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Abstract Eusociality and male haploidy of bumblebees
(Bombus spp.) enhance the deleterious effects of popula-
tion decline and aggravate the degeneration of population
fitness compared to solitary and diploid species. The highly
dispersive male sex may be the prime driver to connect
otherwise isolated populations. We therefore studied the
temporal and spatial structure of the male population of
Bombus terrestris (Linnaeus 1758) and Bombus lapidarius
(Linnaeus 1758) using microsatellite DNA markers. We
found that the majority of the males in a 1000 m? sampling
area originated from colonies located outside of the
workers foraging range, which was consistent with the
genetic distances among colonies. The analyses of tem-
poral population sub-structure based on both colony
detection rate over time and the clustering software
STRUCTURE consistently suggested one large and tem-
porally unstructured male population. Our results indicate
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an extended male flight distance for both species. Though
the range of queen dispersal remains to be studied, the
effective size (V) of bumblebees is increased by extended
male mating flight ranges (4,,) exceeding worker foraging
distance by factor 1.66 (A,, = 69.75 kmz) and 1.74
(A,, = 13.41 km?), B. terrestris and B. lapidarius, respec-
tively. Thus this behaviour may counteract genetic depri-
vation and its effects. All populations were genetically
highly diverse and showed no signs of inbreeding. We
discuss the implications of our findings in context of
bumblebee population dynamics and conservation. We also
highlight the effects and benefits of sampling both workers
and males for population genetic studies.

Keywords Bombus spp. - Conservation - Genetic
diversity - Male flight range - Population genetics -
Population structure

Introduction

Insect mediated pollination is an essential but potentially
endangered ecosystem function as numerous wild and
managed pollinators have been reported to have undergone
dramatic declines at a large scale (Packer et al. 2005;
Biesmeijer et al. 2006). Pollinators’ ecological and eco-
nomical value for long was contrasted by an incomplete
understanding of pollinator population dynamics and
genetics (e.g., Ghazoul 2005). Only recently this issue has
been addressed in various conservation genetic studies
especially on social bees (Kearns et al. 1998; Packer et al.
2005; Darvill et al. 2006; Ellis et al. 2006; Goulson et al.
2008a, 2008b; Brown and Paxton 2009; Grixti et al. 2009;
Murray et al. 2009; Zayed 2009; Charman et al. 2010).
Bumblebees (Bombus spp.) are arguably one of the most
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efficient pollinators having large worker forces entirely
devoted to foraging outnumbering solitary pollinators.
However, many aspects in the life history of bumblebees
severely limit gene-flow between and within populations
reducing the effective population size (N.) (Chapman and
Bourke 2001; Packer and Owen 2001; Murray et al. 2009;
Zayed 2009). Monoandry and the annual colony life cycle
result in recurrent annual bottlenecks with only few colo-
nies contributing to the next generation gene pool through
males and gynes (Miiller and Schmid-Hempel 1992;
Goulson 2003). Male haploidy further reduces the popu-
lation’s gene pool, again lowering the effective population
size (Packer and Owen 2001; Zayed 2009). Indeed, for
some declining Bombus species low effective population
sizes (e.g., B. muscorum: Darvill et al. 2006; B. sylvarum:
Ellis et al. 2006; B. distinguendus: Charman et al. 2010)
and detrimental inbreeding effects (B. muscorum: Darvill
et al. 2006) have been reported. Inbreeding is especially
detrimental as the sex-determining-locus (sl-csd) requires
heterozygosity in the female sex, whereas homozygosity
leads to the production of unviable or infertile diploid
males instead of females (Duchateau and Marién 1995;
Zayed 2004; Darvill et al. 2006; Takahashi et al. 2008;
Whitehorn et al. 2009a, b).

As bumblebees have stationary colonies, genetic
exchange among sub-populations counteracting population
fragmentation can only be realized through dispersing males
and queens. Hence, the number of male and queen producing
colonies within the mating range determines N, and the
diversity of the next generation’s gene pool. However, our
knowledge on the dispersal of bumblebee reproductives is
limited at best. The few reports on queen dispersal suggest
that bumblebee queens can cover large distances during
spring migration to suitable nest sites (Mikkola 1984) but
seem to compare generally to workers in their dispersal rates
(Lepais et al. 2010). The population genetic effects of queen
dispersal and the interplay of male and queen dispersal in the
late season, meanwhile, remain to be studied.

