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and B. impatiens sampled directly from hives (average 
pairwise F′ST = 0.14), but not among samples of forag-
ing bees from natural areas (average F′ST among foraging 
bees = 0.002). Furthermore, Bayesian analysis of popula-
tion structure revealed that foraging bees caught in areas 
with a history of commercial bee use grouped with sam-
ples from natural areas. These results document an agricul-
tural setting where there was no widespread introgression 
of alleles from commercial bumble bees to wild bumble 
bees, commercial bumble bees did not become established 
in natural areas, and wild bees were providing pollination 
services to crops.

Keywords Bumble bee · Agriculture · Genetic structure · 
Introgression · Gene flow · Pollination

Introduction

Understanding how human-dominated land use affects bio-
diversity is a top priority for conservation. Agricultural 
areas make up almost 40% of terrestrial land globally, and 
human agricultural land use needs are projected to increase 
by 12.5% by 2030 (FAO 2015). It is possible for agricul-
tural areas to provide wildlife habitat, such as habitat for 
natural enemies of crop pests, if use of chemicals harm-
ful to insects is minimized (Landis et al. 2000). However, 
agricultural land use is broadly associated with biodiversity 
declines (Green et  al. 2005), likely due to loss of habitat 
(Koh and Wilcove 2008), and use of insecticides and pesti-
cides (Geiger et al. 2010). An important impact of agricul-
ture on local biodiversity is that of commercially managed 
pollinators—that is, pollinators that are rented or purchased 
for use pollinating agricultural crops—on wild pollinators 
living in or near agricultural areas.

Abstract Loss of habitat and chemical use associated 
with agriculture can cause population declines of wild 
pollinators. Less is known about the evolutionary conse-
quences of interactions between species used in commer-
cial agriculture and wild pollinators. Given population 
declines of many wild bee species, it is crucial to under-
stand if commercial queens become established in natu-
ral areas, if wild bees visit agricultural fields and have the 
potential to interact with commercial bees, and if gene flow 
occurs between commercial and wild bees. We drew on a 
long-term data set that documents commercial bumble 
bee (Bombus impatiens) use in New England, and we con-
ducted genetic analyses of foraging B. impatiens from areas 
with varying intensities of commercial bee use. In agricul-
tural areas with a history of commercial bee use we also 
sampled bees directly from commercial hives. We found 
significant genetic differences among foraging B. impatiens 
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Conservation of wild pollinators is directly relevant to 
agricultural productivity.

First, pollinators are essential for the reproduction of 
most wild plants (Ollerton et  al. 2011). Second, about 
one-third of food consumed by humans is directly tied to 
pollination by bees, which boost agricultural productivity 
in almost two-thirds of crops (Klein et  al. 2007). Third, 
there is growing evidence that both commercial and wild 
pollinators are in decline worldwide (Potts et  al. 2010), 
due to habitat destruction (Winfree et al. 2009), pesticide 
poisoning (Desneux et  al. 2007), and disease (Manley 
et al. 2015). This has led to decreases in agricultural pro-
ductivity (Kevan and Phillips 2001; Benjamin and Win-
free 2014) and the abundance and species diversity of 
wild plants (Biesmeijer et al. 2006). This is because wild 
pollinators living in or near agricultural areas contribute 
to seed set of many crops (Kremen et al. 2002) and may 
be responsible for almost $3.07 billion of fruits and vege-
tables produced in the United States annually (Losey and 
Vaughan 2006).

While our knowledge about how landscape context and 
chemical use influence pollinators is increasing, we still 
lack a comprehensive understanding of how interactions 
between commercial and wild pollinators may influence 
demographic and evolutionary processes in wild pollina-
tor populations. Wild pollinators visit agricultural fields for 
food if the fields are close to natural areas (Ricketts et al. 
2008), and thereby have the chance to interact with com-
mercial pollinators either directly or indirectly. Some stud-
ies suggest that competition occurs between commercial 
honey bees and wild bees (Schaffer et al. 1983; Thomson 
2004; but see; Paini et al. 2005). In addition, diseases can 
transfer between managed and wild bees, both between 
managed honey bees and wild bumble bees (Genersch et al. 
2006; Fürst et  al. 2014), and between managed and wild 
bumble bees (Colla et al. 2006).

Less is known about the longer term evolutionary con-
sequences of commercial bees for wild bees (Byatt et al. 
2016). It is plausible that gene flow between commercial 
and wild bees could have negative fitness effects via out-
breeding depression. Outbreeding depression could be 
due to intrinsic factors (e.g. chromosomal incompatibili-
ties; Edmans 2007; Frankham et  al. 2011) or extrinsic 
factors (e.g. loss of local adaptation; Hufford and Mazer 
2003). Alternatively, hybridization between commer-
cial and wild bees could have positive fitness effects via 
enhanced genetic diversity. Interbreeding between com-
mercial and wild bees could lead to novel genotypes that 
are better able to withstand environmental changes. This 
could lead to greater chances of population persistence. 
There is also not much known about the ecological con-
sequences of interbreeding between commercial and wild 
bumble bees, but these could include altered competitive 

interactions among bees in a community, altered floral 
choices, or increased winter survival.

