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Abstract

The increasing evidence for population declines in bumble bee (Bombus) species
worldwide has accelerated research efforts to explain losses in these important
pollinators. In North America, a number of once widespread Bombus species have
suffered serious reductions in range and abundance, although other species remain
healthy. To examine whether declining and stable species exhibit different levels of
genetic diversity or population fragmentation, we used microsatellite markers to
genotype populations sampled across the geographic distributions of two declining
(Bombus occidentalis and Bombus pensylvanicus) and four stable (Bombus bifarius;
Bombus vosnesenskii; Bombus impatiens and Bombus bimaculatus) Bombus species.
Populations of declining species generally have reduced levels of genetic diversity
throughout their range compared to codistributed stable species. Genetic diversity can be
affected by overall range size and degree of isolation of local populations, potentially
confounding comparisons among species in some cases. We find no evidence for
consistent differences in gene flow among stable and declining species, with all species
exhibiting weak genetic differentiation over large distances (e.g. >1000 km). Populations
on islands and at high elevations experience relatively strong genetic drift, suggesting
that some conditions lead to genetic isolation in otherwise weakly differentiated species.
B. occidentalis and B. bifarius exhibit stronger genetic differentiation than the other
species, indicating greater phylogeographic structure consistent with their broader
geographic distributions across topographically complex regions of western North
America. Screening genetic diversity in North American Bombus should prove useful for
identifying species that warrant monitoring, and developing management strategies that
promote high levels of gene flow will be a key component in efforts to maintain healthy
populations.
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Introduction

Over the past several decades, pollinators have suffered
worldwide population declines (Biesmeijer et al. 2006;
Potts et al. 2010; Winfree 2010). Bumble bees (Bombus),
which are among the most visible and important wild
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pollinators in both natural and agricultural landscapes
in temperate regions, appear seriously affected in
Europe (Williams 1986; reviewed in Goulson et al. 2008)
and North America (McFrederick & LeBuhn 2006; Colla
& Packer 2008; Cameron et al. 2011). Causal factors of
bumble bee population declines remain elusive, how-
ever, and are likely diverse. European species appear
most affected by altering agricultural practices that
impact food and nesting resources (Williams & Osborne
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2009), while in the United States, declining species have
been associated with high prevalence of the microspo-
ridian pathogen Nosema bombi (Cameron et al. 2011).
Extensive landscape modification in North America
over the last century, including the loss of >99% of
native prairie habitats utilized by many bumble bees in
the Midwestern region (Robertson et al. 1997; Hines &
Hendrix 2005), has also likely played a role in popula-
tion declines or local extirpation of some species (Colla
& Packer 2008; Grixti et al. 2009).

Population genetic processes can play an important
role in how species respond to environmental changes.
Species with small populations, for instance, are more
likely to experience reduced genetic diversity as a result
of genetic drift and may be more vulnerable to extinc-
tion (Newman & Pilson 1997; Reed & Frankham 2003;
Spielman et al. 2004; Frankham 2005). Isolation of previ-
ously well-connected populations due to recent habitat
loss can exacerbate this effect (Templeton et al. 2001;
Epps et al. 2005). Furthermore, widely distributed spe-
cies with a history of genetic isolation at deeper evolu-
tionary timescales may encompass cryptic species or
geographically distinct lineages that possess unique
adaptations or face different environmental pressures
(Moritz 2002). Molecular population genetic studies
have thus become increasingly vital in conservation
research (e.g. Allendorf & Luikart 2007; Schwartz et al.
2007; Waples et al. 2008; Laikre et al. 2010).

Molecular population genetic studies of Bombus spe-
cies conducted to date have found that populations of
increasingly rare species do have reduced genetic diver-
sity and, in some cases, elevated genetic differentiation
(Darvill et al. 2006, 2010; Ellis et al. 2006; Lozier &
Cameron 2009; Charman et al. 2010; Cameron et al.
2011). These findings suggest that genetic processes are
at some level involved in Bombus declines, either as a
consequence or possible driver of reduced population
size. To date, most population genetic studies of Bombus
have been conducted in Europe, particularly in the Uni-
ted Kingdom, while in North America, such studies of
Bombus are in their infancy (Cameron et al. 2011).
Detailed descriptions of genetic diversity and popula-
tion structure would provide a valuable complement to
recent intensive surveys in the United States and Can-
ada confirming that at least four of the ~50 North
American species have undergone dramatic contrac-
tions in range and abundance in recent years (Thorp
2005; Colla & Packer 2008; Cameron et al. 2011).

We present a microsatellite DNA study of six North
American Bombus species—Bombus bifarius, Bombus vos-
nesenskii, Bombus occidentalis, Bombus impatiens, Bombus
bimaculatus and Bombus pensylvanicus (Fig. la—f)—that
were the focus of a recent study by Cameron et al.
(2011) documenting the geographic breadth and sever-
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ity of bumble bee decline in the United States. This
study reported that B. bifarius and B. vosnesenskii in
the Western United States and B. impatiens and
B. bimaculatus in the Eastern United States remain
abundant and widespread. In contrast, B. occidentalis
and B. pensylvanicus, once among the most broadly dis-
tributed species in the Western and Eastern United
States, respectively, were not detected over large areas
of their historical ranges (Fig. 1). Cameron et al. (2011)
also demonstrated significantly reduced average het-
erozygosity in declining vs. stable species. Here, we
provide a more in-depth comparison of genetic pat-
terns between stable and declining Bombus species,
focusing especially on spatial relationships among pop-
ulations and evaluating geographic factors that may
contribute to intraspecific genetic structure and diver-
sity of these six species. Our results provide new
insights into North American bumble bees that can be
applied to conservation efforts. We find that genetic
patterns can, however, be species-specific and therefore
differences in ecology and biogeography should be
considered before making general inferences about
population health from interspecies comparisons of
genetic structure and diversity.

Methods

Target species

We focused on six Bombus species (Fig. 1, Table 1) from
two geographic regions in the United States, divided
between west and east of ~104°W at the eastern edge
of the Rocky Mountains. In the Western United States,
Bombus vosnesenskii (Fig. 1c) is restricted largely to
states along the Pacific coast, where it is one of the most
common bumble bee species (Thorp et al. 1983). Bombus
bifarius (Fig. 1b) is more broadly distributed and is also
common, occurring at higher elevations throughout
western North America into Alaska. Taxonomists have
divided B. bifarius into several subspecies (e.g. B. b. bi-
farius, B. b nearcticus, B. b. vancouverensis), based largely
on variation in abdominal hair colour, although the sta-
tus of these epithets is uncertain (Stephen 1957; Thorp
et al. 1983). The distribution of a third western species,
Bombus occidentalis (Fig. 1a), was historically similar to
that of B. bifarius, ranging across western North Amer-
ica into Alaska. Over the last 20 years, however, B. occi-
dentalis has declined in abundance throughout most of
its range, with populations persisting primarily in the
intermountain west (Cameron et al. 2011) and Alaska
(J. Strange, unpublished data). B. occidentalis also exhib-
its colour pattern polymorphism, and several
subspecies names have been suggested (B. o. occidental-
is, B. 0. nigroscutatus, B. o. proximus) (Stephen 1957).
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Fig. 1 Geographic ranges of Bombus oc-
cidentalis (a), Bombus bifarius (b), Bombus
vosnesenskii (c), Bombus pensylvanicus (d),
Bombus impatiens (e) and Bombus bima-
culatus (f) in the contiguous United
States. Light grey areas show regions
where the species can be found cur-
rently; black areas for B. occidentalis and
B. pensylvanicus represent regions where
these species have seriously declined
(see Cameron et al. 2011 for details).
Sampling locations for the western (g)
and eastern (h) species used in this
genetic analysis. Populations of B. occi-
dentalis that were pooled are circled

AB. occidentalis .B. bifarius C:}'B, vosnesenskii AB. pensylvanicus

. B. impatiens

with a dashed line.