Male patrolling behaviour of bumblebees, in contrast,
already fascinated Darwin (1886) and the spatial dimen-
sions of individual male patrol routes have been studied in
great detail in numerous species (e.g., Haas 1949; Svensson
1979). Recently Kraus et al. (2009) showed that the flight
distance of B. terrestris males exceeds the foraging dis-
tance of workers by far at the population level. Hence,
males rather than queens may be prime candidates to
genetically bridge sub-populations to increase the effective
population size. The spatial distribution alone as addressed
by Kraus et al. (2009) may, however, be insufficient to
assess the full potential of male dispersal if the composition
of the male population is also temporally highly diverse.
Different colonies might provide males at different points
in time or males from more distant colonies might arrive at
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a later point in time at a certain sampling site than those of
nearby colonies. Hence, we here address not only the
spatial but also the temporal dynamics of male populations
of two bumblebee species, B. terrestris and B. lapidarius
using a time-controlled sampling regime.

Materials and methods
Sampling and species identification

Workers and males of B. terrestris and B. lapidarius were
sampled on a daily basis from June 24th to July 25th, 2008
in the flower-rich urban park “Heide-Siid” in Halle/Saale,
Germany on a 1000 m* sampling plot (51°29'30 N;
11°56’10 E). Individuals were caught from flowers with an
insect net. After initial species identification in the field,
bees were sacrificed and stored in Ethanol (70%). Fol-
lowing the identification key of Mauss (1994) all individ-
uals were double-checked for species identity and sex
using a microscope. For B. terrestris workers, the species
identity was confirmed by species-specific mtDNA RFLPs
on a sub-sample of n = 80 individuals (Murray et al. 2008;
Wolf et al. 2009).

DNA analysis

DNA was extracted from one middle leg of each individual
following the Chelex extraction protocol described by
Walsh et al. (1991). Individuals were then genotyped at
five microsatellite loci (B10, B100, B11, B124 and B126;
Estoup et al. 1993, 1995) following standard PCR protocols
(e.g., Kraus et al. 2009) in an automated DNA capillary
sequencer (MegaBACE 1000) according to manufacturer’s
instructions.

Colony assignment

The genetically effective unit in a bumblebee population is
the colony. Analyses based on individual workers and
males are, thus, prone to biased estimates if colonies
unevenly contribute to the overall sample. Hence, indi-
viduals sampled in the field need to be assigned to a spe-
cific colony (= mother queen) for subsequent population
genetic analysis at the colony level. We therefore inferred
the genotypes of the putative mother queens from indi-
vidual workers and males by using the software CoLoNy 1.3
(Wang 2004). Based on a maximum likelihood approach
this software uses both the individual genotypes (both
haploid and diploid) and the overall allele frequencies in
the sample to infer the minimum number of putative natal
colonies giving the two most likely queen genotypes for
each inferred colony. For each sample we performed five
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replicate CoLoNy-runs with different random seed numbers
selecting the most likely queen genotypes inferred from the
run with the highest log probability for further analyses.
Sample-size correction of inferred colony numbers (non-
sampling error, NSE) was done with the algorithm
described by Cornuet and Aries (1980).

Foraging workers

Foraging workers are colony-based and, thus, spatially
confined to their foraging range around their mother-col-
ony (e.g., Chapman et al. 2003; Darvill et al. 2004; Knight
et al. 2005; Osborne et al. 2008; Wolf and Moritz 2008;
Kraus et al. 2009; see also Goulson and Osborne 2009).
Consequently, the genetic composition of the foraging
population (workers) was assumed to be stable over time
and served as a “reference” population referred as to “LQ”
(local queens).

Male population

In contrast to workers, males never return to the colony
after they have left it. Based on their genotype we checked
for males that had been produced by the local queens
(= males matching worker-inferred queens LQ). Accord-
ingly we grouped worker inferred local colonies in those
contributing both workers and males (LQy,, i.e., worker-
inferred queens matching with at least one male genotype)
and those that contributed only workers (LQ,).