Wild bumble bees are important generalist pollinators 
of temperate plants. They are some of the most effec-
tive pollinators due to their buzz pollination behavior, 
whereby they vibrate their flight muscles to shake pol-
len out of flowers. Unfortunately, many wild species 
have shown conspicuous declines in both Europe and the 
United States (Goulson et al. 2008; Cameron et al. 2011). 
On the contrary, other species seem to have relatively sta-
ble populations, including Bombus terrestris in Europe 
and B. impatiens in the eastern United States (Cameron 
et al. 2011). These two species are also used as pollina-
tors of agricultural crops. Their commercialization began 
in the 1980s (B. terrestris; Röseler 1985) and 1990s (B. 
impatiens; Whittington and Winston 2004), and they 
are becoming increasingly important to agricultural pro-
ductivity (Delaplane and Mayer 2000), especially given 
recent honey bee losses (Winfree et al. 2007). However, 
there has been concern over the escape and spread of 
introduced commercial B. terrestris in Eurasia because 
of competition with wild bees, disease transfer to wild 
bees, and genetic contamination of wild bees (Dafni et al. 
2010). B. terrestris is prohibited from being imported 
into North America, where B. impatiens is the most com-
mon commercialized bumble bee. Little is known about 
the extent to which new B. impatiens queens from com-
mercial hives become established in non-agricultural 
areas, or how much genetic exchange occurs between 
commercial and wild B. impatiens.

In this study we took advantage of a natural experi-
ment to assess the extent to which wild bees forage in 
agricultural areas, explore whether there is evidence for 
establishment of commercial queens in the wild, and 
explore whether admixture is detectable between com-
mercial and wild bees. We addressed the following spe-
cific questions. First, how does genetic diversity vary 
among foraging bees in relation to intensity of commer-
cial bee use? Second, to what extent are populations of B. 
impatiens in areas with no history of commercial bee use 
genetically distinct from commercial bees used in agri-
cultural areas? Third, for B. impatiens caught foraging on 
agricultural crops, does genetic similarity to commercial 
bees change with increasing commercial bee use? We 
predicted that there would be higher genetic diversity in 
areas with increasing commercial bee use, that bees from 
areas with no history of commercial bee use would be 
genetically distinct from commercial bees, and that there 
would be increasing genetic similarity to commercial 
bees among foraging bees in areas of increasing intensity 
of commercial bee use due to commercial bees foraging 
on agricultural crops, and due to introgression between 
commercial and wild bees.



Conserv Genet 

1 3

Methods

Species and sampling

Bombus impatiens (Hymenoptera: Apidae) is a large-
bodied generalist bumble bee species native to the eastern 
United States. Colonies typically consist of one queen and 
hundreds of workers and have an annual lifecycle. Near 
summer’s end queens produce females that will mate with 
males from different colonies, and find overwintering nest-
ing sites. Newly mated queens emerge in the early spring to 
found colonies of their own.

In June and July of 2013 we sampled worker bees using 
nets from 22 sites in Massachusetts that varied in their 

intensity of commercial bee use (Table  1; Fig.  1). First, 
we sampled bees foraging on wild plants and on agricul-
tural crops in areas with no history of commercial bee use 
(hereafter natural sites). These natural sites had a history 
of anthropogenic land use and included cemeteries, arbore-
tums, and cranberry bogs without a history of commercial 
bee use. Sites were designated as natural based on detailed 
historical records of commercial bee use in New England 
agricultural areas, and were sites to which no commercial 
bees were brought over the past decade (A. Averill, unpub-
lished data). Second, we sampled bees foraging on cran-
berry in agricultural areas that had varying historical levels 
of commercial bee use but had no commercial bees present 
in 2013 (hereafter historic sites). Third, we sampled bees 

Table 1  The 22 sites from which we sampled in 2013 represented 
by a letter, sample type represented by a number, site type reflecting 
commercial bee use intensity, with natural referring to sites with no 
history of commercial bee use, historic referring to sites with com-
mercial bee use prior to 2013 but no commercial bee use in 2013, 
current referring to samples of bees foraging on cranberry at sites 
with current commercial bees, and hive referring to samples obtained 
directly from commercial hives at current commercial bee sites, 

radius of sampling area (km), number of samples, number of full 
sibling families, years since commercial bees were on the site, total 
years with commercial bees, total number of commercial bee hives 
at a site, number of commercial hives when sampling was performed, 
and measures of genetic diversity including number of alleles  Na, 
observed heterozygosity  Ho, expected heterozygosity  He, and allelic 
richness  Ar

NA represents ‘Not Applicable’ and is shown for natural sites with nohistory of commercial bee use

Site Sample Type Rad N Fam Years since Years with Tot hives Hives 2013 Na Ho He Ar

