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1  | INTRODUC TION

Bees are vital pollinators in ecosystems (Ollerton, 2017; Winfree 
et al., 2018) and have an estimated economic value of $235– 577 bil-
lion annually (FAO, 2016). Therefore, worldwide declines in bee 

abundances pose a substantial conservation concern (Allen- Wardell 
et al., 1998; Bartomeus et al., 2013; Freitas et al., 2009; Mathiasson 
& Rehan, 2020; Williams, 1982). The reasons for the declines are 
multifaceted, and researchers are just starting to uncover how an-
thropogenic threats, such as habitat degradation, fragmentation, 
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Abstract
Conserving bees are critical both ecologically and economically. Genetic tools are 
valuable for monitoring these vital pollinators since tracking these small, fast- flying 
insects by traditional means is difficult. By surveying the current state of the litera-
ture, this review discusses how recent advances in landscape genetic and genomic 
research are elucidating how wild bees respond to anthropogenic threats. Current lit-
erature suggests that there may be geographic differences in the vulnerability of bee 
species to landscape changes. Populations of temperate bee species are becoming 
more isolated and more genetically depauperate as their landscape becomes more 
fragmented, but tropical bee species appear unaffected. These differences may be 
an artifact of historical differences in land- use, or it suggests that different manage-
ment plans are needed for temperate and tropical bee species. Encouragingly, ge-
netic studies on invasive bee species indicate that low levels of genetic diversity may 
not lead to rapid extinction in bees as once predicted. Additionally, next- generation 
sequencing has given researchers the power to identify potential genes under se-
lection, which are likely critical to species’ survival in their rapidly changing envi-
ronment. While genetic studies provide insights into wild bee biology, more studies 
focusing on a greater phylogenetic and life- history breadth of species are needed. 
Therefore, caution should be taken when making broad conservation decisions based 
on the currently few species examined.
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and climate change, are affecting bee populations (Centrella et al., 
2020; Durant & Otto, 2019; Glaum et al., 2017; Goulson et al., 2015). 
New molecular tools and analyses are making it possible to answer 
previously intractable conservation questions, providing insights 
into population connectivity, inbreeding depression, and local adap-
tation (Allendorf et al., 2010).

Genetic analyses are a valuable tool for bee conservation 
because bees are typically small and fast- flying, making tracking 
individuals directly challenging. Genetic tools are important in 
conservation biology as they allow researchers to calculate many 
key parameters, like population structure, genetic diversity, and 
connectivity (Allendorf et al., 2007). These parameters can iden-
tify specific management units, distinct populations that should 
be monitored separately (Palsbøll et al., 2007; Waples & Gaggiotti, 
2006). Isolated populations with low genetic diversity are of con-
servation concern as these populations often have lower mean 
fitness (Cameron et al., 2011; Frankham, 2015; Whitehorn et al., 
2011, 2014).

New genetic tools are allowing researchers to understand how 
populations are responding to changes in the landscape. Studies 
have historically analyzed population structure by testing for dif-
ferentiation among populations or isolation- by- distance, but now 
are increasingly incorporating landscape- level data to create more 
realistic genetic models (Danforth et al., 2003; Jaffé, Castilla, et al., 
2016; Lozier et al., 2013; Zayed et al., 2005). Landscape genetics 
identifies landscape features that structure a species’ genetic vari-
ation at the individual and population levels (Manel et al., 2003). 
The recent availability of spatially and temporally fine- scale envi-
ronmental data has given scientists the capabilities to identify the 
environmental factors that influence historical and contemporary 
population structures (Dellicour et al., 2017; Jaffé, Castilla, et al., 
2016; López- Uribe et al., 2015; Lozier et al., 2013). These techniques 
have even been combined with geographic distribution models 
based on climate projections to predict how species will respond in 
the future (Françoso et al., 2019). Understanding the spatial patterns 
of genetic diversity and the factors that impede gene flow in spe-
cies, especially for rare species or those with isolated populations, is 

vital for their management and, ultimately, their long- term survival 
(Hoffmann et al., 2015).