Males that could not be assigned to a local queen
(= “foreign males”) were considered to originate from
colonies outside the foraging range of its workers. These
colonies were inferred from the foreign male genotypes
again using Corony 1.3. and referred to as “foreign
queens” (FQ,,). Due to the lack of a priori-information on
the potential male-population structure, all males were
pooled for queen assignment procedure.

Genetic distance D,

Based on the inferred queen genotypes (C) we assessed the
genetic structure among the three colony types (LQ,
LQwims» FQm) by calculating mean pair-wise Nei’s stan-
dard genetic distances D, (Nei 1972). In order to correct for
different sample sizes (i.e., colony numbers per sub-pop-
ulation) we based our genetic distance calculations on 1000
random sub-samplings within and among the sub-popula-
tions (= comparison of two random sub-samples from the
same and from different sub-population(s), respectively).
We sub-sampled 32 and 21 queen genotypes for B. ter-
restris and B. lapidarius, respectively, representing half the
number of the queen genotypes in the smallest sub-popu-
lation. This allowed standardizing the number of queen

genotypes over all sub-populations without overlapping
sub-sampling within a sub-population. The population
genetic structure was visualized by hierarchical clustering
(UPGMA) using a dissimilarity matrix generated from
mean pair-wise genetic distances (D, values).

Analysis of temporal structure

In one large and temporally unstructured male population,
the repeated sampling represents a cumulative sub-sam-
pling from a constant pool of male providing colonies.
Colonies that remained un-detected in the first sampling
bouts due to an insufficient sample-size (non-sampling
error, NSE) should be traced as the overall sample-size
increases. We thus expect a saturation curve approaching
the actual total number of colonies in the population with
increasing sample size.

In contrast, a temporally strongly structured male pop-
ulation where different colonies sequentially contribute to
the male population, sub-sequent sub-samples (weeks I—
IV) should not show a saturation curve but rather show a
constant increase in the number of colonies detected. We
tested both hypotheses (one large population vs. temporally
structured population) by comparing the residual variance
in the sample set of either population model.

Additionally, we analysed the foreign male genotype
data with the model-based clustering algorithm provided
by the software package STrucTURE 2.2 (Pritchard et al.
2000). It uses the genotype data of the males to infer the
most likely population structure for a specified number of
clusters (k). Assuming genetic admixture and independent
allele frequencies between potential clusters, we explored
the dimensions of a potential temporal structure by per-
forming ten iterations for k = 1 (no turnover) to k = 56
(full turnover twice a day). The mean In-probability (P;,)
for each k was used to assess the most likely number of
discrete clusters within the overall sample. This analysis
was based on individual genotypes rather than on inferred
queen genotypes as these most sensitively reflect any
genetic structure in the sample. To provide an even more
rigorous setting, we divided the male sample into four
pools according to the week of sampling and inferred
queen genotypes from these pools separately with CoLony.
This procedure enhances any potential differences among
the four pools by preventing individuals from different
sampling bouts to be assigned to one colony. These queen
genotypes were pooled and again analysed for the most
parsimonious number of clusters (STRUCTURE 2.2).

Effective population size

Effective population size estimates are typically based on
worker samples (e.g., Darvill et al. 2006; Ellis et al. 2006)
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ignoring male contributing foreign queens. Here, we calcu-
lated the effective population size N, separately for the
worker contributing and male contributing population using
Wright’s (1933) equation for haplo-diploid populations. As
monoandry is assumed for both species N, equals 1.5 times
the number of estimated colonies (e.g., Darvill et al. 2006).

Population genetics

The classical population genetic parameters: number of
alleles (A,), observed and expected heterozygosity (H.,,
H.), inbreeding coefficient (F;s5) and Hardy—Weinberg
equilibrium (HWE) were calculated from inferred queen
genotypes using Fgrar 2.9.3. (Goudet 1995). Allelic rich-
ness (A,) was calculated using the software HP-rare
(Kalinowski 2005) correcting for different sample-sizes
(i.e., number of queens). All statistical analyses were per-
formed with Statistica 7.0 (StatSoft).