A 1 Natural 0.75 14 14 NA NA NA NA 6.33 0.62 0.61 5.07
B 2 Current 1 13 11 0 7 65 15 5.78 0.56 0.58 5.09
B 3 Hive NA 27 15 0 7 65 15 4.89 0.54 0.50 4.57
C 4 Natural 0.2 31 24 NA NA NA NA 6.56 0.51 0.57 5.01
D 5 Hive NA 49 34 0 1 10 10 7.67 0.54 0.55 4.96
D 6 Current 0.75 39 22 0 1 10 10 5.11 0.48 0.49 4.32
E 7 Historic 0.23 21 17 1 4 10 0 6.89 0.53 0.57 5.08
F 8 Current 0.26 30 24 0 7 42 6 7.33 0.58 0.57 5.09
F 9 Hive NA 9 8 0 7 42 6 4.78 0.55 0.60 5.21
G 10 Current 0.44 28 23 0 8 8 1 6.67 0.54 0.56 5.14
G 11 Hive NA 14 5 0 8 8 1 2.56 0.34 0.47 4.20
H 12 Hive NA 30 15 0 8 215 40 4.33 0.43 0.48 4.41
I 13 Historic 0.2 30 23 6 1 4 0 6.67 0.52 0.54 4.94
J 14 Current 0.3 6 5 0 5 12 2 3.00 0.47 0.43 4.20
J 15 Hive NA 15 6 0 5 12 2 4.22 0.56 0.59 5.01
K 16 Natural 0.8 21 17 NA NA NA NA 7.00 0.56 0.57 5.15
L 17 Current 0.15 13 10 0 7 14 2 5.11 0.56 0.55 4.91
M 18 Historic 0.75 29 25 4 1 1 0 6.78 0.52 0.55 5.05
N 19 Historic 0.4 19 16 2 1 2 0 5.78 0.53 0.53 4.61
O 20 Natural 0.2 15 11 NA NA NA NA 5.67 0.49 0.54 4.99
P 21 Historic 0.15 30 25 1 2 6 0 8.11 0.58 0.58 5.05
Q 22 Historic 0.2 28 18 1 4 8 0 6.67 0.59 0.60 5.19
R 23 Natural 0.11 29 19 NA NA NA NA 6.11 0.51 0.54 4.98
S 24 Natural 1.4 30 24 NA NA NA NA 8.11 0.53 0.57 5.17
T 25 Natural 0.9 24 21 NA NA NA NA 9.33 0.53 0.65 5.37
U 26 Natural 3 29 24 NA NA NA NA 7.56 0.60 0.57 5.03
V 27 Natural 7.2 5 5 NA NA NA NA 3.67 0.47 0.55 5.20
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foraging on cranberry from areas that currently had hives 
of B. impatiens commercially reared by Koppert Biologi-
cal Systems (Romulus, MI; hereafter called current com-
mercial sites). To our knowledge, commercial bumble 
bees have been purchased for use in the geographic area in 
which we sampled almost exclusively for cranberry polli-
nation (A. Averill, personal communication with represent-
ative from Koppert Biological Systems).

The distance between a natural site and a site with a 
history of commercial bee use (historic or current) ranged 
6–123 km. The distance between a natural site and another 
natural site ranged 5–109  km, and the distance between 
a non-natural site and another non-natural site ranged 
2–19 km. When sampling foraging bees, we attempted to 
sample uniformly throughout the sampling area, and mini-
mized sampling more than one bee within 10 m of another 
collected individual. At each site, we calculated a sampling 
radius as half of the furthest distance apart that any two 
bees were obtained. At the current commercial sites we 
sampled no more than 1 km from the commercial hives to 
ensure our sampling locations were well within the 2  km 
reported foraging distance of B. impatiens (Greenleaf et al. 
2007). Wild and commercial B. impatiens are indistin-
guishable when foraging, and we expected that the proba-
bility of sampling either a wild or commercial B. impatiens 
would be proportional to the abundance of each type in the 
sampling area. Finally, at these current commercial sites we 
sampled directly from commercial hives. At these sites, the 
commercial colonies were active, with bees flying in and 

out of hives, and we netted bees as they left the hives. At 
one of the current commercial sites we obtained a sample 
of bees only from commercial hives and not from foraging 
bees because there were very few bees foraging on cran-
berry (site H). Our final sample included 628 bees, with an 
average of 23 ± 10 (sd) per sample (Table 1). At the current 
commercial sites we sampled at least one week after com-
mercial hives were placed on the site (range 8–57 days). 
At these six sites, there were a total of 74 colonies from 
Koppert Biological Systems. The number of full or half 
sibling families in each commercial hive was unknown, 
and was likely greater than one due to mixing of brood by 
Koppert Biological Systems (A. Averill, personal commu-
nication with representative from Koppert Biological Sys-
tems). Samples were stored at -20 °C in the Department of 
Environmental Conservation, University of Massachusetts 
Amherst.