Many of the obstacles that species of conservation concern 
face are overcome by invasive species. Invasive species are exhibit 
isolated populations with low genetic diversity (Dlugosch & Parker, 
2008). Genetic studies on these invaders can inform researchers 
about the genetic diversity necessary for populations to persist 
(Schmid- Hempel et al., 2007; Zayed et al., 2007) and the effects of 
human- mediated movement on population structure (Strange et al., 
2017). Scientists could leverage this information when making man-
agement decisions.

As next- generation sequencing costs have decreased, some 
studies have shifted from using tens of loci to thousands, while oth-
ers have even implemented full genome resequencing. This shift 
has given analyses more power to detect outlier loci and perform 
genotype by environment analyses (Jackson et al., 2020; Jaffé et al., 
2019; Theodorou et al., 2018). Landscape genomics studies focus 
on identifying genes under selection (Storfer et al., 2018). By lever-
aging thousands of genetic markers across genomes (Baird et al., 
2008), these large datasets can identify neutral loci, which can pro-
vide a more precise understanding of gene flow, and candidate loci 
that indicate possible local adaptations (Jackson et al., 2020; Jaffé 
et al., 2019; Theodorou et al., 2018). These techniques are important 
for bee conservation as they identify how species are responding 
to environmental stressors and potential adaptative alleles within 
populations and are already assisting forestry restoration initiatives 
(Carvalho et al., 2019; Jaramillo- Correa et al., 2015).

This review aims to highlight how recent genetic tools have 
advanced our understanding of wild bees and the potential impli-
cations for their conservation (Figure 1). Landscape genetic and ge-
nomic research, along with traditional population genetic studies, 
are important to understand how wild bees respond to anthropo-
genic threats. This review emphasizes recent findings, including (i) 
the potential geographic differences in the genetic response of bees 
to land- use change, (ii) insights from documented invasion biology, 
(iii) signs of selection and local adaptation, and (iv) recent advances 
and future challenges.

F I G U R E  1   Recent genetic tools 
provide insights into the response of wild 
bees to anthropogenic threats and their 
implications for conservation efforts. 
This review synthesizes interconnected 
topics (indicated by the arrows), focusing 
on potential geographic changes in 
connectivity, insights from invasive 
species, and advances gained from 
exploring genes under selection
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2  | POTENTIAL GEOGR APHIC 
DIFFERENCES IN GENETIC RESPONSE

A working hypothesis is that temperate species are more sensitive 
than tropical species to natural and human changes in land- use 
threats (Landaverde- González et al., 2017). This potential difference 
in sensitivity could be due to life- history traits associated with tem-
perate and tropical species such as flight season, dispersal ability, 
or population size (De Palma et al., 2015; Michener & Amir, 1977). 
Additionally, it could be due to taxonomic differences in the bees 
often studied in these regions. Studies from both regions have fo-
cused mainly on corbiculate bees, but temperate studies have pri-
marily emphasized bumble bees (Goulson et al., 2011; Jha, 2015; 
Lozier, 2014), while tropical studies have predominantly investigated 
orchid and stingless bees (Jaffé, Pope, et al., 2016; Zimmermann 
et al., 2011). Also, many of the earlier studies used microsatellites, 
which may not provide the resolution needed to detect more sub-
tle populations structure that higher density markers like RAD se-
quencing can detect (Jaffé, Pope, et al., 2016; Jaffé et al., 2019). It 
is important to understand if tropical species, but not temperate 
species, are able to maintain population connectivity in the face of 
landscape- level changes. This potential difference between temper-
ate and tropical species would suggest the need for geographically 
specific conservation actions.