Male flight range and colony densities

Following the approach of Kraus et al. (2009) we estimated
male flight range (A,,) from the total number of male con-
tributing colonies. Not all queens that produce workers also
produce males and the local foraging population is thus
composed of workers that originated from colonies that only
produce workers (LQ,,) and those that produce both workers
and males (LQy, ). Assuming a constant frequency of male
contributing colonies in the population, we can estimate the
overall number of male contributing colonies from the den-
sity of male contributing colonies (d,,) within the foraging
range (A,,) of all local colonies (d,, = LQy,n/A,). Since
estimates of the worker flight range vary strongly in the lit-
erature (Dramstad 1996; Saville et al. 1997; Kwak et al.
1998; Osborne et al. 1999, 2008; Walther-Hellwig and
Frankl 2000; Chapman et al. 2003; Darvill et al. 2004; Knight
et al. 2005; Westphal et al. 2006; Wolf and Moritz 2008;
reviewed in Goulson and Osborne 2009) we inferred the
flight range of the males from all available estimates of
worker foraging range and the overall mean the overall mean
worker flight range of all these studies (B. terrestris: A,, =
5.76 kmz, foraging distance r,, = 1354 4+ 963 m; B. lapi-
darius: A,, = 7.71 km?, r,, = 1567 £ 1151 m) as follows:

_ Awx (FQu +LQu i)
L(2w+m

where A,, is the male flight range (kmz), A,, the mean
worker foraging range (km?), FQ,, the number of male
contributing colonies outside of the workers foraging
range, LQy, ., is the number of male contributing colonies
within the workers foraging range

We used the A,:A,, ratio to quantify the male flight
ranges in relation to that of workers. The estimated mean

Am
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male flight distance (r,,) is the radius of the population
wide mean male flight range estimate A,,,, which is assumed
to be circular.

Results
Worker population

We genotyped a total of 352 B. terrestris workers of which
we inferred 198 colonies resulting in a sample size cor-
rected estimate of 273 “local” colonies (NSE = 75) (see
Table 1). For B. lapidarius we estimated 175 colonies with
a non-sampling error of NSE = 34 based on a 287 worker
sample. Sub-sample sizes (n), inferred (C), and sample size
corrected colony numbers (C¢) and non-sampling error
(NSE) for both species are given in Table 1.

Male population

The local male population consisted of 34 and 43 indi-
viduals (16.2 and 22.4% of total) for B. terrestris and B.
lapidarius, respectively, which we estimated to originate
from 107 (NSE = 40) and 69 (NSE = 27) colonies
respectively. Since some male genotypes (23.3-47.4%)
matched with more than one queen genotype (putative
mother colonies) of which all were treated as local male
contributing colonies this estimate is an overestimate.

In both species, only slightly more than one third of the
identified local colonies (B. terrestris: 39.2%; B. lapida-
rius: 39.4%) did potentially contribute males and the
majority of local queens only produced workers [B. ter-
restris LQy,: Cc = 171 (NSE = 40); B. lapidarius LQy:
Cc = 116 (NSE = 17)]. Foreign males were estimated to
originate from 71 B. terrestris (NSE = 6; n = 176) and 51
B. lapidarius (NSE = 3, n = 149) colonies (Table 1).
Based on the frequency of male producing colonies in the
local population, we estimated 113 B. terrestris and 86 B.
lapidarius foreign colonies that only produced workers
[FQu, Ne = 169.5 and 129, respectively (Table 1)].

Population genetic characterization

Population genetic parameters for both species are sum-
marized in Table 2. In all sub-samples (LQy, LQyim,
FQ,,) we detected high allele numbers (A,). Using rare-
faction allelic richness (A,) and private allelic richness
(pA,) were standardized to 128 and 80 genes per sub-
population for B. terrestris and B. lapidarius, respectively.
There were no significant differences in the allelic richness
(A,) among the sub-samples, and we detected neither a
significant deviation from Hardy—Weinberg equilibrium
nor any significant inbreeding.