Molecular analysis

We extracted DNA from the middle leg of each bumble bee 
using a standard salt precipitation procedure, and genotyped 
each sample at nine microsatellite loci: BT28, BTERN01, 
BL13, BL15 (Reber Funk et al. 2006), and B10, B124, B126 
(Estoup et  al. 1995), BTMS0033, and BTMS0033 (Stolle 
et al. 2009). The PCR reaction conditions were: 94 °C for 
15 min, 35 cycles of 94 °C for 30 s, 57 °C for 90 s, 72 °C for 
60 s, and 72 °C for 30 min. We ran PCR products on a 3130 
DNA sequencer (Applied Biosystems) at the University 

Fig. 1  Map showing locations of the 22 sample sites. Sample types 
are delineated by color. Red refers to sites with no history of com-
mercial bee use (‘natural’), orange refers to sites with commercial 
bee use prior to 2013 but no commercial bee use in 2013 (‘historic’), 

yellow refers to samples of bees foraging on cranberry at sites with 
current commercial bees (‘commercial’), and blue refers to samples 
obtained directly from commercial hives at current commercial bee 
sites (‘hive’). (Color figure online)
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of Massachusetts Amherst, and analyzed the microsatel-
lite lengths using Geneious software v7.0 (Biomatters Ltd, 
Auckland, New Zealand). All samples were scored twice 
and no inconsistencies were found. The proportion of geno-
types that did not amplify was 0.036 over all individuals 
and loci. See below for how we assessed the influence that 
missing data could have had on analyses.

Genetic diversity

Family structure within sampling locations might bias esti-
mates of population genetic structure (Rodriguez-Ramilo 
and Wang 2012), so in population genetic analyses we used 
one randomly chosen individual from each full-sibling fam-
ily that was reconstructed using the program COLONY 
(Wang 2004; see Online Resource 1 for details). We used 
Genalex (Peakall and Smouse 2006) to test for departure 
from Hardy–Weinberg proportions for each sampling loca-
tion, and to confirm that no pairs of loci were in linkage 
disequilibrium. We corrected for inflated type I error rates 
due to multiple testing using a sequential Bonferroni cor-
rection at an alpha level of 0.05. We estimated three meas-
ures of genetic diversity to determine how genetic diversity 
changes with increasing intensity of commercial bee use. 
Expected heterozygosity (He) and number of alleles (Na) 
were calculated using the program Genalex, and allelic 
richness (Ar) was calculated using the R package Hierf-
stat (Goudet 2005). Allelic richness is a measure of genetic 
diversity that is calculated from the number of alleles using 
rarefication and is useful for comparing genetic diversity 
among samples of different sizes. We compared mean 
genetic diversity among natural, historic, and current com-
mercial bee sites using analysis of variance implemented 
in R. We also tested for significant correlations between 
measures of genetic diversity and measures of commercial 
bee intensity (described above) using the cor.test function 
implemented in R.

Genetic differentiation among samples

We used three methods to determine if populations of B. 
impatiens in areas with no history of commercial bee use 
are genetically distinct from commercial bees used in agri-
cultural areas. We calculated two estimates of genetic dif-
ferentiation among sampling locations using the program 
Genodive version 2 (Meirmans and Van Tienderen 2004). 
We used Nei’s unbiased estimator of GST (Nei 1987) as an 
estimate of FST (Wright 1951). We used G′′ST as an estimate 
of F′ST. For highly variable markers such as the microsatel-
lites used in this study, F′ST may be a better estimator of 
genetic differentiation (Jost 2008). G′′ST is a standardized 
F′ST estimator that corrects for a small number of sampled 
populations (Meirmans and Hedrick 2011). We performed 

genic exact tests for locus specific allele frequency differ-
ences among sites using the program Genepop version 4.2 
(Rousset 2008). We estimated the overall statistical sig-
nificance of the multiple comparisons using a method that 
corrects for increased typed I error while also controlling 
the level of falsely rejected null hypotheses (Benjamini and 
Yekutieli 2001; Narum 2006).

Second, we used the Bayesian clustering method imple-
mented in Structure version 2.3.2 (Pritchard et  al. 2000) 
to estimate the number of genetic groups in the data set 
(K) and assign individuals to these groups. We ran Struc-
ture under the admixture model, with correlated allele fre-
quencies, using the λ = 1, and “infer ALPHA” option. We 
performed 15 runs with a burnin of 50,000 followed by 
100,000 iterations, which included three replicates in which 
we allowed K to vary from one to five. We ran Structure 
under both the no LOCPRIOR and LOCPRIOR models. 
LOCPRIOR uses location information in the prior and 
can be helpful when attempting to detect subtle population 
structure (Hubisz et al. 2009). In runs with a location prior 
included, we confirmed that the parameter r was close to 
or < 1, meaning that locations were informative (Hubisz 
et  al. 2009). Finally, we used the program Structure Har-
vester (Earl and vonHoldt 2011), to implement the ad hoc 
∆K method (Evanno et al. 2005), and infer the K value that 
best fit the data.

Third, we used an analysis of principle components to 
examine genetic differences among sites. We used site-spe-
cific allele frequencies and specified a covariance matrix 
with Genodive.