ED:' B. bimaculatus

In the Eastern United States, the three target species
(Bombus pensylvanicus, Bombus impatiens and Bombus
bimaculatus) occur historically in most states east of the
Rocky Mountains, although B. pensylvanicus (Fig. 1d)
extends somewhat farther south and west. Currently,
B. impatiens (Fig. 1le) and B. bimaculatus (Fig. 1f)
remain common throughout their historical ranges, but
B. pensylvanicus has declined significantly over the last
20 years, particularly in the north and northeast (Colla
& Packer 2008; Cameron et al. 2011).

Workers from populations of these six species were
sampled from 2008 to 2010 throughout their U.S. ranges
(Fig. 1g, h), according to protocols used in the study by
Cameron et al. (2011). Our data set also includes several
newly sampled (2010) populations from Alaska, coastal
California and the southern Sierra Nevada mountains.

Microsatellite genotyping

DNA was extracted from forelegs of specimens frozen
in liquid nitrogen or pin-mounted using a modified
Chelex® (Bio-Rad, Hercules, CA, USA) protocol (Lozier
& Cameron 2009, Strange et al. 2009) and preserved at

—20 °C. The three eastern species were genotyped in
multiplex reactions at 11 microsatellite loci (B10, B96,
B121, B126, B124, BL13, BL15, BT10, BT28, BT30 and
BTERNO1) obtained from the literature (Estoup et al.
1995, 1996; Reber Funk et al. 2006); the western species
were genotyped at 10 loci (B10, B96, B116, B119, B124,
BL11, BL13, BT10, BT28 and BTERNO1). B121 amplified
weakly and unreliably in B. impatiens, as did B10 and
B119 in B. vosnesenskii, B10 in B. bifarius and B116 in
B. occidentalis; we elected to exclude these loci from
analysis for these species. Electrophoresis was per-
formed on ABI 3730xl capillary DNA sequencers
(Applied Biosystems, Carlsbad, CA, USA) at the Uni-
versity of Illinois W.M. Keck Center for Comparative
and Functional Genomics (eastern species) and at the
Utah State University Center for Integrated BioSystems
core facility (western species). Alleles were scored man-
ually using GeneMapper® 4.3 (Applied Biosystems),
with unique bin-sets for each species. Replicate geno-
typing of random individuals suggests that scoring
errors occur at a rate of <0.5%. Because bumble bees
are social, it is possible to sample multiple full-siblings
from the same colony when collecting workers in the
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4878 J. D. LOZIER ET AL.

field, so we used COLONY 2.0 (Jones & Wang 2009) to
identify groups of nest mates and randomly selected
one individual per group for genetic analyses; sample
sizes reflect numbers of unrelated individuals retained
after COLONY analysis (Table 1; see Cameron et al.
2011 for details).

Population genetic analyses

In general, we treated each sampled locality as a popu-
lation, rather than pooling into regional groups as in
Cameron et al. (2011), except for instances where geo-
graphically similar sites were sampled repeatedly
within or between years. We excluded individuals with
>2 missing loci out of concern that such samples might
suffer from low DNA quality. Aiming for a balance
between accuracy and population inclusion, particularly
in declining species, we also excluded from analyses all
populations with <5 genotypes per locus. Even with
this low threshold, we had to pool regional localities for
four populations of B. occidentalis due to the rarity
across much of its historical range (Table 1; Fig. 1g).
This protocol would not likely affect results dramati-
cally, given the relatively low levels of genetic differen-
tiation in this species, and was considered preferable to
excluding multiple populations.

We tested data sets for deviations from Hardy-Wein-
berg equilibrium (HWE) and for linkage disequilibrium
(LD) in Genepop v4.0 (Rousset 2008), using a Markov
chain approximation to exact tests and likelihood-ratio
tests, respectively. Given the large number of popula-
tion-by-locus tests in these analyses, we viewed the use
of Bonferroni corrections to be overly conservative;
thus, we consider tests significant at P < 0.001.

We estimated heterozygosity using Nei’s (Nei & Ku-
mar 2000) unbiased gene diversity (Hg). We estimated
allelic richness (AR) using rarefaction (standardized to
10 gene copies per population) in HP-RARE (Kalinow-
ski 2005). To examine the effect of sample size on AR
estimates, we also calculated AR for 20 gene copies per
population. Estimates were larger overall for each spe-
cies using 20 gene copies, but relative patterns were the
same (Fig. S1, Supporting information), and we report
the 10 gene copy analysis to maximize the number of
included populations. Significance of differences in
mean Hg and AR among species in each geographic
region was tested using Wilcoxon rank-sum tests in R
2.11.1 (R Development Core Team 2009). We applied
one-tailed tests of the null hypothesis that declining
species exhibited levels of Hg and AR equal to those of
stable species. Table 1 lists diversity values for all loci
of each species and for loci shared among species
within each region; for all analyses of diversity, we
focus on shared loci only. For populations with at least

10 sampled individuals, we tested for deviations from
mutation—drift equilibrium using the sign test of Cornu-
et & Luikart (1996) implemented using the default two-
phase and infinite alleles mutation models in Bottleneck
1.2.02 (Piry et al. 1999).

We explored relationships between diversity esti-
mates and spatial variables using linear regression in R.
For western species, we tested for relationships between
diversity and elevation and latitude, two spatial vari-
ables we thought might be important in widespread
species that occur over elevational gradients. Because
the eastern species occur in regions with more limited
variation in altitude (e.g. only the Mount Mitchell, NC
B. impatiens population exceeded 1000 m), we did not
consider elevation for B. impatiens, B. bimaculatus and
B. pensylvanicus. Only mainland populations were
included in regressions.

We estimated the degree of population structure over
all loci available for each species with Jost’s (2008)
genetic differentiation (Deg), corrected for small sam-
ples, using DEMEtics (Gerlach et al. 2010); 95% confi-
dence intervals (95% ClIs) were estimated using 1000
bootstrap repetitions. Other estimators of population
structure (e.g. Gsr; G'sy; Meirmans & Hedrick 2011)
were correlated; thus, choice of statistic did not affect
the interpretation of results. We selected D, to facili-
tate comparisons among species (global Ggr values are
listed in Table 2; see Fig. S2a for pairwise Gsr’s, Sup-
porting information). Geographic distances among pop-
ulations were estimated in ArcMap 9.3.1 (ESRI) using a
North American Lambert conformal conic projection.
Spatial coordinates for the four pooled B. occidentalis
populations were specified as the midpoint of individ-
ual coordinates. Significance of the relationship between
geographic distance and D,y among each pair of popu-
lations (isolation by distance, or IBD) was tested with
Mantel tests using IBDWS 3.16 (Jensen et al. 2005;
http:/ /ibdws.sdsu.edu/). Bombus bifarius, B. vosnesen-
skii, B. impatiens and B. pensylvanicus were sampled
from both mainland and offshore islands, but these
tests were performed on mainland populations only.