Popul Ecol

Table 1 For B. terrestris and B. lapidarius sample size (n; male
samples (m) given in italic font, worker samples (w) in regular font),
number of inferred colonies (C), non-sampling error (NSE) and

sample-size corrected number of colonies (C¢) are given for worker-
derived local colonies (LQ,/LQ,, ) and male contributing foreign
colonies (FQ,,)

Inferred from Workers (w) Males (m) %LSM
Local queens (LQ) Total Foreign queens (FQ)
Total LQ,, LQwim Novel FQ,, over time
FQm FQuw
Week 1 Week 11 Week 11T Week 1V
B. terrestris
n (+m) 352 (+34) 247 105 (+34) 210 176 35 80 31 30
C 198 131 67 - 65 29 31 5 0
NSE 75 40 40 - 6 59 3 0 0
Ce 273 171 107 - 71 88 34 5 0 113
Ne 409.5 256.5 160.5 - - - - - 169.5
mN, - - 160.5 - 106.5 - - - -
B. lapidarius
n (+m) 287 (+43) 223 107 (+43) 192 149 43 42 46 18
C 141 99 42 - 48 33 11 4 0
NSE 34 17 27 - 3 43 0 0 0
Ce 175 116 69 - 51 76 11 4 0 86
N, 262.5 174 103.5 - - - - - 129
mN, - - 103.5 - 76.5 - - - -

For the latter initial male contribution i.e., time of a colonies first detected male contribution is given. Relevant colony numbers are translated
into effective population size (N, = Cc x 1.5). The effective population size calculated from male contributing colonies is referred to as male
effective population size (mN,). We also estimated the number of foreign colonies only producing workers (FQ,,) applying the proportion of local
male contributing colonies (LQy,) to worker contributing local colonies (LQ,,) to the foreign population

Based on the mean genetic distances (D,) we found a
weak within local population (LQ,, and LQy,) separation
(B. terrestris: D, = 0.063 &+ 0.01; B. lapidarius: D,
0.129 £ 0.03) but a strong separation of the foreign male
population (FQ,,) from the “local” cluster (B. terrestris:
average of FQ,-LQ, and FQ,—LQy.n: B. terrestris:
D, = 0.106 + 0.02; B. lapidarius: D, = 0.254 £ 0.04)
(Fig. 1). The overall clustering was supported in 97.2% (972
of 1000) and 99.0% (990 of 1000) of the clusters inferred
from each of the sub-sampled populations.

Though there were only marginal differences in mean
allele richness (A,) in LQu and FQ,, private allele
richness (pA,) is increased in the foreign colonies (albeit
only significant for B. ferrestris: 3.52 (20.9% of A,) and
1.76 (12.4%), FQ,, and LQ., respectively; ¢ test:
Z =198, df =8, P = 0.047 (B. lapidarius: 2.71 (18.7%)
and 2.54 (17.8%), FQ,, and LQu.;, respectively Mann—
Whitney U test: ns) (Table 2) indicating the effects of an
increased male mating range on the population genetic
composition and diversity.

Temporal dynamics of the male population

The observed distribution of foreign males over time
closely matched the distribution expected by repeated

sampling of one large population. 93.8 and 92.9% of the
observed distribution of foreign male contributing colo-
nies over time for B. fterrestris and B. lapidarius,
respectively, could be explained by the non-sampling
errors associated to the sample size (Tables 1, 3), sug-
gesting one large and temporally unstructured male
population.

This is strongly supported by the cluster analyses of
individual foreign male genotypes, queen genotypes
derived from all foreign males, and queen genotypes
derived from weekly pooled male sub-populations (based
on four sub-populations according to sampling week).
Neither approach suggested any distinct clusters within the
foreign male population. The assignment to k clusters
consistently resulted in a highly significant decrease of the
In probability (P;,) as k was increased (B. ferrestris:
Pln(k = 1-28)- F7’72 = 149, P < 0001, B. lapidarius:
Pik = 1228y F770 =6.05; P <0.001). In all cases
Py = 1) = —2024.3 £ 0.77/-1625.0 & 9.42 (B. terres-
tris/B. lapidarius) was significantly higher than P, - ») =
—2066.29 £+ 17.1/—-1660.4 & 12.4 (B. terrestris: t =
—7.66, df =18, P <0.001; B. lapidarius: t = —7.18,
df =18, P <0.001) (Fig. 2). This clearly suggests no
temporal structure within the male population as most
parsimonious result.
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Table 2 Population genetic parameters are given for local worker-only producing colonies (LQ,,), local male and worker producing colonies
(LQuw-rm), all local colonies (LQy1), and foreign colonies (FQ,,)