Assessing genetic similarity to commercial bees

We used two methods to determine if, for B. impatiens 
caught foraging on agricultural crops, genetic similar-
ity to commercial bees increases with increasing com-
mercial bee use. First, we examined the Structure output 
for K = 2 for evidence of gene flow between commercial 
bees and wild bees. For a given set of genetic groupings, 
Structure provides a Q-value for each group, which is the 
estimated proportion of an individual’s genotypes that are 
assigned to that group. We considered Q-values of > 25% 
possible signals of hybridization or past introgression, 
based on Vähä and Primmer (2006). These authors found 
that the efficiency and accuracy of Structure’s ability to 
detect hybrids was greatest for Q-values of 0.2, but that 
for low levels of divergence (FST = 0.03–0.06) there was 
high misclassification of purebred individuals as hybrids. 
We chose 0.25 as a more conservative Q-value thresh-
old above which individuals were considered admixed, 
because the average FST among pairs of hive and natu-
ral samples in the current study was 0.06 (see results). In 
addition, we used general linear models to confirm that 
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missing data did not influence the proportion of an indi-
vidual’s genotypes assigned to the genetic group to which 
the majority of its genotypes were assigned (model 1), 
and that missing data did not influence the proportion of 
an individual’s genotypes assigned to the genetic group 
containing bees collected from natural sites (model 2). 
The general linear models contained as a dependent vari-
able the log transformed deviation that an individual’s 
Q-value was from 100% assignment to whichever genetic 
group the majority of its genotypes fell into, or the log 
transformed deviation from 100% assignment from the 
genetic group corresponding to bees from natural sites. 
The proportion of loci that did not amplify was the inde-
pendent variable, and we included site as a random effect 
to control for possible differences among sites in the 
amount of missing data. We ran models and confirmed 
that the amount of missing data was not a significant pre-
dictor of the dependent variables using likelihood ratio 
tests implemented using the lme4 package (Bates et  al. 
2015) in R (model 1: chisq = 1; 4 df, P = 0.32; model 2: 
chisq = 0.76, 4 df, P = 0.39).

Second, we determined if genetic similarity among 
sites increases with increasing commercial bee use. We 
performed multiple regression on distance matrices with 
randomization (MMRR) as described in Wang (2013). 
MMRR was developed to circumvent shortcomings of 
the Mantel test, which has become a standard statistical 
technique for assessment of how patterns of genetic dif-
ferentiation are associated with variables such as geo-
graphic distance or landscape characteristics. Relative to 
Mantel tests, MMRR has more appropriate Type I error 
rates, and may also be preferable because it ranks vari-
ables in terms of their relative effects on genetic distance 
(Wang 2013). Our independent variables were (1) differ-
ence between sites in the number of years commercial 
bees were present (range 0–8), (2) difference between 
sites in the total number of hives that were present (range 
0–215), (3) difference between sites in the number of 
hives present in the last year (range 0–40), and (4) and 
geographic distance among sites (1.8–222  km). A com-
mon problem with multiple regression is that colinearity 
among independent variables can distort the interpreta-
tion of the model (Glantz and Slinker 2001). In our case, 
independent variables 1–3 were strongly correlated (1 
and 2: r = 0.59; 1 and 3: r = 0.55; 2 and 3: r = 0.97), so we 
performed MMRR separately with geographic distance 
and each of these distance matrices separately. We used 
only foraging bees for these analyses (no hive samples). 
Our assumption was that significant positive associa-
tions between genetic differentiation and the differences 
between sites in the number years hives were present or 
in the number of hives would support the hypothesis that 
introgression occurred.

Results

We examined nine polymorphic microsatellite loci in 
628 bees. Our assessment of sibling relationships aimed 
at reducing bias in population genetic analyses revealed 
that 26 out of 27 samples contained at least one pair of 
full siblings. Our initial sample of 628 bees contained 
an estimated 461 full sibling families (Table 1). Among 
the samples from natural sites, there were an estimated 
159 full sibling families, ranging in size from 1 to 6 bees. 
Among the samples from areas with a history of commer-
cial bee use (historic and current sites) there were 219 
full sibling families estimated, ranging in size from 1 to 
8 bees. There were an estimated 83 full sibling families 
represented by the 76 hives sampled, ranging is size from 
1 to 6. For the whole dataset (including full sibs) hete-
rozygosity ranged from 0.29 to 0.62, number of alleles 
ranged from 3.0 to 9.4, and allelic richness ranged from 
3.6 to 4.9. For the dataset with no full sibs (one ran-
domly selected full-sib per estimated family), heterozy-
gosity ranged from 0.34 to 0.62, number of alleles ranged 
from 2.6 to 9.3, and allelic richness ranged from 3.4 to 
4.6 (Online Resource 2). For the no sib data set, across 
loci there were 33 out of 270 (12%) significant depar-
tures from HW proportions before sequential Bonferroni 
correction, and no significant departures after sequential 
Bonferroni correction.