Population-specific Fsr values were also estimated
using the heirarchical Bayesian F-model (Foll &
Gaggiotti 2006; Gaggiotti & Foll 2010), implemented in
GESTE 2.0 (Foll & Gaggiotti 2006) under default param-
eters, except for increasing the number of samples to
25 000 and the thinning rate to 50. In GESTE, Fsr of a
population indicates the degree of drift relative to the
metapopulation as a whole, allowing for local differ-
ences in population size and migration rates, and com-
plements the other approaches discussed earlier
(Gaggiotti & Foll 2010). Based on the observed outlier
behaviour of several island populations (see Results),
we performed post hoc tests of the effects of islands on

© 2011 Blackwell Publishing Ltd
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Table 2 Population genetics summary statistics for the six Bombus species

Dest (95% CI)

Gsr (95% CI)

AR (SD)

Hg (SD)

Bombus bifarius

Bombus vosnesenskii
Bombus occidentalis

Bombus impatiens

Bombus bimaculatus
Bombus pensylvanicus

0.114 (0.097-0.131)
0.018 (0.006-0.030)
0.118 (0.093-0.144)
0.031 (0.019-0.043)
0.020 (0.004-0.035)
0.044 (0.026-0.061)

0.022 (0.018-0.026)
0.006 (0.001-0.011)
0.035 (0.027-0.043)
0.006 (0.003-0.010)
0.003 (-=0.001-0.007)
0.016 (0.010-0.022)

5.436 (0.457)***
3.872 (0.112)
4.308 (0.182)
4.737 (0.191)***
4.788 (0.177)***
3.540 (0.289)

0.771 (0.042)***
0.681 (0.022)***
0.630 (0.032)
0.687 (0.018)***
0.693 (0.018)***
0.529 (0.034)

Des: and Ggr, two measure of global population structure, with 95% confidence intervals, estimated for all loci; AR, mean allelic

richness per population using shared loci only, estimated by rarefaction to 10 sampled chromosomes; Hg, mean gene diversity per
population using shared loci only; SD, interpopulation standard deviations.
Significance of one-tailed Wilcoxon rank-sum tests of the hypotheses that stable species are more genetically diverse than declining

species (shown in bold), ***P < 0.001

Fsr within species using GESTE’s GLM approach (Foll
& Gaggiotti 2006). We specified models indicating the
sample origin as mainland or island and assessed the
posterior probability (PP) of support compared to con-
stant-only models. Because of the noticeable variability
in Fsr observed among populations of B. bifarius in pre-
liminary GESTE runs, and the significant relationship
between diversity and elevation (see Results) in this
species, we also tested for a significant effect of eleva-
tion on Fgr for B. bifarius. Finally, we tested for signifi-
cant regional differentiation in B. occidentalis by
comparing populations from the contiguous United
States with those from Alaska.

Analyses described thus far require grouping individ-
uals into populations a priori. However, cryptic popula-
tion subdivisions (e.g. subspecies or otherwise distinct
lineages), which can be important for conservation man-
agement, might be missed by these methods. We thus
explored population structure using the clustering
method STRUCTURE 2.3.3 (Falush et al. 2003), which
assumes that a sample of individuals comprises K
unknown populations to which individual genotypes or
fractional genotypes can be assigned. We used default
parameter settings to assign individuals to populations
(allowing for correlated allele frequencies and admix-
ture) with 20 000 burn-in steps followed by 100 000
samples. Results are presented for K = 2-3 for B. bifari-
us, and K =2 for B. occidentalis, which were the only
species to exhibit even weak clustering. Larger K-values
were not considered informative as they resulted in
clear over-splitting into clusters for which no individu-
als had high assignment.

Results

Following the removal of probable full sibs, the final
data sets consisted of 230 Bombus occidentalis from 13
sites, 506 Bombus bifarius from 33 sites, 319 Bombus vos-
nesenskii from 16 sites, 302 Bombus pensylvanicus from 25

© 2011 Blackwell Publishing Ltd

sites, 596 Bombus impatiens from 33 sites and 448 Bombus
bimaculatus from 34 sites (Fig. 1g-h; Table 1). BL15
showed significant (all P’s <0.001) deviations from
HWE in a single B. impatiens locality (Mount Mitchell,
NO). In B. impatiens, there was significant evidence for
LD between BL15 and B10 (Dauphin Island, AL), BL15
and BT10 (Fletcher, OH), and B126 and BTERNO1
(Sinnemahoning S.P., PA), and in B. bimaculaus,
between BL15, B121 and BT10 in Wyeville, WI. There
was no significant deviation from HWE in B. bifarius or
B. wvosnesenskii. BL11 deviated from HWE in two B. occi-
dentalis populations (Yukon River 2, AK and the pooled
Wasatch + Daggett, UT population). There was signifi-
cant LD between BL11 and BTERNO1 in the pooled
Gunnison + Chafee, CO B. occidentalis population.
Given the small number of affected populations out of
the total examined here (196 populations at 8-11 loci
each), we elected to retain all markers for analysis.

Spatial patterns of genetic diversity

In the Western United States, B. occidentalis populations
had significantly lower range-wide Hg than B. bifarius
and B. vosnesenskii (Table 2). AR was highest in B. bifa-
rius populations, and significantly higher than that of
B. occidentalis (Table 2). In contrast to Hg, AR in B. occi-
dentalis populations was slightly higher than that in
B. wvosnesenskii (Table 2). In the Eastern United States,
B. pensylvanicus was significantly less diverse in both
Hg and AR per population than either B. bimaculatus or
B. impatiens (Table 2), with the latter two species exhib-
iting comparable levels of diversity. Locus BL13 was
monomorphic in B. pensylvanicus; relative diversity
comparisons did not change with the exclusion of this
microsatellite.

There were no detectable relationships between lati-
tude and genetic diversity in the eastern species, apart
from low diversity in the southernmost B. impatiens
and B. pensylvanicus populations sampled from islands
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in the Gulf of Mexico (see next section). In the west,
B. vosnesenskii exhibited a significant negative relation-
ship between latitude and AR (Fig. 2a; F;, 13 =6.97,
R*=0.30, P<005) and Hg (F; 13=866, R*=0.35,
P < 0.05), with diversity being greatest in CA popula-
tions and lowest in OR and WA (Table 1). In contrast,
B. bifarius exhibited a positive relationship between
latitude and AR in mainland populations. Including an
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Fig. 2 (a) Relationship between genetic diversity and latitude
for Bombus vosnesenskii (allelic richness = black points, solid
line; Hg = grey points, dashed line); (b) relationship between
genetic diversity and elevation for Bombus bifarius (symbols as
in a); (c) relationship between F-model Fsr values (Fig. 3) and
elevation for B. bifarius. All relationships are significant
(P < 0.05); see main text for statistical details.

elevation parameter in the regression eliminated the sig-
nificant effect of latitude, however, so elevation appears
to better explain spatial patterns of diversity in B. bifari-
us (Fig. 2b; AR: F;, 5, = 29.82, R> =051, P < 0.001; Hg:
Fi, 27 =9.60, R? =0.24, P < 0.01). The effect of elevation
and latitude may still be confounded to some degree,
however, as southernmost populations of B. bifarius
occur almost entirely at high elevations. In general,
high-elevation (>2000 m) populations in CA, CO, MT,
NV, UT and WY were least diverse; those at lower ele-
vations (<1700 m) in ID, MT, OR and WA (excluding
islands) were more diverse. The Delta, AK B. bifarius
population had much lower diversity than expected for
its latitude or elevation (350 m), and we elected to
exclude this population from analysis until samples
from additional northern localities are obtained
(Table 1). There was no significant effect of elevation in
other western species. We note that the small number
of populations available for B. occidentalis and use of
pooled populations (latitude and elevation were aver-
aged over sites for each pool) likely limit the power of
these tests for this species.