A, = SD A; £ SD(128/30 genes) PA, £ SD(128/30 genes) H, £ SD He + SD Fig

B. terrestris

LQy 18.8 + 3.56 16.14 £ 3.09 - 0.84 + 0.05 0.84 £ 0.06 0.007™
LQwim 12.0 + 3.67 11.94 + 3.65 - 0.89 + 0.07 0.77 £ 0.08 —0.156 ™
LQotal 19.0 £ 3.32 14.99 + 2.93 1.76 + 0.61 ]x 0.87 £+ 0.05 0.81 + 0.07 —0.074"
FQ,, 16.8 £ 3.96 16.75 + 3.97 352 £ 1.17 0.80 £+ 0.05 0.83 + 0.07 —0.025"
B. lapidarius

LQy 17.6 &+ 3.05 14.38 + 2.26 - 0.81 &+ 0.06 0.85 + 0.04 0.045™
LQw+m 11.6 + 2.88 11.50 + 1.83 - 0.91 £ 0.06 0.79 £ 0.04 —0.147"
LQotar 17.8 + 2.86 13.67 £ 2.02 2.54 £ 1.78 } 0.84 + 0.16 0.84 £ 0.04 —0.01™
FQun 14.6 + 2.88 13.84 + 2.64 2.71 £ 1.36 0.84 + 0.07 0.84 £ 0.03 0.026™

We present the average over loci (mean £ SD) of number of alleles per locus (4,), allelic richness (A,), private allelic richness (pA,), observed
and expected heterozygosity (H, and H,) and Inbreeding coefficient F;5 with its significance to deviate from zero. A, and pA, are standardized for

minimum number of genes within a sub-population per species (B. terrestris: 128; B. lapidarius: 80) using rarefaction

B. terrestris: Genetic Distances D, between

B. lapidarius: Genetic Distances D, between

local (LQ,, and LQ,,,,,) and foreign colonies (FQ,,) local (LQ,, and LQ,,,,) and foreign colonies (FQ,,)

LQ, ] LQ, ]
LQw+m 7 Lc)w+m 7
FQ 1 FQ 4

0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18
D,

Fig. 1 Allele-frequency derived genetic distances (Nei 1972) among
the three types of colonies inferred from B. terrestris and B.
lapidarius samples (LQ,, = only worker contributing, local colonies;
i.e., located within flight range of workers around the sample site;
LQw+m = local male contributing colonies; FQ,, = male contribut-
ing colonies outside of the workers foraging range). Foreign colonies

Effects on the effective population size

Based on the corrected number of colonies derived from the
worker samples (Cc = 273 and 175), the effective popu-
lation sizes were estimated with Newootay = 409.5
(=273 x 1.5) and 262.5 (= 175 x 1.5) for B. terrestris
and B. lapidarius respectively. The local male effective
population sizes mN, for the two species calculated
from local male contributing queens (LQy,.,) were
MNeq.Qw+m) = 160.5 (B. terrestris) and mNeq qow4+m) = 103.5

@ Springer

0.10 0.12 0.14 0.16 0.18 0.20 0.22 0.24 0.26
D,

clearly branch from the local colonies indicating that males may
bridge between widely dispersed sub-populations differing in their
population genetic profiles. Both trees were supported in 97.2 and
99.0%, B. terrestris and B. lapidarius, respectively, of the cluster
analyses based on individual analyses of 1000 random sub-samples

(B. lapidarius). This value increased for B. ferrestris by
over 65.0% by including the male contributions of foreign
colonies (MNegorary = 160.5 + 106.5 = 266.5). This effect
was even stronger in B. lapidarius with a 73.9% increase of
the genetically effective population size (MNegotary =
103.5 + 76.5 = 180.0).

