversity distri-
bution shared by most studied species (i.e., multispecies GDH are
small and scattered; Figure 2). This could be explained by differences
in ecological niches among species (i.e., spatial distribution pat-
terns of genetic hotspots can differ among taxa according to their
specific ecological requirements, as observed in South American
trees; Souto et al., 2015) and/or by specific demographic histories
(Hewitt, 2004; Stewart et al., 2010). First, current patterns of ge-

netic variation for specialist pollen forager bees (e.g., Melitta) have

3 4 5 6 7 8
50.9% 32.4% 20.7% 7.1% 1.7% 0.2%
50.7% 30.2% 20.0% 7.5% 0.9% 0.0%
49.5% 31.1% 22.0% 6.1% 0.3% 0.0%
32.1% 10.0% 2.2% 0.0% 0.0% 0.0%
34.8% 11.8% 1.7% 0.0% 0.0% 0.0%
31.7% 11.5% 1.1% 0.0% 0.0% 0.0%
4.2% 0.1% 0.0% 0.0% 0.0% 0.0%
3.7% 0.1% 0.0% 0.0% 0.0% 0.0%
1.7% 0.0% 0.0% 0.0% 0.0% 0.0%

likely been impacted by past and current abundance of host plant
species {Dellicour, Michez, & Mardulyn, 2015; Dellicour, Michez,
Rasplus, et al. 2015), while those for generalist bees (e.g., Bombus
spp. that can shift to alternative pollen resources; Roger et al., 2017)
were likely and mostly influenced by climate only {Dellicour et al.,
2017; Kerr et al., 2015). This can explain the GDH species specificity
in specialist bees. However, even between wide-ranging generalist
and closely related species (i.e., the five bumblebee species), sub-
stantial differences in the spatial distributions of GDH can still be
observed (Figure 1) most likely due to species-specific ecological
requirements {i.e., studied bumblebee taxa have different climatic
niches; Rasmont et al., 2015). Second, European bee species have
(a) experienced different range shrinking during the last Ice Age
(Dellicour, Michez, Rasplus, etal. 2015; Dellicour etal., 2017), {b)
followed different re-colonization routes leading to species-specific
gene pool mixing zones (e.g., Dellicour, Michez, & Mardulyn, 2015;
Dellicour, Michez, Rasplus, et al. 2015; Lecocq et al., 2013) and (c)
different times of range expansion {e.g., C. hederae, Dellicour et al.,
2014) that further increase the probability of GDH pattern diver-
gence. Similar species specificity in demographic histories has been
observed in other organisms, even when comparing closely related
taxa (e.g., in insects: lkeda, Kubota, Cho, Liang, & Sota, 2009; birds:
Alvarez-Varas, Gonzalez-Acufa, & Vianna, 2015; plants: Wu et al.,
2006; echinoderms: Taboada & Pérez-Portela, 2016) making similar
conclusion likely for other species groups.

Overall, while one may expect to find overlapping genetic diver-
sity hotspots when comparing sympatric wide-ranging and closely
related taxa with similar ecological tolerances (e.g., Souto et al,,
2015), our results show the analysed European bees display differ-
ent GDH most likely due to their specific ecological requirements
and/or their specific demographic histories. This GDH species spec-
ificity suggests that the hotspots locations of one European bee
species cannot be predicted using data from other closely related
species. Therefore, identifying all GDH of European bees requires
a relatively extensive and detailed genetic assessment of all species
of interest. This could make the GDH definition unpractical from

a financial {i.e., costs of genetic analysis) or sampling {(e.g., ethical
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and legal issues to sample rare and declining species) point of view.
However, this issue could be overcome in the future assuming ana-
lytic advances (i.e., non-invasive genetic sampling) and decrease in

genetic analysis costs.

4.3 | Conservation of genetic diversity

Current conservation strategies aim at protecting bees by minimiz-
ing habitat loss and making agricultural habitat bee-friendly across
most of the species distribution ranges (Brown & Paxton, 2009;
Potts et al., 2011). However, such ambitious plans are still facing
the issues raised by agricultural practices, funding limitations and
anthropogenic pressures (Brown & Paxton, 2009; Potts et al., 2011).
Therefore, there is a risk that if large geographic-scale conserva-
tion management fails, it would not be possible to preserve large
population sizes to ensure the long-term persistence of bee genetic
diversity. In this context, the spatial prioritization approach could
provide a complementary solution to protect genetic diversity of
several bee species by intensifying conservation efforts on multi-
species GDH. These multispecies hotspots could be managed as bee
natural reserves {i.e., strict natural reserves or national park sensu
IUCN protected area categories), while urban and semi-natural areas
should be “pollinator-friendly” to act at least as corridors (Holzschuh,
Steffan-Dewenter, & Tscharntke, 2009) assuring flow of genes, indi-
viduals and pollination service towards other regions and between
GDH.

In practice, however, our results suggest that the usefulness of
spatial prioritization for bee conservation biology is limited. On the
one hand, selecting the only few areas displaying high genetic di-
versity for a majority of species would considerably reduce the por-
tion of genetic diversity protected for each species (i.e., multispecies
GDH including at least half of the nine studied species include less
than 25% of the area of each species-specific GDH, Table 1), which
would then be insufficient for species long-term viability. On the
other hand, the existence of multiple hotspots, unique to one or a
few species, prevents from identifying a reasonable number of target
geographic areas to be protected. This is acknowledged by Zonation
analyses that emphasize the conservation value (including irreplace-
ability, Pressey, Johnson, & Wilson, 1994) of many large geographic
areas {Supporting information Figure S5) including regions under
high human development pressures (Kukkala & Moilanen, 2013).
While bee conservation in natural reserves already existing in mul-
tispecies GDH areas should be maintained, a strict land protection
cannot be established over such large regions. Therefore, there is no
alternative to current conservation strategies which aim at maintain-
ing bee populations overall species distributions by embedding bee
biodiversity maintenance within agricultural development (Brown &
Paxton, 2009) or developing urban “pollinator-friendly” green infra-
structure in cities (Dicks et al., 2016). As European bee species are
distributed across several countries, ensuring bee survival requires
the development of bee conservation plans at both national and in-
ternational levels, as underlined by the concept of national responsi-
bility (Schmeller et al., 2008).

sy s istriuions IV TSN

The present study shows that GDH is species-specific for sev-
eral European bee taxa. Therefore, focusing conservation efforts
strictly on the few regions harbouring GDH for many species is
unlikely to be sufficient to ensure genetic diversity of all closely
related species. As species-specific demographic history has been
observed in other organisms and in other parts of the world, sim-
ilar results could be expected for other declining species groups.
Subsequently, the suitability of a spatial prioritization strategy to
protect genetic diversity should be carefully considered in all spe-

cies groups across the world.
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