We found no significant excess heterozygosity that
might indicate a recent bottleneck in any population
using the two-phase mutation model. In contrast, we
found significant (P < 0.05) heterozygosity deficits (sug-
gestive of range expansions) for the Austin, TX B. pensyl-
vanicus population, three B. occidentalis populations
(Arctic Circle, AK; Fairbanks, AK; Yukon River 2, AK)
and four B. bimaculatus populations (Pella, IA; Alamo,
IN; Ashby, MA; Sinnemahoning S.P., PA), representing
only 6.6% of all tests. These significant deficits largely
disappeared when analysed under an infinite alleles
model, in several cases shifting to (insignificant) hetero-
zygosity excesses. The Alaskan B. occidentalis popula-
tions, however, relatively large
heterozygosity deficits even under the infinite alleles
model, albeit above the significance threshold (P > 0.05).
In addition, under the infinite alleles model, several pop-
ulations in stable, abundant species exhibited bottleneck
signatures (heterozygosity excesses), including one
B. impatiens, three B. bimaculatus and three B. vosnesensii
populations (5.7% of tests). Overall, we consider there to
be weak evidence for deviations from mutation—drift

maintained

equilibrium, except perhaps in the case of Alaskan B. oc-
cidentalis, which exhibited noticeable heterozygosity defi-
cits under both mutation models.

Spatial analysis of population structure

Values of Dy (and Ggr; Table 2) were low (<0.05) for
B. vosnesenskii,  B. pensylvanicus,  B. impatiens  and
B. bimaculatus, although 95% Cls did not include zero
(the Ggr 95% CI did include zero for B. bimaculatus).
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Values for B. bifarius and B. occidentalis were markedly
higher [mean Dy (95% CI) =0.114 (0.097-0.132) and
0.119 (0.093-0.144), respectively]. Dy did not differ sig-

The low genetic differentiation extends over large
geographic scales (>1500 km; Fig. 3a-f; Fig. S2a, Sup-
porting information). Bombus vosnesenskii showed no

nificantly between declining and stable species signature of IBD. Of the eastern species, only B. impa-
(Table 2). tiens showed a marginally significant relationship
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among populations of Bombus occidentalis (a), Bombus bifarius (b), Bombus vosnesenskii (c), Bombus pensylvanicus (d), Bombus impatiens
(e) and Bombus bimaculatus (f). Grey points represent comparisons between mainland populations, and black points represent com-
parisons involving island populations. Population-specific F-model Fsr estimates (with 95% Cls) for western (g) and eastern (h) spe-
cies. Each symbol represents a population; populations of interest discussed in the text are labelled (B.C. = British Columbia;

L.I = Long Island, NY).
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between genetic differentiation and geographic distance
among mainland populations (Mantel test: Z = 5047.82,
r = 0.16, one-tailed P = 0.036). Likewise, the majority of
population-specific Fsr values from the F-model com-
parison were low across populations of the eastern spe-
cies (Fig. 3h), indicating weak genetic drift.
B. occidentalis, on the other hand, showed a significant
increase in pairwise Des with geographic distance,
(Fig. 3a; Mantel test: Z = 20 582.08, r = 0.55, P = 0.002),
and local Fgr estimates showed a notable difference
between populations from Alaska and the contiguous
United States (PP for the constant + geographic origin
model = 0.76). Mainland B. bifarius populations also
exhibited a clear signature of IBD (Mantel test:
Z =36 196, r = 0.46; P = 0.001), and Fgr varied to some
degree among populations (Fig. 3g). As for genetic
diversity, much of the noticeable variation in Fsr among
mainland B. bifarius populations (Fig. 3g) could be
explained by a significant positive relationship with ele-
vation [Fig. 2c; GLM elevation parameter (95%
CI) = 0.541 (0.233-0.872); PP = 1.0].

Island populations. Genetic structure emerged from
analyses that included populations collected on islands.
In IBD plots (Fig. 2b, d, e) and F-model analyses
(Fig. 2g, h), populations of three species (B. bifarius,
B. impatiens and B. pensylvanicus) found on islands
exhibited clear signatures of elevated genetic differenti-
ation compared to the remaining populations. Measures

CO,UT(B), (b)

(a) D, MT, WY (N),
Islands AK

WA, OR, CA NV UT(N) WY (S)

Alaska (N —»S)

of genetic diversity for these populations were also the
lowest observed in each of the three species (marked by
1 in Table 1; Fig. S1, Supporting information). Only
small coastal islands (Galveston Island, TX, and Dau-
phin Island, AL, both <175 km?) seemed to affect the
diversity measures for the eastern species, as B. bima-
culatus and B. impatiens from Long Island, NY,
(~3600 km?) were no more differentiated or less diverse
than mainland populations. Post hoc Bayesian model
comparison using the F-model approach showed that
for B. pensylvanicus and B. impatiens, models specifying
the sample origin as ‘small island” vs. ‘mainland” as an
explanatory factor were better-supported than constant-
only models (PP = 0.999 and 0.997 for the two species,
respectively). For B. impatiens, a model classifying the
source as ‘Dauphin Island + Long Island” vs. ‘mainland’
was not well supported compared to the ‘Dauphin
Island” model (PP = 0.053), and for B. bimaculatus, a
model including ‘Long Island” vs. ‘mainland” was less
well supported than the constant-only model
(PP = 0.068). In contrast, despite the large size of Van-
couver Island (~31 000 km?), the Victoria, BC, B. bifari-
us population exhibited patterns similar to populations
on the smaller, nearby San Juan Islands (~150 km?)
(PP = 1.0; see also ‘STRUCTURE Results’). The island
effect did not appear to affect B. vosnesenskii; there was
some signal that pairwise Dy values and Fsr were
slightly higher for the San Juan Island popula-
tion (Fig. 3c, g), but differentiation from mainland

Fig. 4 STRUCTURE results for Bombus
| Contiguous U bifarius (a) and Bombus occidentalis (b).

Results for B. bifarius are presented for
K =3 clusters including all sampled
populations (a, upper panel) and for
K = 2 after excluding Alaska and island
populations (lower panel); B. occidentalis
results are shown for K =2 using all
populations (b). Bar graphs in each
panel show the posterior assignment
probability (vertical axis) of individual
genotypes (horizontal axis) to each
shaded (black, grey or white) cluster.
Pie charts show the proportion of clus-
ters represented in each population.
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populations was weak (PP = 0.175). B. occidentalis was
not found on any islands.

STRUCTURE analysis. Bombus bifarius and Bombus occi-
dentalis were the only species to exhibit identifiable
genetic structure, other than differentiation associated
with islands. The STRUCTURE analysis of B. bifarius
for K =3 (all populations) separated individuals into
three weakly differentiated clusters (Fig. 4a). The north-
west island populations, including Victoria, BC, were
largely assigned to the ‘black’ cluster. Populations sam-
pled from the southern Colorado Rockies and Colorado
Plateau, eastern Utah and southern Wyoming were
assigned in large part to the ‘white’ cluster (Fig. 4a).
Individuals from geographically intermediate popula-
tions, although often admixed, were assigned mostly to
a third, ‘grey’, cluster. The Alaska population was also
largely admixed, although a large fraction of genotypes
were assigned to the ‘black’ cluster comprising the
island populations. The weak differentiation of the
southeastern-most B. bifarius populations in CO, UT,
and WY is clarified by the removal of island and Alas-
kan populations from the STRUCTURE analysis (K = 2;
Fig. 4a). These two clusters also seemed to account for
much of the D,y scatter among mainland populations
in the IBD plot (Fig. 3b); genetic differentiation between
populations composed primarily of individuals from
different clusters was generally greater than expected
given their geographic separation (Fig. S2b, Supporting
information), suggesting a restriction of gene flow that
differs from a simple IBD model. In B. occidentalis, indi-
viduals sampled from Alaska had high posterior assign-
ment to one cluster and those from the contiguous
United States had high assignment to another. How-
ever, there was also a degree of mixed assignment in
the two regions, and together with the increase in pair-
wise Deg with distance (Fig. 3a), this clustering is con-
sistent with IBD.