Temperate species appear sensitive to landscape changes 
(Goulson et al., 2011; Jha & Kremen, 2013b; López- Uribe et al., 
2015; Lozier et al., 2013). Across the human- altered landscape, tem-
perate bee species show reduced nesting density, limited gene flow, 
and marked population differentiation (Darvill et al., 2010; Ellis et al., 
2006; Jha & Kremen, 2013b). While genetic structuring may be weak 
or absent at the continental level (Lozier et al., 2011; Maebe et al., 
2019), genetic structuring occurs at small spatial scales at distances 
as little as a kilometer (Davis et al., 2010; Goulson et al., 2011; Jha 
& Kremen, 2013b). For instance, the North American yellow- faced 
bumble bee, Bombus vosnesenskii, shows near panmixia across its 
current range at large spatial scales but exhibits regional structur-
ing from urbanization limiting gene flow (Jha & Kremen, 2013b). It 
is unclear if such local structure persists or is especially relevant 
for the overall species’ genetic diversity in the long run. However, 
this genetic differentiation can occur over relatively short periods, 
in as little as a few months to a year (Jha, 2015). Urbanization also 
increases isolation in a solitary ground- nesting bee, Colletes floralis 
(Davis et al., 2010), and increases inbreeding in the congener C. in-
aequalis (López- Uribe et al., 2015). Ground nesters are particularly 
vulnerable to land- use change as any changes that compact or till 
the soil limit available nesting sites (Jha & Kremen, 2013a). Gene 
flow may be maintained with the help of available floral resources. 
In the ruderal bumble bee, B. ruderatus, in New Zealand, areas sep-
arated by poor forage are significantly differentiated (Bartlett et al., 
2016). Restoring habitat by sowing flower patches within an inten-
sive agricultural landscape appears to be enough to maintain gene 
flow in bumble bees (Dreier et al., 2014). Land- use changes are not 
detrimental to all bee species. The eastern carpenter bee, Xylocopa 

virginica, shows increased gene flow across human- altered environ-
ments compared to semi- natural areas, likely due to this species 
nesting in residential hardwood structures (Ballare & Jha, 2020).

In contrast to temperate species, tropical bee species appear 
more robust to landscape changes. Across nine species of orchid 
bees, Euglossa spp., there was no effect of recent deforestation on 
genetic differentiation (Cerântola et al., 2011; Soro et al., 2017; Suni, 
2017; Zimmermann et al., 2011). Similarly, land- use did not affect 
gene flow in seventeen stingless bee species (Jaffé, Pope, et al., 
2016; Landaverde- González et al., 2017; however, see Jaffé et al., 
2019). In fact, despite recent habitat fragmentation, it appears that 
one species of stingless bee, Trigona spinipes, has gone through a 
recent population expansion. A population expansion may have oc-
curred because this species travels well across the mosaic landscape 
of forest fragments and coffee plantations as inferred from the lit-
tle genetic differentiation at a scale of 200 km (Jaffé, Castilla, et al., 
2016). Repeatedly, genetic studies have suggested tropical species 
are remarkable dispersers (Jaffé, Castilla, et al., 2016; Landaverde- 
González et al., 2017; Soro et al., 2017), but actual dispersal obser-
vations have failed to show that tropical species travel further than 
temperate species (Kraus et al., 2009; Roubik & Aluja, 1983; Wikelski 
et al., 2010). Therefore, it is unclear why tropical species appear to 
have more panmictic populations. Regardless of the reason, current 
changes in land- use do not appear to impede gene flow or cause 
any genetic differentiation in tropical bee species (Jaffé, Pope, et al., 
2016; Landaverde- González et al., 2017; Soro et al., 2017; Suni, 
2017; Zimmermann et al., 2011).

Geographic differences may reflect temporal differences in land- 
use. The temperate areas have a long history of deforestation, with 
the majority of it occurring centuries ago, while deforestation in the 
tropics is relatively more recent occurring within the last century 
(Williams, 2003). The loss of genetic diversity can be a slow process 
(Jackson & Fahrig, 2014). Simulations suggest a time lag between 
the introduction or removal of a dispersal barrier and the ability 
to detect it using landscape genomics (Epps & Keyghobadi, 2015; 
Landguth et al., 2010). The length of time lag will depend on the 
nature of landscape change, a species’ dispersal ability, and its effec-
tive population size (Landguth et al., 2010; Latter, 1973; Nei, 1977). 
For instance, genetic diversity in alpine butterflies reflected spatial 
patterns of forest cover from 40 years in the past rather than con-
temporary forest cover (Keyghobadi et al., 2005). Therefore, it may 
not be that tropical species are more robust to landscape changes 
but that these changes are only just starting to affect these species.