Genetic diversity varied among sites (Table  1). How-
ever, analysis of variance revealed no differences in mean 
genetic diversity among natural, historic, or current com-
mercial bee samples (For  Hs: F = 0.22, 2 df, P = 0.81; For 
 Na: F = 0.47, 2 df, P = 0.63; For  Ar: F = 1.4, 2 df, P = 0.27). 
Tests for correlations revealed no significant correlations 
between any measures of commercial bee use intensity and 
any measures of genetic diversity (P > 0.05 for the nine cor-
relation tests).

Pairwise FST averaged 0.03 (range 0–0.15) over all 
samples, and pairwise F′ST among all sites averaged 0.06 
(range 0–0.38; see Online Resource 3 Table A1). Genetic 
differentiation was significantly higher between natural and 
hive samples (mean FST = 0.06; mean F′ST = 0.14) than 
it was among natural samples (mean FST = 0.001; mean 
F′ST = 0.002; FST: t test, 1 df, P < 0.001; F′ST: t test, 1 df, 
P < 0.001). Genetic differentiation was also significantly 
higher between all non-hive samples (natural, historic, and 
current commercial) and hive samples (mean FST = 0.07; 
mean F′ST = 0.13) than it was among all non-hive samples 
(mean FST = 0.001; mean F′ST = 0.003; FST: t test, 1 df, 
P < 0.001; F′ST: t test, 1 df, P < 0.001). Mean FST among 
hive samples was 0.06, and mean F′ST was 0.13. Before 
correcting for type I error 41% of the 351 genic tests of 
allele frequency differences among pairs of samples were 
significant. After correcting for type I error 34.2% were 
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significant, and of those 90% were between pairs that 
included a hive sample (Online Resource 3 Table A2).

The PCA revealed that samples from the 74 hives at the 
six current commercial sites were genetically distinct from 
all others (Fig. 2). All samples from areas with a history of 
commercial bee use, including those that had hives present 
when we sampled, grouped with the natural samples rather 
than with the hive samples (Fig. 2).

The STRUCTURE results were consistent with the 
PCA. STRUCTURE models suggested that our sam-
ples comprised two or three genetic groups regardless 
of whether a location prior was included in the model, 
but when included the pattern was clearer (Fig. 3, Online 
Resource 4 Figs. A1 and A2). Examination of likelihood 
plots revealed that K = 2 or 3 were the most plausible mod-
els (Online Resource 4 Figs. A3 and A4). K = 2 demon-
strated a clear distinction between hive bees and non-hive 
bees, regardless of the history of commercial use (Online 
Resource 3, Tables A3 and A4). K = 3 had a slightly higher 
likelihood, which suggests that the most distant natural site 
(T) was somewhat divergent from other non-hive sites, but 
not all individuals from Site T belonged to the third group. 
To test for further subdivision among non-hive sites, we 
ran STRUCTURE without hive bees, and found that K = 2 
had the highest likelihood (Online Resource 4 Figs. A5 and 
A6). Again, there was some evidence that some individuals 
from site T, as well as those in site S were diverged from 
those in the other sites, but the range of sites included here 
does not allow us to infer the source of this signal in sites 
these two sites (Online Resource 4 Fig. A5).

Fig. 2  Results from the principle component analysis in which PC1 
is plotted against PC2. Red corresponds to natural sites, orange cor-
responds to historic sites, yellow corresponds to current commer-
cial sites, and blue corresponds to hive samples. The first principle 
component explained 32% of the variance in the data and separated 
foraging bees from hive bees, and the second principle component 
explained 14% of the variance in the data and separated the hive sam-
ples from one another. Hive samples are aggregated by the six sites 
we sampled with commercial hives present, and represent 74 hives in 
total. (Color figure online)

a

b

Fig. 3  Output from the program STRUCTURE, with a prior that 
took sampling location into account and K = 2 (a) and K = 3 (b) popu-
lations. Letters on the x-axis correspond to sample sites (see Table 1), 
and subscripts refer either to hive samples (h) or foraging bee sam-

ples (f). Percent values on the y-axis correspond to the proportion 
of the genotypes of each individual that was assigned to each of the 
genetic groups
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The genetic differences between bees from natural and 
hive samples made it possible to infer which foraging bees 
in current commercial sites were from hives. There were 
eight bees among the foraging bee samples from cur-
rent commercial sites that had >75% of their genotypes 
assigned to the hive genetic group. These were all from site 
D, and were likely from nearby hives. This contrasts with 
the other current commercial sites, from which no foraging 
bee samples had >75% of their genotypes assigned to the 
hive bee genetic group. Curiously, four bees from hive sam-
ple 9 at site F had >75% of their genotypes assigned to the 
wild bee genetic group. These bees were putatively exhibit-
ing drifting behavior (see “Discussion” section).