As male contributing foreign colonies represent only a
proportion of the total number of colonies present in the
male but not in the worker flight range (FQuu =
FQ., + FQ,,) we included FQ,, to the overall effective
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Table 3 Male contributing colonies observed (OBS) and expected
(EXP) in weekly intervals (weeks)

Week Cumulative colony numbers Residuals Variance R’
OBS EXP
B. terrestris
1 29 27.78 1.22 1.49
2 60 57.11 2.89 8.38
3 65 62.05 2.95 8.71
4 65 65.15 —0.15 0.02
6.19 0.938
B. lapidarius
1 33 29.23 3.77 14.18
2 44 41.53 247 6.12
3 48 47.19 0.81 0.66
4 48 48.33 -0.33 0.11
7.02 0.929

Observed contributions represent the actually detected colonies,
expected contributions reflect the distribution of male contributing
colonies over time explained solely by sample-size effects (Non-
sampling error calculated for cumulative sub-samples over time in
comparison to the total sample size). Residuals (OBS-EXP) and
correlation coefficient R? strongly indicate that sample-size effects
that arose from temporal sub-samples account for over 90% of the
temporal distribution of male contributing colonies

Assignment probability (STRUCTURE 2.2) of the foreign males to k clusters
(B. terrestris and B. lapidaius)

-1400 T T T T
-1600 -
T 0.
3
g -2000 Oee . A
=0
o .
o hoNugg =
S 2200 TO-1---- o. O< —
\D,’ O
2400 - 4
-&- B. lapidarius
-O- B. terrestris
-2600 I I I I I . I I
1 2 3 4 8 14 28 56

Fig. 2 Mean assignment probability [P;, (B. lapidarius: diamonds, B.
terrestris: circles), SD, SE] for foreign male population (FQ,)
clustering into k (1-56) clusters by the software STRUCTURE 2.2.
Based on ten iterations for each k corresponding mean P, in both
species were significantly highest for k = 1 and resulted in the lowest
within assignment variance both indicating no temporal sub-structure
in the foreign male population

population size (Necwotar)).- Though these colonies did not
contribute males they may well contribute to the queen
population available for males.

Including all colonies inferred directly (FQ,,) and indi-
rectly (FQ,,) from our male sample N, estimates increased

substantially by 67.4% (Negotary = 685.5) and 78.3%
(Ne(totaly = 468) for B. terrestris and B. lapidarius,
respectively.

Colony density and male flight range

Using the mean of the foraging range estimates of workers
for both species (Goulson and Osborne 2009), we esti-
mated the density of male contributing local colonies with
18.6 and 8.9 col/km? for B. terrestris and B. lapidarius,
respectively (Table 4).

The flight range of B. terrestris males exceeded the for-
aging range of workers by the factor 1.66 representing a
marked increase in the genetically relevant population range
estimated from worker samples (J A,, = 9.75 km?; +
69.3%). In B. lapidarius male flight distance exceeds the
foraging distance by factor 1.74 to & A,, = 13.41 km?,
almost twice as much as the worker foraging range. Based on
the overall estimates of colony numbers (LQow1 + FQu +
FQ,: B. terrestris: 457; B. lapidarius: 330) and the male
flight ranges, we derived mean overall colony densities of
46.9 col/km? (B. terrestris) and 24.6 col/km? (B. lapidarius).
Since the male contributing local colonies (LQy, ) might
be overestimated at the expense of foreign male con-
tributing colonies (FQ,,), all above estimates are highly
conservative.

Discussion

Our sample site, an urban park, mainly consisting of
flower-rich grassland, allowed to sustain large bumblebee
populations of over 750 colonies of B. terrestris and B.
lapidarius within the estimated male flight range. Given
our conservative estimate of male flight range this may be
even an underestimate of the actual number of colonies in
the population. The derived colony density for B. terrestris
(46.9 col/km?) compares very well with the high density
populations assumed for urban park habitats by Chapman
et al. (2003) (40 col/km2). In contrast, the B. lapidarius
colony density (24.6 col/km?) in this study is much lower
than found in other studies (e.g., 117 col/km2; Knight et al.
2005). These discrepancies very likely result from differ-
ences in the worker foraging distances used as basis for the
density estimates. For example, if we recalculate our B.
lapidarius estimates for a worker foraging distance of
450 m (Knight et al. 2005) the colony density estimates
increases to 298.4 col/kmz, more than twice of that
reported by Knight et al. (2005).