There is evidence from tropical bumble bees suggesting that the 
genetic diversity of tropical species is changing. In South America, 
the genetic diversity of the bumble bee B. pauloensis has decreased 
since the 1950 s (Maebe et al., 2018). Also, while B. ephippiatus 
shows no genetic patterns of isolation- by- distance, some differen-
tiation is starting to occur due to recent deforestation (Landaverde- 
González et al., 2018). B. huntii shows genetic structuring in southern 
Mexico related to its distribution across different high- elevation 
montane habitats, structure not observed at larger spatial scales in 
North America (Koch et al., 2018). Additionally, fine- scale genetic 
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structuring may be common in stingless bees as well, but the resolu-
tion provided by microsatellites allowed previous studies to detect 
only strong effects of landscape features. Jaffé et al., (2019) found 
weak but significant structuring in Melipona subnitida by employing 
thousands of genetic markers using RAD sequencing (Jaffé et al., 
2019). These early signs of structuring support the idea that there 
may be a time lag between land- use changes and detectable changes 
of genetic diversity.

The difference between temperate and tropical species could 
be an artifact of geographic differences in the landscape features 
examined. Most tropical species are examined for differentiation 
due to deforestation for agriculture (Soro et al., 2017; Suni, 2017; 
Zimmermann et al., 2011), whereas studies on temperate species 
have included urban landscapes (Davis et al., 2010; Jha & Kremen, 
2013b; López- Uribe et al., 2015). When examining just the effect 
of agriculture on gene flow in the temperate bumble bee species 
B. pascuorum, researchers found no effect of landscape on popula-
tion structure (Herrmann et al., 2007). However, urban land- use has 
been included in some analyses of tropical species and was found 
not to significantly structure the population (Landaverde- González 
et al., 2017).

Genetic differences between temperate and tropical species 
also may be revealing additional historic environmental differences. 
For any given species, the locations of suitable habitats and barri-
ers to dispersal have changed over periods of global warming and 
cooling. Differences in genetic diversity among European bumble 
bees existed before notable decreases in populations (Maebe et al., 
2016). Instead, differences in genetic diversity were likely due to 
bottlenecks from glaciation (Wallberg et al., 2014). RAD sequenc-
ing identified the Iberian Peninsula as a potential glacial refugium 
for B. terrestris (Silva et al., 2020). This important pool of genetic 
diversity reflects the importance of long- term influences that may 
mask more recent effects from anthropogenic factors. Coalescent 
simulations suggest that B. hortorum and B. pascuorum range shrank 
along with B. terrestris during periods of cooling, and populations 
became isolated due to fragmentation of suitable habitat (Dellicour 
et al., 2017). Therefore, present- day structuring among populations 
may be explained by past barriers to dispersal (Miranda et al., 2017). 
Conversely, the absence of current barriers to dispersal may explain 
population structuring. For instance, the bumble bee species, B. hor-
torum, likely traveled between shallow sea islands in Scotland during 
the last ice age when sea levels were lower (Goulson et al., 2011). 
Genetic diversity is also linked not only to the presence of suit-
able habitat but the stability of the habitat through time. In North 
America, the genetic diversity of B. huntii is related to environmental 
niche stability (how much a location was predicted to have changed 
through time). Since the last glacial maximum, the more unstable the 
niche is at a location, the more genetically diverse the population 
(Koch et al., 2018). Therefore, the survivability of a species is influ-
enced by past environments as well as its current environment.

Taken together, understanding the historical and contemporary 
patterns driving species- level differences in diversity will help re-
searchers identify which species are of most concern. If tropical bee 

species are more robust to environmental disruption, then conserva-
tion efforts should prioritize temperate species. Researchers should 
try to understand what makes temperate species more vulnerable 
to landscape changes. However, tropical species may not be more 
robust. The lack of population structuring may be due to historical 
differences in land- use or the species examined. Therefore, it is es-
sential to monitor more diverse species with high- density markers to 
identify even subtle population structures. This monitoring will also 
help researchers understand how quickly genetic changes reflect 
landscape changes if there is a delay.

3  | INSIGHTS FROM DOCUMENTED 
INVA SION BIOLOGY

Invasive species can provide useful insights into how species re-
spond when they encounter novel climatic and biotic selective 
pressures (Moran & Alexander, 2014). Invasive species also face 
many of the demographic perturbations faced by native species in 
fragmented landscapes of population bottlenecks or range expan-
sions following land- use change (Dlugosch & Parker, 2008; Moran & 
Alexander, 2014; Zayed et al., 2007). Therefore, scientists can gain 
valuable insights from invasive bee species about the genetic vari-
ation and gene flow needed to sustain native bee populations and 
the effects of human- mediated translocations. Invasive bees are also 
detrimental to local pollinators (Graham et al., 2019; LeCroy et al., 
2020; Morales et al., 2013) and can disrupt pollination services pro-
vided by local bees (Morales et al., 2017). Molecular techniques can 
also help identify how these invaders may be impacting native spe-
cies. All these studies together can help inform management plans.

