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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
nce: Jeffrey D. Lozier, Fax: (205) 348 1786;

r@as.ua.edu
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
� 2011 Blackwell Publishing Ltd
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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. 1a–f)—that

were the focus of a recent study by Cameron et al.

(2011) documenting the geographic breadth and sever-
� 2011 Blackwell Publishing Ltd
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. o. nigroscutatus, B. o. proximus) (Stephen 1957).



(a) (b) (c)

(d) (e) (f)

(g) (h)

B. pensylvanicus B. bimaculatusB. impatiensB. occidentalis B. vosnesenskiiB. bifarius

AK

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

with a dashed line.
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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. 1e) 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

BTERN01) 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 BTERN01). 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
� 2011 Blackwell Publishing Ltd
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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 (HE). 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 HE 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 HE 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 (Dest), corrected for small sam-

ples, using DEMEtics (Gerlach et al. 2010); 95% confi-

dence intervals (95% CIs) were estimated using 1000

bootstrap repetitions. Other estimators of population

structure (e.g. GST; G’ST; Meirmans & Hedrick 2011)

were correlated; thus, choice of statistic did not affect

the interpretation of results. We selected Dest to facili-

tate comparisons among species (global GST values are

listed in Table 2; see Fig. S2a for pairwise GST’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 Dest 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 FST 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, FST 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



Table 2 Population genetics summary statistics for the six Bombus species

Dest (95% CI) GST (95% CI) AR (SD) HE (SD)

Bombus bifarius 0.114 (0.097–0.131) 0.022 (0.018–0.026) 5.436 (0.457)*** 0.771 (0.042)***

Bombus vosnesenskii 0.018 (0.006–0.030) 0.006 (0.001–0.011) 3.872 (0.112) 0.681 (0.022)***

Bombus occidentalis 0.118 (0.093–0.144) 0.035 (0.027–0.043) 4.308 (0.182) 0.630 (0.032)

Bombus impatiens 0.031 (0.019–0.043) 0.006 (0.003–0.010) 4.737 (0.191)*** 0.687 (0.018)***

Bombus bimaculatus 0.020 (0.004–0.035) 0.003 ()0.001–0.007) 4.788 (0.177)*** 0.693 (0.018)***

Bombus pensylvanicus 0.044 (0.026–0.061) 0.016 (0.010–0.022) 3.540 (0.289) 0.529 (0.034)

Dest and GST, 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; HE, 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
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FST 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 FST 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 FST 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,

NC). In B. impatiens, there was significant evidence for

LD between BL15 and B10 (Dauphin Island, AL), BL15

and BT10 (Fletcher, OH), and B126 and BTERN01

(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. vosnesenskii. 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 BTERN01 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 HE 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 HE, AR in B. occi-

dentalis populations was slightly higher than that in

B. vosnesenskii (Table 2). In the Eastern United States,

B. pensylvanicus was significantly less diverse in both

HE 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; F1, 13 = 6.97,

R2 = 0.30, P < 0.05) and HE (F1, 13 = 8.66, R2 = 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; HE = grey points, dashed line); (b) relationship between

genetic diversity and elevation for Bombus bifarius (symbols as

in a); (c) relationship between F-model FST 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: F1, 27 = 29.82, R2 = 0.51, P < 0.001; HE:

F1, 27 = 9.60, R2 = 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, maintained 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

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 Dest (and GST; Table 2) were low (<0.05) for

B. vosnesenskii, B. pensylvanicus, B. impatiens and

B. bimaculatus, although 95% CIs did not include zero

(the GST 95% CI did include zero for B. bimaculatus).
� 2011 Blackwell Publishing Ltd
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Values for B. bifarius and B. occidentalis were markedly

higher [mean Dest (95% CI) = 0.114 (0.097–0.132) and

0.119 (0.093–0.144), respectively]. Dest did not differ sig-

nificantly between declining and stable species

(Table 2).
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The low genetic differentiation extends over large

geographic scales (>1500 km; Fig. 3a–f; Fig. S2a, Sup-

porting information). Bombus vosnesenskii showed no

signature of IBD. Of the eastern species, only B. impa-

tiens showed a marginally significant relationship
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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 FST 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 Dest with geographic distance,

(Fig. 3a; Mantel test: Z = 20 582.08, r = 0.55, P = 0.002),

and local FST 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 FST varied to some

degree among populations (Fig. 3g). As for genetic

diversity, much of the noticeable variation in FST 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
AK AK

Alaska   (N         S)Islands AK NVWA, OR, CA
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UT (N)
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WY (S)
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of genetic diversity for these populations were also the

lowest observed in each of the three species (marked by

‡ in Table 1; Fig. S1, Supporting information). Only

small coastal islands (Galveston Island, TX, and Dau-

phin Island, AL, both <175 km2) seemed to affect the

diversity measures for the eastern species, as B. bima-

culatus and B. impatiens from Long Island, NY,

(�3600 km2) 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 km2), the Victoria, BC, B. bifari-

us population exhibited patterns similar to populations

on the smaller, nearby San Juan Islands (�150 km2)

(PP = 1.0; see also ‘STRUCTURE Results’). The island

effect did not appear to affect B. vosnesenskii; there was

some signal that pairwise Dest values and FST were

slightly higher for the San Juan Island popula-

tion (Fig. 3c, g), but differentiation from mainland
Contiguous US

Fig. 4 STRUCTURE results for Bombus

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.

� 2011 Blackwell Publishing Ltd
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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 Dest 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 Dest 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 HE 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-
� 2011 Blackwell Publishing Ltd
nesenskii, Bombus impatiens and Bombus bimaculatus)

(Cameron et al. 2011). Our more in-depth analysis of

these six North American species, which includes both

AR and HE, 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 HE 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 HE 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 HE 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 HE 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
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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 HE 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 HE 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 et 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 et 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.
� 2011 Blackwell Publishing Ltd
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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; Öckinger & 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.
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