Discussion

Comparing genetic diversity among stable
and declining species

Monitoring genetic variation in wild populations is
becoming a critical component of biodiversity conserva-
tion (Laikre et al. 2010). Several recent studies of Euro-
pean bumble bees have found that genetic diversity in
threatened species is usually low (reviewed in Goulson
et al. 2008 and Charman et al. 2010). We previously
reported that Hg was significantly reduced in regional
populations of two declining North American species
(Bombus occidentalis and Bombus pensylvanicus), com-
pared to four stable species (Bombus bifarius, Bombus vos-
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nesenskii, Bombus impatiens and Bombus bimaculatus)
(Cameron ef al. 2011). Our more in-depth analysis of
these six North American species, which includes both
AR and Hp, largely confirms these results. Comparing
genetic diversity levels in other North American Bombus
species may thus be a promising first step in detecting
populations at risk of decline (Reed & Frankham 2003).

Our observations also suggest that simple compari-
sons may not always be fully informative, and it will be
necessary in some cases to consider additional variables
that could affect levels of genetic variation. For exam-
ple, the difference in mean Hg between declining B. oc-
cidentalis and stable B. vosnesenskii in the Western
United States was small (0.051) compared to the large
difference between B. occidentalis and stable B. bifarius
(0.141). Surprisingly, AR was slightly higher in B. occi-
dentalis than in B. vosnesenskii populations, which was
unexpected because AR should be lost more rapidly
than Hg following recent population declines (Allendorf
& Luikart 2007). We suspect that differences in geo-
graphic ranges are at least partly responsible for these
patterns, as, perhaps, are nonequilibrium demographic
processes. Bombus vosnesenskii is much more narrowly
distributed than the other species in this study (Fig. 1)
and, all else being equal, would be expected to have
correspondingly lower genetic diversity (Frankham
1996). This range effect is evident in comparisons of the
two stable western species, with diversity levels much
reduced in B. vosnesenskii relative to the widespread
B. bifarius. It is surprising, however, that Hg and AR in
the widely distributed B. occidentalis are so similar to
B. vosnesenskii, highlighting the unusually low variation
in the former species.

Interpreting differences in genetic diversity is more
straightforward between species with similar distribu-
tions (e.g. B. occidentalis vs. B. bifarius or B. pensylvani-
cus vs. B. impatiens and B. bimaculatus), but even in
these cases, factors such as elevation, latitude and
degree of local isolation (e.g. islands) may influence
comparisons (Fig. 2, Table 1). As broadscale (e.g. range
breadth) and local (e.g. elevation, latitude) aspects of a
species’ distribution can affect estimates of Hg and AR,
simple screening of genetic diversity in a small number
of populations is unlikely to provide unambiguous evi-
dence that a species is at risk. When Bombus species are
compared, however, considering characteristics of sam-
pled populations, such as physical isolation or eleva-
tion, should improve the power to identify whether a
species exhibits unexpectedly low levels of overall
diversity and thus whether it may warrant more exten-
sive monitoring efforts.

The low genetic variation observed in declining B. oc-
cidentalis and B. pensylvanicus populations compared to
those of stable species with similar ranges raises an



4884 J. D. LOZIER ET AL.

important question: Is this low diversity the result of
recent declines, or is it indicative of historical differ-
ences in effective population size among species? The
former would simply be a consequence of recent demo-
graphic changes, whereas the latter could be a sign that
species with small effective population sizes might be
in some way predisposed to declines. If recent declines
are to blame for the low diversity in the two declining
species, bottlenecks must have been severe to result in a
~15-20% loss of Hg or AR (Table 2), assuming that his-
torical diversity levels were similar to the stable B. bifa-
rius, B. impatiens and B. bimaculatus (Allendorf &
Luikart 2007). It is unclear whether declines observed in
B. occidentalis and B. pensylvanicus over the last 20 gen-
erations have been sufficient to cause such a consistent
loss of polymorphism across populations.

Consistently low genetic diversity across populations
could be explained if effective population sizes in
B. pensylvanicus and B. occidentalis populations have
been smaller historically than those of the currently sta-
ble species. For example, historical events that occurred
prior to recent declines, such as range expansions in
B. occidentalis and B. pensylvanicus from comparatively
small glacial refugia, are possible explanations for the
low diversity in these two species. A small number of
heterozygosity deficits, as well as the unusual patterns
observed for Hg and AR in B. occidentalis, provide some
indication that the genetic data may be reflecting non-
equilibrium dynamics, although small sample sizes and
potential sensitivity of Bottleneck to mutation model
and demographic assumptions necessitate cautious
interpretation of such patterns. There are myriad addi-
tional factors that could also influence effective popula-
tion size in bumble bees, from nest site or floral
competition and inherent differences in life history
traits, however, and at this point, it is premature to
speculate on the actual causes of potential species-spe-
cific differences. Distinguishing between historical and
contemporary causes of reduced genetic diversity in
declining species will be an important area for further
investigation.

Understanding the consequences of low genetic varia-
tion for bumble bee populations will be another impor-
tant topic for future research. In a close relative, the
honey bee (Apis melifera), genetic diversity can influence
colony productivity, growth and disease resistance
(Tarpy 2003; Mattila & Seeley 2007). It is possible that
genetic diversity in bumble bee populations has similar
effects (Baer & Schmid-Hempel 1999). The relationship
with disease susceptibility is of particular interest
because declining North American species with low
genetic diversity have higher prevalence of the patho-
gen N. bombi (Cameron et al. 2011), and in the United
Kingdom, less heterozygous populations of another

declining species, Bombus muscorum, are more suscepti-
ble to parasites (Whitehorn et al. 2011). Given the cur-
rent declines in Bombus biodiversity, it is increasingly
important to understand the relationship between low
genetic variation and susceptibility to environmental
factors that could precipitate future population losses.

Population structure and gene flow

A few genetic studies have documented that gene flow
can be comparatively low among populations of declin-
ing bumble bee species (Darvill ef al. 2006; Lozier &
Cameron 2009). However, our range-wide data reveal
no evidence that gene flow is more restricted in the two
declining North American species analysed here. The
lack of any substantial IBD in B. vosnesenskii and all
three eastern taxa suggests that gene flow is not spa-
tially limited in any of these species, declining or stable,
nor is there any evidence for historically isolated geo-
graphic lineages. Similar patterns of weak structure and
lack of IBD have been observed in several European
Bombus species (Estoup et al. 1996, Widmer & Schmid-
Hempel 1999; Chapman et al. 2003; Herrmann et al.
2007). The somewhat greater genetic differentiation
observed in B. bifarius and B. occidentalis suggests that
gene flow is more limited in these two species, but we
speculate that this is probably due to historical isolation
rather than any recently imposed barriers to dispersal.
Bombus bifarius and B. occidentalis are broadly distrib-
uted across western North America, where the complex
geology and climatic history have contributed to range
shifts and population divergence in many organisms
(Shafer et al. 2010). The main genetic clusters in
B. bifarius, for example, broadly correspond to phyloge-
ographic breaks in the Southern Rocky Mountains and
Pacific Northwest observed in other widely distributed
western North American taxa (e.g. Weir & Schluter
2004; Spellman ef al. 2007; Galbreth et al. 2010; Shafer
et al. 2010). The differentiation between contiguous Uni-
ted States and Alaskan B. occidentalis populations also
suggests historical genetic structure. Testing whether
this is the result of discrete population structure or IBD
detectable only over large distances will require addi-
tional sampling, although the latter possibility could
explain why IBD was weak in B. vosnesenskii and the
eastern species, which were sampled over compara-
tively small distances. The higher levels of genetic dif-
ferentiation in B. bifarius and B. occidentalis were
anticipated to some extent because of their respective
colour pattern polymorphisms (see Methods; Stephen
1957). However, our patterns of genetic structure are
not fully congruent with current subspecific designa-
tions, and additional research is needed to explore evo-
lutionary patterns of divergence in these two species.
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This is especially true for B. occidentalis, for which pop-
ulations appear at greater risk in some regions than in
others (Cameron et al. 2011), and accurate classification
will benefit conservation efforts.