It is posited that bees should be sensitive to low population sizes 
(Zayed, 2009), but evidence from empirical studies from invasive 
species suggests that this may not be the case (Schmid- Hempel et al., 
2007; Zayed et al., 2007). As haplodiploid organisms, bees can purge 
deleterious alleles through haploid males, making them relatively 
immune to inbreeding compared to diploid organisms (Hedrick & 
Parker, 1997; Luna & Hawkins, 2004). However, their assumed sex- 
determination system, a single- locus complementary sex determi-
nation (CSD), theoretically imposes substantial genetic load through 
homozygotes at the sex locus resulting in sterile diploid males (Beye 
et al., 2003; Cook & Crozier, 1995). Since Hymenoptera fertilize 
their eggs to produce females, the production of these diploid males 
effectively increases female mortality and reduces potential pop-
ulation growth (Stouthamer et al., 1992). Diploid male production 
theoretically initiates a rapid “extinction vortex” that elevates the 
extinction rate of haplodiploid organisms by an order of magnitude 
greater than diploid organisms (Zayed & Packer, 2005). However, in-
vasive bee species have revealed that populations can persist with 
low genetic diversity. Accidental introductions of invasive bees are 
often started by a few individuals (Schmid- Hempel et al., 2007; 
Zayed et al., 2007). Lasioglossum leucozonium, a solitary ground- 
nesting bee, went through a severe bottleneck in its introduction to 
North America from Europe, possibly established by a single mated 
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female (Zayed et al., 2007). This low genetic diversity has resulted 
in 30% of female destined eggs producing diploid males, a sign of 
inbreeding in Hymenoptera (Zayed et al., 2007). However, despite 
this severe genetic load, this bee is found in large numbers across its 
range (Atwood, 1933; Bushmann & Drummond, 2015; Mathiasson 
& Rehan, 2019; Moisan- DeSerres et al., 2015). In Tasmania, the 
European bumble bee, B. terrestris, has been very successful despite 
its low genetic diversity (Schmid- Hempel et al., 2007). These popu-
lations could have been founded by as many as two individuals from 
New Zealand back in 1991 (Schmid- Hempel et al., 2007).

This low genetic diversity has not led to a drastic increase in 
diploid males or the predicted “extinction vortex” associated with 
bees’ single- locus CSD system (Zayed & Packer, 2005). While the 
ancestral state of Hymenoptera is proposed to be single- locus CSD 
(Asplen et al., 2009), the classification of individuals possessing such 
a system is often based on the presence of diploid males and biased 
sex ratios during inbreeding experiments (Asplen et al., 2009; Van 
Wilgenburg et al., 2006). It is possible that in bees, multiple mecha-
nisms of sex determination have evolved. In hymenopterans, three 
mechanisms are known, the single- locus CSD in honey bees Apis 
mellifera (Hasselmann et al., 2008), multi- locus CSD in the parasitoid 
wasp Lysiphlebus fabarum (Matthey- Doret et al., 2019), and parental 
genome imprinting in the jewel wasp Nasonia vitripennis (Zou et al., 
2020). An alternative mechanism to single- locus CSD may explain 
why diploid males are at lower levels than expected in some inbred 
wild bee populations (Boff et al., 2014).

Research on invasive bees also suggests that moving bees may 
not harm population- wide genetic diversity. In North America, the 
alfalfa leafcutter bee, Megachile rotundata, is currently being propa-
gated and managed commercially for its pollination services. It has 
genetic diversity similar to its native European populations but has 
little genetic structuring in its introduced range. The lack of structur-
ing is likely due to the large portion of M. rotundata purchased from 
Canada and moved among farms in the United States. This move-
ment has created a near panmictic M. rotundata population main-
taining high genetic diversity (Strange et al., 2017). It is unclear if this 
human- mediated admixture will prevent populations from adapting 
to local environmental variation or climate change, though this ap-
pears not to be the case in other animal systems (Fitzpatrick et al., 
2020; Poirier et al., 2019; Rick et al., 2019). While studies of invasive 
species are many, data remain scarce for native bee ranges and res-
toration efforts. To date, there appear to be no reports of facilitated 
gene flow and only two attempts to reintroduce native bees through 
translocations. The movement B. subterrananeus from Sweden to 
England has been unsuccessful (Gammans, 2020), but the movement 
of Hylaeus anthracinus within Hawaii to restored sites has been suc-
cessful (Magnacca, 2020). From a conservation standpoint, current 
studies suggest that reintroducing bees may be possible while main-
taining genetic diversity; however, any translocations should weigh 
all potential costs and benefits.