The MMRR revealed that no independent variables 
based on intensity of commercial bee use were significantly 
associated with genetic differentiation (FST) among sites 
(Years with commercial bees: β = 0.10, F = 3.7, P = 0.24; 
Total number of hives: β = 0.14, F = 4.7, P = 0.29; Hives in 
last year: β = 0.14, F = 1.9, P = 0.28), nor was geographic 
distance among sites when in combination with any inde-
pendent variable (for all models β = 0.17, P = 0.13). Simi-
larly, no independent variables based on intensity of com-
mercial bee use were significantly associated with genetic 
differentiation (F′ST) among sites (Years with commercial 
bees: β = 0.08, F = 0.15, P = 0.4; Total number of hives: 
β = 0.11, F = 0.21, P = 0.48; Hives in last year: β = 0.11, 5.4, 
P = 0.48), nor was geographic distance among sites signifi-
cantly associated with F’ST when it was used in combina-
tion with measures of commercial bee intensity (Years with 
commercial bees: β = 0.20, P = 0.1; Total number of hives 
and Hives in last year: β = 0.21, P = 0.09).

Discussion

Our results suggest that bees from large, wild B. impatiens 
populations provided the bulk of pollination services to 
crops on which they were sampled in this study. Contrary 
to our first prediction, genetic diversity did not increase 
with increasing intensity of commercial bee use. This result 
is consistent with there being no widespread introgression 
from commercial bees into wild populations, or widespread 
commercial bee establishment in the wild. The moder-
ate genetic differences between bees caught directly from 
hives and those caught foraging in natural areas are con-
sistent with our second prediction that populations of B. 
impatiens in areas with no history of commercial bee use 
are genetically distinct from commercial bees used in agri-
cultural areas, at least those that were used in the year in 
which we sampled. In contrast to our third prediction, we 
found little evidence that the intensity of commercial bee 
use influences the genetic makeup of foraging bees. We 
found significant genetic differences between bees caught 

directly from hives and bees foraging on nearby crops, and 
weak genetic differentiation among samples of bees caught 
foraging in areas with and without a history of commercial 
bees, even over hundreds of kilometers. This suggests that 
the foraging bees both in these New England agricultural 
areas, and the more natural areas comprise what is largely a 
genetically homogeneous population.

It is interesting that the bulk of the pollinators foraging 
in agricultural areas were from populations of wild bees 
even in areas with commercial hives present. This suggests 
that there are large healthy populations of wild B. impa-
tiens throughout eastern Massachusetts. The reason that we 
detected so few commercial bees foraging on agricultural 
crops could include that the population sizes of wild bees 
are much larger than the number of foragers from com-
mercial hives. If this is the case, the probability of catch-
ing a wild bee would be much higher than the probability 
of catching a commercial bee. It is also possible that the 
commercial bees were foraging on other types of plants. B. 
impatiens are generalist foragers and visit plants in many 
different genera (Goulson et  al. 2008). There were other 
plants in bloom in some of the areas in which we sampled, 
and this hypothesis could be tested by analysis of pollen 
brought back by commercial bee foragers to determine on 
which plants they preferentially forage.

The estimates of genetic differentiation observed among 
non-hive samples were largely consistent with previous 
work on bumble bees. Bumble bees can disperse several 
kilometers overland (Lepais et  al. 2010; Wolf et  al. 2012; 
Jha and Kremen 2013b; Dreier et al. 2014), and many bum-
ble bee species show low levels of genetic differentiation 
over large distances (Estoup et al. 1996; Shao et al. 2004; 
Cameron et  al. 2011; Lozier et  al. 2011; but see; Darvill 
et  al. 2010; Goulson et  al. 2011; Jha and Kremen 2013a, 
2015). Bombus impatiens is one of the most common East-
ern United States species, and tends to show low levels of 
genetic differentiation even over hundreds of kilometers 
(Cameron et  al. 2011). We found low genetic differentia-
tion overall, but found some evidence of genetically distinct 
groups within the bees sampled from natural areas.

The observation that some individuals in hive samples 
had the majority of their genotypes assigned to the group 
to which bees from natural areas belonged could be due to 
drifting behavior. When drifting, bumble bee workers visit 
foreign hives (Blacher et al. 2013). It is possible that some 
of these individuals were from wild colonies and were not 
reared by Koppert Biological Systems.

Our estimates of genetic differentiation between com-
mercial and wild bees are conservative. One current com-
mercial sample contained bees that had >75% of their 
genotypes assigned to the hive genetic group, and one 
hive sample contained bees that had >75% of their geno-
types assigned to the wild bee genetic group. Had we 
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re-assigned bees following our tests for hypothesis three, 
FST would average 0.08 (vs. 0.07) and F′ST would average 
0.16 (vs. 0.13). We chose to report results without reassign-
ment to remain conservative in the face of uncertainty in 
assignments. In addition, our subsampling procedure that 
involved randomly sampling one full-sib per family made 
us less likely to detect genetic differentiation among com-
mercial and wild bees (see Online Resource 1 for details).