The flight ranges of both B. ferrestris and B. lapidarius
males exceeded the foraging ranges of workers. The
majority of males originated from distant colonies, con-
firming the findings of Kraus et al. (2009) for B. terrestris.
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Table 4 Density estimates (d,,) for male contributing local colonies (LQ,, ) based on workers foraging range (A,,) are given

Local colonies

Local and foreign colonies

LQu4m A,, (km?) d, Qm LQu4m+FQu) A,, (km®) r,n (km) AA,
B. terrestris 107 5.76 18.59 178 9.57 1.75 1.66
B. lapidarius 69 7.71 8.94 120 13.41 2.07 1.74

These estimates were used to calculate an overall male flight range (A4,,) that could harbor all detected male contributing colonies
(Qm = LQw+m + FQ,,) assuming constant colony density (d,,) and circular flight area. From this circular range male flight distance (r,,) was
derived as radius. The dimension of male flight range in comparison to the foraging range of workers is given as proportion A,,:A,,, clearly

illustrating males extended flight ranges

This result might also be affected by worker produced
males overestimating male-producing foreign queens
(FQ,). Worker reproduction can vary greatly and range for
B. terrestris from 5% and less (Alaux et al. 2004) to over
80% (Fletcher and Ross 1985; Bourke 1988). However,
worker reproduction typically occurs late in the season
(Owen and Plowright 1982; Alaux et al. 2004) and since
we sampled early in the season with the first appearance of
males, only few if any males will be worker offspring (e.g.,
van Doorn and Heringa 1986). We therefore consider
worker produced males to play a minor role and non-local
males being produced by queens of distant colonies.

The large male flight range leads to a marked increase in
the male effective population size. The population genetic
parameters including the estimates of genetic distance and
private allelic richness further reveal a diversification of the
male gene-pool by foreign males.

Regarding a potential temporal substructure of the male
population, we found no evidence that the genetic dis-
similarity between the local and the foreign population had
been caused by distinct cohorts of males subsequently
passing through our sample site. All analyses on the tem-
poral structure clearly suggest a single large male popula-
tion produced by widely spread colonies.

As low effective population sizes are associated with a
high inbreeding risk and genetic depletion (Gerloff et al.
2003; Zayed 2004, 2009; Gerloff and Schmid-Hempel
2005; Darvill et al. 2006; Ellis et al. 2006; Whitehorn et al.
2009a, b), the large mating range of the males may serve as
an effective strategy to increase the overall effective pop-
ulation size and counteract the risk of sibling mating. Here
future research on the effects of male flight ranges in rare
bumblebee species, especially on species with different
male mating behaviour (e.g., B. muscorum: Darvill et al.
2006, 2007) may be particularly rewarding to further
explore the reasons of the decline of some bumblebee
species (Goulson et al. 2005, 2008a; Fitzpatrick et al. 2007,
Williams and Osborne 2009).

Finally, and probably most importantly extended male
flight ranges may also have implications for pollination
services. A high pollination potential of male Bombus
impatiens has been shown by Ostevik et al. (2010). In line

@ Springer

with this, S. Wolf and R. F. A. Moritz (unpublished data)
demonstrated a high pollination potential of males of these
two species, highlighting especially their role as long-dis-
tance pollen-vectors for native (e.g., Aguilar et al. 2008),
invasive (Chittka and Schiirkens 2005) or transgenic plants
(Pasquet et al. 2008).

Apart from the biological implications of male dispersal,
our results strikingly demonstrate the advantage of using
both workers and males for the population genetic char-
acterization of bumblebee populations. Including males to
our study allowed the analyses of half of the gene-pool
(males) actually available for the next generation after
passing through the first selection process, rather than
inferring the potential gene contribution to the next gen-
eration from worker-inferred queens alone. It also led to a
substantial difference in the estimated N,, increasing by
67.4 and 78.2% for B. terrestris and B. lapidarius,
respectively, potentially affecting the conclusions drawn
from such data. As males are easily sampled in sufficient
numbers along with workers in the field, they provide an
easily assessable and highly valuable resource for popula-
tion genetic studies on bumblebees allowing detailed
insights to population characteristics and dynamics:
essential elements for efficient, evidence based bumblebee
conservation plans.
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