The introduction of bees for pollination services can have devas-
tating results. Over 15 years, the invasive mason bee species Osmia 
taurus has increased 800% across the mid- Atlantic United States, 

while six native mason bee species have decreased by 76– 91% 
(LeCroy et al., 2020). Honey bees with A. mellifera scutellata ances-
try, also known as Africanized honey bees, are associated with local 
extinctions (Portman et al., 2017) and behavioral changes of native 
pollinators (Roubik & Villanueva- Gutierrez, 2009). These honey bees 
came to dominate across most of the Americas after escaping in 1957 
from managed colonies in Brazil (Winston, 1992). Genomic analysis 
indicates no substantial reduction in genetic diversity associated 
with this scutellata ancestry despite its rapid expansion suggesting 
a competitive fitness advantage at lower latitudes than honeybees 
of European ancestry (Calfee et al., 2020). However, there is a wide 
hybrid zone between these two ancestries, suggesting that honey 
bee ancestry tracks environmental variables. Even when kept within 
a greenhouse, non- native pollinators can escape (Morandin et al., 
2001). Escaped B. terrestris are hybridizing with native populations, 
as indicated by the introgression of alleles from commercial sub-
species into the local subspecies on the Iberian Peninsula (Seabra 
et al., 2019). The introduction of these pollinators also harms native 
species due to their associated pathogens. Pathogen spillover from 
commercial honey bee and bumble bee colonies may have caused 
declines in B. terricola. Population genomic work indicated recent 
declines in this species’ effective population size and positive se-
lection on several immune genes, suggesting it may be experiencing 
pressure from a novel pathogen (Kent et al., 2018). The spread of 
B. terrestris and its associated parasite Crithidia bombi across South 
America is linked to the disappearance of B. dahlbomii (Schmid- 
Hempel et al., 2014). Declines in the blue orchard bee, O. lignaria, 
may also be due to trans- continental movement of pathogens asso-
ciated with the closely related and invasive O. cornifrons (Bartomeus 
et al., 2013; Hedtke et al., 2015). The spread of parasites is a conser-
vation concern because bee species and populations with lower ge-
netic diversity are disproportionately affected (Lattorff et al., 2016; 
Parsche & Lattorff, 2018; Whitehorn et al., 2014). Populations with 
lower genetic diversity are known to have higher parasite prevalence 
(Parsche & Lattorff, 2018; Whitehorn et al., 2011, 2014). This rela-
tionship suggests that already vulnerable bee populations are even 
more susceptible to invasive species and their associated parasites.

4  | SIGNATURES OF SELEC TION AND 
LOC AL ADAPTATION

Genetic tools can identify associations between population genetic 
and spatial patterns that may indicate selection. Understanding how 
populations respond to their local climate is critically important for 
conservation (Franks & Hoffmann, 2012). As anthropogenic threats 
alter local environments, it is vital to maintain a species’ evolution-
ary potential by preserving as much genetic variation as possible 
(Hoffmann & Sgro, 2011; Sgrò et al., 2011). Studies have traditionally 
used population structuring based on allele frequencies, measured as 
Fst, to detect potential signatures of selection from the local environ-
ment (Guo et al., 2016; Pujolar et al., 2014). With the advent of next- 
generation sequencing, studies have the power for more advanced 
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environmental association analyses (Jackson et al., 2020; Jaffé et al., 
2019; Theodorou et al., 2018). Environmental association analyses 
are often used in concert with the more traditional analyses, and 
these two approaches are complementary. Landscape genomics en-
hances our ability to identify potential genes under selection. There 
are several types of environmental association analyses, and each 
control for demographic structuring within species in different ways 
(Rellstab et al., 2015). Therefore, when testing for signatures of se-
lection, it is beneficial to combine multiple methods to identify top 
candidate outliers associated with environmental conditions.