It is of interest that recent habitat fragmentation,
known to have occurred in North America (e.g. Robert-
son et al. 1997), does not appear to have had a major
impact on genetic patterns in North American bumble
bees, despite some earlier evidence to the contrary (Lo-
zier & Cameron 2009). A possible explanation is that
bumble bees can utilize marginal habitats that may
appear highly disturbed, such as patches of weedy
flowers adjacent to highways and agricultural fields, or
gardens in heavily urbanized areas. In addition, bumble
bees have a capacity for reproductive dispersal over
many kilometres (Mikkola 1978; Buttermore 1997; Kraus
et al. 2009; Lepais et al. 2010), which in a large wide-
spread insect population with a fairly continuous distri-
bution may be sufficient to maintain high genetic
connectivity in the absence of more substantial barriers
such as mountain ranges (Chapuis et al. 2011). Such
patterns would be encouraging, as local populations
that lose diversity or are extirpated might eventually
recover via immigration.

As with measures of genetic diversity, however, pat-
terns of genetic structure may not fully capture ongoing
demographic processes. Following recent population
fragmentation, there is a lag time before migration—drift
equilibrium is achieved, so much of the genetic homoge-
neity we report here could reflect gene flow that pre-
ceded anthropogenic habitat disturbances (Whitlock &
McCauley 1999). Historical processes such as range
expansions can also contribute to nonequilibrium genetic
structure that might mimic a high degree of contempo-
rary gene flow. Significant heterozygosity deficits
detected in some populations, most notably in B. occiden-
talis from Alaska, and only weak IBD could point to such
dynamics in some species, although disequilibrium does
not appear widespread. In any event, results suggest that
reductions in gene flow that might characterize declining
species are not yet apparent in the genetic data, and addi-
tional research is clearly needed to better link genetic
parameters with ecologically relevant dispersal patterns
(Chapuis et al. 2011). If these data do largely reflect his-
torical gene flow, currently existing resources may not be
sufficient to maintain contemporary dispersal networks,
and it may be a matter of time before the genetic signa-
tures of population isolation become apparent (see next
section). This would be in line with other research argu-
ing that landscape management approaches encouraging
historically high levels of dispersal (e.g. Kremen et al.
2002; McFrederick & LeBuhn 2006; Ockinger & Smith
2007) are likely to be crucial for maintaining cohesive
populations of bumble bees and other pollinators.

© 2011 Blackwell Publishing Ltd

Islands and sky islands as models of future habitat
fragmentation in bumble bees. Populations that are
isolated via natural breaks such as islands or high-
elevation habitats provide a promising tool for better
understanding potential effects of habitat fragmenta-
tion in bumble bees. The coastal islands sampled in
this study exemplify the effects of isolation on genetic
diversity and structure in otherwise homogeneous
populations. Island studies of bumble bees in Europe
have also shown that much of the genetic structure in
some species can be associated with offshore islands
(Estoup et al. 1996; Widmer et al. 1998; Darvill et al.
2006, 2010; Goulson et al. 2011), while continental pop-
ulations of the same species are undifferentiated (Es-
toup et al. 1996). Dispersal limitations over water may
contribute to these patterns, and island area may also
be an important population size constraint, as most of
the populations showing reduced diversity and ele-
vated differentiation in this study were from small
islands. Bombus vosnesenskii was the only species that
did not show markedly elevated effects of drift on a
small island (San Juan Island, WA), perhaps due to
increased dispersal from the mainland, or because
nearby northern mainland populations are already
genetically depauperate (Fig. 2a). One caveat to these
results is that sample sizes on some islands were
small, particularly for small barrier islands in the Gulf
of Mexico. However, we suspect that small sample
sizes do not necessarily bias our conclusions. First,
other populations with small sample sizes do not
behave as notable outliers. In addition, the six B. pen-
sylvanicus individuals from Galveston Island actually
represent those unrelated individuals that were identi-
fied from 26 sampled workers, a smaller percentage of
unique colonies (23%) than in any other sampled pop-
ulation (average of ~80%) (Cameron et al. 2011). A
similar pattern was observed for B. impatiens from
Dauphin Island (55% colony diversity vs. an average
of ~93%). Together, the low genetic diversity and
comparatively small proportion of colonies per indi-
vidual collected at these sites suggest that islands may
harbour relatively small populations. Additional stud-
ies with larger samples will help clarify the specific
ways in which islands shape population size and gene
flow in bumble bees (e.g. Goulson et al. 2011).
High-elevation habitats may also serve as isolating
mechanisms in some Bombus species. The significant
reduction in genetic diversity and increase in differentia-
tion with altitude in B. bifarius suggests that populations
at higher elevations are smaller and less well connected
than those at lower elevations (Funk et al. 2005). The
increased isolation of such ‘sky islands’ is of concern in
the light of future climate change, particularly if low-ele-
vation habitats are more susceptible to disturbance
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(Forister et al. 2010). As suitable habitat becomes increas-
ingly fragmented by an inhospitable matrix, currently
panmictic populations could begin to exhibit characteris-
tics of those on islands and at high elevations.

These results for spatial patterns of diversity and
structure are only a first step toward understanding
potential population-isolating mechanisms in North
American Bombus. Future studies should be specifically
designed to utilize natural systems like islands and
mountain ranges to better understand how spatial isola-
tion affects genetic connectivity and population persis-
tence in bumble bees. Such data will undoubtedly
provide valuable information for designing conserva-
tion strategies for these important pollinators.

Acknowledgements

We thank M. Arduser, ]J. Belcher, J. Cech, S. Czarnik, N. Cor-
des, T. Griswold, H. Hines, P. Karnstedt, J. Koch, J. Knoblett,
L. Lewis, J. Neuman, L. Solter, Y. & E. Smutny, W. Stewart, ]J.
Trager and J. Whitfield for assistance with field work, J. Knob-
lett for assistance with laboratory work and H.C. Lim for com-
ments on an earlier draft of this manuscript. We also thank the
various local, state and national agencies, parks and preserves
that provided permits and support for sample collection. The
research was supported by the U.S. Department of Agriculture
(CSREES-NRI 2007-02274).

References

Allendorf FW, Luikart G (2007) Conservation and the Genetics of
Populations. Blackwell, Malden, Massachusetts.

Baer B, Schmid-Hempel P (1999) Experimental variation in
polyandry affects parasite loads and fitness in a bumble-bee.
Nature, 397, 151-154.

Biesmeijer JC, Roberts SPM, Reemer M et al. (2006) Parallel
declines in pollinators and insect-pollinated plants in Britain
and the Netherlands. Science, 313, 351-354.

Buttermore RE (1997) Observations of successful Bombus
terrestris (L.) (Hymenoptera: Apidae) colonies in southern
Tasmania. Australian Journal of Entomology, 36, 251-254.