The fact that most bees caught foraging on agricultural 
crops grouped with the wild bees and not with the com-
mercial bees may actually stymie efforts to detect intro-
gression or commercial bee establishment. Our samples 
of foraging bees contained mostly bees that grouped with 
bees from natural sites, so wild bee populations could be 
large relative to the number of commercial bees. Differ-
ences in population size between wild and commercial bees 
could make it less likely for samples to contain commercial 
bees or admixed individuals. Genomic analyses with more 
markers spread throughout the genome would be useful to 
determine whether genomes of foraging bees contain small 
portions of genetic variation from commercial bees.

There were individuals for whom portions of their geno-
types were assigned both to the group containing commer-
cial bees and the group that contained bees from natural 
areas (bees from sites 1, 6, 10 and 24; see Fig. 3). Interest-
ingly, two of these sites did not have any history of com-
mercial bee use, so these admixed individuals could have 
been the result of past introgression followed by dispersal. 
Another explanation for this observation is that the popula-
tion of commercial bees from which we sampled was gen-
erated from wild B. impatiens with similar alleles. A logi-
cal way to test for introgression of commercial alleles into 
wild populations would be to sample and genotype com-
mercial bees in one year, and then sample foraging bees in 
subsequent years to test if alleles that were common in the 
commercial bee sample appear among foraging bees in the 
future.

Temporal replication would be necessary to understand 
the origin of the admixed individuals in our dataset. How-
ever, the conclusion that introgression between commercial 
and wild bees was not widespread and genetic differentia-
tion between commercial and wild bees was pronounced 
should be robust to lack of temporal replication for two 
primary reasons. First, we sampled in a series of sites that 
have varied in their intensity of commercial bee use over 
a decade. Had widespread introgression been occurring, 
we would expect there to be a signal of introgression that 
corresponded to intensity of commercial bee use. Instead, 
we find low genetic differences among foraging bees sam-
pled from all sites, regardless of the intensity of commer-
cial bee use, and we find high genetic differences between 
bees sampled while foraging on crops and those from 
commercial hives. Second, genetic differentiation among 

commercial beehives was high, while the genetic differ-
entiation among foraging bee samples was quite low. Had 
introgression been occurring, we would expect the genetic 
diversity of bees sampled from sites with high intensity of 
commercial bee use to be higher than those from non-agri-
cultural areas. We do not find this, which is consistent with 
no widespread introgression.

The putative lack of introgression from commercial B. 
impatiens into wild B. impatiens populations would con-
trast somewhat with the picture that is developing for the 
other bumble bee most commonly used in commercial 
agriculture, B. terrestris. Bombus terrestris spread rapidly 
throughout Eurasia where it was introduced, and seems to 
mate readily with wild bumble bees both intraspecifically 
(Kraus et al. 2011) and interspecifically (Kanbe et al. 2008). 
Hybrids between B. terrestris and Japanese species Bombus 
sapporoensis and Bombus ignites are inviable (Tsuchida 
et  al. 2010), so hybridization could result in population 
declines of wild species. For B. impatiens, we found little 
evidence that commercial queens mated to either commer-
cial males or to wild males frequently become established 
in natural areas. We also found little evidence of frequent 
gene flow stemming from commercial males inseminating 
wild queens. Low levels of introgression could be the result 
of several processes. First, prezygotic barriers such as 
phenological or pheromonal differences may prevent mat-
ing between commercial and wild bees. Second, matings 
between wild males and commercial females could occur 
but commercial new queens may have lower success over-
wintering and successfully establishing colonies. Third, 
matings might occur but low hybrid viability could pre-
vent gene flow between commercial and wild B. impatiens. 
Therefore, a thorough investigation of barriers to gene flow 
between these two groups is warranted.

Overall, we found genetic differences between wild and 
commercial bees, high genetic differences among commer-
cial beehives, and genetic similarity between bees in areas 
with no history of commercial bee use and bees foraging 
in areas of current commercial bee use. This work raises 
interesting questions about the temporal dynamics of allele 
frequencies within commercial bee rearing facilities. For 
example, how has the genetic makeup of commercial bees 
changed over time? In this study we sampled bees from 74 
commercial hives, with a corresponding estimate of 83 full 
sibling families. We have no reason to believe that there 
would have been a dramatic change within Koppert stocks 
between 2013 when our samples were obtained, and any 
previous time in which introgression occurred. However, it 
will be useful for future studies to assess whether commer-
cial bees cluster together over time, and whether genotypes 
of commercial bees are present in wild bee populations in 
later years. It will be especially important to investigate 
the potential for introgression in geographic areas where 
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commercial queen overwintering success could be higher. 
For example, lower latitude populations with less harsh 
winter conditions could yield different results if queen 
overwintering survival is limiting introgression our study 
sites. In addition, we found that wild bees were providing 
pollination services to New England agricultural crops, 
while the commercial workers made up far less of the sam-
ple of workers foraging on cranberry. Therefore, manage-
ment plans aimed at conserving wild pollinators or boost-
ing agricultural productivity should consider augmenting 
bumble bee habitat surrounding agricultural fields to pro-
mote wild bee population growth.
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