Cameron SA, Lozier JD, Strange JP et al. (2011) Patterns of
widespread decline in North American bumble bees.
Proceedings of the National Academy of Sciences of the United
States of America, 108, 662—667.

Chapman RE, Wang J, Bourke AFG (2003) Genetic analysis of
spatial foraging patterns and resource sharing in bumble bee
pollinators. Molecular Ecology, 12, 2801-2808.

Chapuis MP, Popple JA, Berthier K et al. (2011). Challenges to
assessing connectivity between massive populations of the
Australian plague locust. Proceedings of the Royal Society of
London Series B, Biological Sciences, 278, 3152-3160.

Charman TG, Sears J, Green RE, Bourke AFG (2010)
Conservation genetics, foraging distance and nest density of
the scarce Great Yellow Bumblebee (Bombus distinguendus).
Molecular Ecology, 19, 2661-2674.

Colla SR, Packer LP (2008) Evidence for decline in eastern
North American bumblebees (Hymenoptera: Apidea), with

special focus on Bombus affinis Cresson. Biodiversity and
Conservation, 17, 1379-1391.

Cornuet JM, Luikart G (1996) Description and power analysis
of two tests for detecting recent population bottlenecks from
allele frequency data. Genetics, 144, 2001-2014.

Darvill B, Ellis JS, Goulson D (2006) Population structure and
inbreeding in a rare and declining bumblebee, Bombus
muscorum (Hymenoptera: Apidae). Molecular Ecology, 15,
601-611.

Darvill B, O’Connor S, Lye GC, Lepais O, Goulson D (2010)
Cryptic differences in dispersal lead to differential sensitivity
to habitat fragmentation in two bumblebee species. Molecular
Ecology, 19, 53-63.

Ellis JS, Knight ME, Darvill B, Goulson D (2006) Extremely low
effective population sizes, genetic structuring and reduced
genetic diversity in a threatened bumblebee species, Bombus
sylvarum (Hymenoptera: Apidae). Molecular Ecology, 15,
4375-4386.

Epps CW, Palsbell PJ, Wehausen JD, Roderick GK, Ramey
RRII, McCullough DR (2005) Highways block gene flow and
cause a rapid decline in genetic diversity of desert bighorn
sheep. Ecology Letters, 8, 1029-1038.

Estoup A, Scholl A, Pouvreau A, Solignac M (1995)
Monoandry and polyandry in bumble bees (Hymenoptera —
Bombinae) as evidenced by highly variable microsatellites.
Molecular Ecology, 4, 89-93.

Estoup A, Solignac M, Cornuet JM, Goudet J, Scholl A (1996)
Genetic differentiation of continental and island populations
of Bombus terrestris (Hymenoptera: Apidae) in Europe.
Molecular Ecology, 5, 19-31.

Falush D, Stephens M, Pritchard JK (2003) Inference of
population structure using multilocus genotype data: linked
loci and correlated allele frequencies. Genetics, 164, 1567-
1587.

Foll M, Gaggiotti O (2006) Identifying the environmental
factors that determine the genetic structure of populations.
Genetics, 174, 875-891.

Forister ML, McCall AC, Sanders NJ et al. (2010) Compounded
effects of climate change and habitat alteration shift patterns
of butterfly diversity. Proceedings of the National Academy of
Sciences of the United States of America, 107, 2088-2092.

Frankham R (1996) Relationship of genetic variation to
population size in wildlife. Conservation Biology, 10, 1500-
1508.

Frankham R (2005) Genetics and extinction. Biological
Conservation, 126, 131-140.

Funk WC, Blouin MS, Corn PS et al. (2005) Population
structure of Columbia spotted frogs (Rana luteiventris) is
strongly affected by the landscape. Molecular Ecology, 14,
483-496.

Gaggiotti OE, Foll M (2010) Quantifying population structure
using the F-model. Molecular Ecology Resources, 10, 821-830.
Galbreth KE, Hafner DJ, Zamudio KR, Agnew K (2010)
Isolation and introgression in the Intermountain West:
contrasting  gene  genealogies reveal the complex
biogeographic history of the American pika (Ochotona

princeps). Journal of Biogeography, 37, 344-362.

Gerlach G, Jueterbock A, Kraemer P, Deppermann ], Harmand
P (2010) Calculations of population differentiation based on
G(ST) and D: forget G(ST) but not all of statistics! Molecular
Ecology, 19, 3845-3852.

© 2011 Blackwell Publishing Ltd



POPULATION GENETICS OF NORTH AMERICAN BOMBUS 4887

Goulson D, Lye GC, Darvill B (2008) Decline and conservation
of bumble bees. Annual Review of Entomology, 53, 191-208.

Goulson D, Kaden JC, Lepais O, Lye GC, Darvill B (2011)
Population structure, dispersal and colonization history of
the garden bumblebee Bombus hortorum in the Western Isles
of Scotland. Conservation Genetics, 12, 867-879.

Grixti JC, Wong LT, Cameron SC, Favret C (2009) Decline of
bumble bees in the North American Midwest. Biological
Conservation, 142, 75-84.

Herrmann F, Westphal C, Moritz RFA, Steffan-Dewenter I
(2007) Genetic diversity and mass resources promote colony
size and forager densities of a social bee (Bombus
pascuorum) in agricultural landscapes. Molecular Ecology, 16,
1167-1178.

Hines HM, Hendrix SD (2005) Bumble bee (Hymenoptera:
Apidae) diversity and abundance in tallgrass prairie patches:
effects of local and landscape floral resources. Environmental
Entomology, 34, 1477-1484.

Jensen JL, Bohonak AJ, Kelley ST (2005) Isolation by distance,
web service. BMC Genetics, 6, 13. v.3.16 http://
ibdws.sdsu.edu/

Jones O, Wang ] (2009) COLONY: a program for parentage
and sibship inference from multilocus genotype data.
Molecular Ecology Resources, 10, 551-555.

Jost L (2008) Ggr and its relatives do not measure
differentiation. Molecular Ecology, 17, 4015-4026.

Kalinowski ST (2005) HP-RARE 1.0: a computer program for
performing rarefaction on measures of allelic richness.
Molecular Ecology Notes, 5, 187-189.

Kraus FB, Wolf S, Moritz RFA (2009) Male flight distance and
population substructure in the bumblebee Bombus terrestris.
Journal of Animal Ecology, 78, 247-252.

Kremen C, Williams NM, Thorp RW (2002) Crop pollination
from native bees at risk from agricultural intensification.
Proceedings of the National Academy of Sciences USA, 99,
16812-16816.

Laikre L, Allendorf FW, Aroner LC, Baker CS et al. (2010)
Neglect of genetic diversity in implementation of the
Convention on Biological Diversity. Conservation Biology, 24,
86-88.

Lepais O, Darvill B, O’Connor S et al. (2010) Estimation of
bumblebee queen dispersal distances using sibship
reconstruction method. Molecular Ecology, 19, 819-831.

Lozier JD, Cameron SA (2009) Comparative genetic analyses of
historical and contemporary collections highlight contrasting
demographic histories for the bumble bees Bombus
pensylvanicus and B. impatiens in Illinois. Molecular Ecology,
18, 1875-1886.

Mattila HR, Seeley TD (2007) Genetic diversity in honey bee
colonies enhances productivity and fitness. Science, 317, 362—
364.

McFrederick Q, LeBuhn G (2006) Are urban parks refuges for
bumble bees Bombus spp. (Hymenoptera: Apidae)? Biological
Conservation, 129, 372-382.

Meirmans PG, Hedrick PW (2011) Assessing population
structure: Fgr and related measures. Molecular Ecology
Resources, 11, 5-18.

Mikkola K (1978) Spring migrations of wasps and bumble
bees on the southern coast of Finland (Hymenoptera,
Vespidae and Apidea). Annales Entomologici Fennici, 44, 10—
26.

© 2011 Blackwell Publishing Ltd

Moritz C (2002) Strategies to protect biological diversity and
the processes that sustain it. Systematic Biology, 51, 238-254.
Nei M, Kumar S (2000) Molecular Evolution and Phylogenetics.

Oxford University Press, New York.

Newman D, Pilson D (1997) Increased probability of extinction
due to decreased genetic effective population size:
experimental populations of Clarkia pulchella. Evolution, 51,
354-362.

Ockinger E, Smith HG (2007) Semi-natural grasslands as
population sources for pollinating insects in agricultural
landscapes. Journal of Applied Ecology, 44, 50-59.

Piry S, Luikart G, Cornuet J-M (1999) BOTTLENECK: a
computer program for detecting recent reductions in the
effective population size using allele frequency data. The
Journal of Heredity, 90, 502-503.

Potts SG, Biesmeijer JC, Kremen C, Neumann P, Schweiger O,
Kunin WE (2010) Global pollinator declines: trends, impacts
and drivers. Trends in Ecology and Evolution, 25, 345-353.

R Developement Core Team (2009) R: A Language and
Environment for Statistical Computing. R Foundation for
Statistical Computing, Vienna, Austria.

Reber Funk CR, Schmid-Hempel R, Schmid-Hempel P (2006)
Microsatellite loci for Bombus spp. Molecular Ecology Notes, 6,
83-86.

Reed DH, Frankham R (2003) Correlation between Fitness and
Genetic Diversity. Conservation Biology, 17, 230-237.

Robertson KR, Anderson RC, Schwartz MW (1997) The
tallgrass prairie mosaic. In: Conservation in Highly Fragmented
Landscapes (ed. Schwartz MW), pp. 55-87. Chapman & Hall,
New York.

Rousset F (2008) GENEPOP’007: a complete re-implementation
of the Genepop software for Windows and Linux. Molecular
Ecology Resources, 8, 103-106.

Schwartz MK, Luikart G, Waples RS (2007) Genetic monitoring
as a promising tool for conservation and management.
Trends in Ecology & Evolution, 22, 25-33.

Shafer AB, Cullingham CI, Céte SD, Coltman DW (2010) Of
glaciers and refugia: a decade of study sheds new light on
the phylogeography of northwestern North America.
Molecular Ecology, 19, 4589-4621.

Spellman GM, Riddle B, Klicka J (2007) Phylogeography of the
mountain  chickadee  (Poecile  gambeli):  diversification,
introgression, and expansion in response to Quaternary
climate change. Molecular Ecology, 16, 1055-1068.

Spielman D, Brook BW, Frankham R (2004) Most species are
not driven to extinction before genetic factors impact them.
Proceedings of the National Academy of Sciences of the United
States of America, 101, 15261-15264.

Strange JP, Knoblett J, Griswold T (2009) DNA amplification
from pin-mounted bumble bees (Bombus) in a museum
collection: Effects of fragment size and specimen age on
successful PCR. Apidologie (Celle), 40, 134-139.

Stephen WP (1957) Bumble Bees of Western America. Oregon
State University Technical Bulletin 40. Oregon State
University, Corvallis.

Tarpy DR (2003) Genetic diversity within honeybee colonies
prevents severe infection and promotes colony growth.
Proceedings of the Royal Society of London Series B, Biological
Sciences, 270, 99-103.

Templeton AR, Robertson R], Brisson J, Strasburg ] (2001)
Disrupting evolutionary processes: the effect of habitat



4888 J. D. LOZIER ET AL.

fragmentation on collared lizards in the Missouri Ozarks.
Proceedings of the National Academy of Sciences of the United
States of America, 98, 5426-5432.

Thorp RW (2005) Species Profile: Bombus franklini. In: Red List
of Pollinator Insects of North America CD-ROM Version 1 (May
2005) (eds Shepherd MD, Vaughan DM, Black SH), pp. 1-8.
The Xerces Society for Invertebrate Conservation, Portland.

Thorp RW, Horning DS, Dunning LL (1983) Bumble Bees and
Cuckoo Bumble Bees of California (Hymenoptera: Apidae).
Bulletin of the California Insect Survey 23, University of
California Press, Berkeley.

Waples RS, Punt AE, Cope JM (2008) Integrating genetic data
into management of marine resources: how can we do it
better? Fish and Fisheries, 9, 423-449.

Weir JT, Schluter D (2004) Ice sheets promote speciation in
boreal birds. Proceedings of the Royal Society of London Series B,
Biological Sciences, 271, 1881-1887.

Whitehorn PR, Tinsley MC, Brown MJF, Darvill B, Goulson D
(2011) Genetic diversity, parasite prevalence and immunity
in wild bumblebees. Proceedings of the Royal Society B,
Biological Sciences, doi: 10.1098/rspb.2010.1550.

Whitlock MC, McCauley DE (1999) Indirect measures of gene
flow and migration: Fsr # 1/(4Nm + 1). Heredity, 82, 117-
125.

Widmer A, Schmid-Hempel P (1999) The population genetic
structure of a large temperate pollinator species Bombus
pascuorum  (Scopoli)(Hymenoptera: ~ Apidae).  Molecular
Ecology, 8, 387-398.

Widmer A, Schmid-Hempel P, Estoup A, Scholl A (1998)
Population genetic structure and colonization history of
Bombus terrestris s.1. (Hymenoptera: Apidae) from the Canary
Islands and Madeira. Heredity, 81, 563-572.

Williams PH (1986) Environmental change and the
distributions of British bumble bees (Bombus Latr.). Bee
World, 67, 50-61.

Williams PH, Osborne JL (2009) Bumble bee vulnerability and
conservation world-wide. Apidologie, 40, 367-387.

Winfree R (2010) The conservation and restoration of wild
bees. Annals of the New York Academy of Sciences, 1195, 169—
197.

J.Ls research interests include population genetics and con-
servation of pollinators and other insects. ].S/s interests

include developing bumble bees for pollination of agricultural
crops and understanding patterns of genetic diversity in wild
pollinators. 1.S. is interested in insect systematics and linking
current scientific research with secondary education curricula.
S.C. is interested in the evolution of social traits in bees as
inferred from molecular phylogenetics and genomics, and ulti-
mate and proximate ecological and genetic factors leading to
changes in their biodiversity.

Data accessibility

Microsatellite data and spatial coordinates: DRYAD digital
repository entry doi:10.5061/dryad.d403s/.

Supporting information

Additional supporting information may be found in the online
version of this article.

Fig. S1 Estimates of AR calculated using a rarefaction sample
size of 10 vs. 20 gene copies per population, indicating that rel-
ative AR differences among species are the same for both mea-
sures.

Fig. 52 (a) Relationships between Ggr and geographic distance
among populations, with comparisons between mainland and
island populations shown in blue (see Fig. 3). (b) Relationship
between D, and geographic distance for mainland Bombus bi-
farius populations (Fig. 3b), highlighting intercluster genetic
differentiation. Each mainland population was assigned to one
of the two STRUCTURE clusters (Fig. 4a lower panel) to which
>50% of individual genotypes were assigned. Comparisons
between populations primarily belonging to the same cluster
are shown in red, and comparisons between populations
assigned to different clusters are shown in blue.

Please note: Wiley-Blackwell are not responsible for the content
or functionality of any supporting information supplied by the
authors. Any queries (other than missing material) should be
directed to the corresponding author for the article.

© 2011 Blackwell Publishing Ltd