Within bees, few studies have investigated patterns of genetic 
differentiation according to their local environment. The studies 
that have performed such fine- scale analyses have only investigated 
these patterns in social species. In B. vosnesenskii and B. vancouveren-
sis, there is an association between temperature and genes related to 
neural and neuromuscular function and ion transport (Jackson et al., 
2020). These loci may be under selection to maintain neural and 
muscle tissue under extreme temperatures. This study also found 
an association between precipitation and genes related to cuticle 
formation, homeostasis, and tracheal and respiratory system devel-
opment. These loci may be under selection to prevent desiccation 
in drier habitats (Jackson et al., 2020). There is also putatively adap-
tive genetic variation associated with latitude in the stingless bee 
Melipona subnitida (Jaffé et al., 2019) and the honey bee A. mellife-
ria (Hadley & Betts, 2012; Henriques et al., 2018). Iberian Peninsula 
populations of A. melliferia show latitudinal gradients associated with 
clock genes, suggesting that the circadian rhythm is involved in local 
adaptation (Henriques et al., 2018). These species also show distinct 
adaptive genetic variation along elevational gradients (Jaffé et al., 
2019; Wallberg et al., 2017). East Africa populations of A. melliferia 
exhibited panmixia except for two loci that exhibited near fixation 
for a highland and lowland haplotype (Wallberg et al., 2017). These 
loci occurred in octopamine receptor genes, which have a role in 
foraging and learning. Knowing what environmental factors cause 
populations to differ can inform conservation efforts. As individu-
als move with climatic conditions, alleles previously beneficial in a 
population may be lost due to an influx of migrants (Slatkin, 1987). 
For instance, in M. subnittida, as temperature increases due to cli-
mate change, lowland populations may move to higher elevations. 
However, this poses a problem for highland populations (Jackson 
et al., 2018; Rubidge et al., 2012). Recurrently, as bee populations 
find refuge in higher elevations (Marshall et al., 2020; Nooten & 
Rehan, 2020; Tucker & Rehan, 2017), these populations are be-
coming isolated, potentially further contributing to their declines 
(Cameron et al., 2011). Therefore, to retain the evolutionary poten-
tial of high- elevation species, conservation efforts should focus on 
these most vulnerable populations. It may be important to facilitate 
gene flow among mountain top refugia or possibly translocate pop-
ulations into habitats where favorable alleles are better suited for 
local environmental conditions (Aitken & Whitlock, 2013).

Signatures of selection have also been found associated with 
urban environments (Theodorou et al., 2018). Overall there is low dif-
ferentiation between urban and rural sites in the red- tailed bumble 

bee, B. lapidaries (Theodorou et al., 2018). This low differentiation 
may have to do with the time scale under which selection has had to 
act. Most other studies focus on long- term adaptations (e.g., climate 
variables), but the response to urbanization is a more recent and open 
question. However, it appears that there are some signs of selection 
in B. lapidaries (Theodorou et al., 2018). There seem to be divergent 
allele frequencies between urban and rural sites in genes associated 
with molecular binding and metabolic processes (Theodorou et al., 
2018). These genes are related to responses to environmental stress, 
such as heat- stress and oxidative- stress, which are likely adaptations 
to the stress of the urban environment (urban warming, pollution, par-
asites, and costly foraging) (Isaksson, 2015). While urbanization may 
exert similar selective pressures on other bee species, more studies 
are needed to confirm these findings generalizability. The reducing 
costs of next- generation sequencing are opening up the possibilities 
to identify specific loci under selection across populations and spe-
cies. Few studies currently exist exploring signatures of selection, and 
these have largely focused on bumble bees; however, there are many 
open questions across the broad diversity of wild bees, including the 
vast majority of understudied genera.

5  | RECENT ADVANCES AND FUTURE 
CHALLENGES

Advances in genetic methods, including reduced representation 
genomics tools, provide cost- effective ways to increase statistical 
power in recent studies. While genome- scale genetic studies have 
only been accessible to well- funded model systems, reduced rep-
resentation genomic techniques such as RAD sequencing can pro-
vide thousands of single nucleotide polymorphisms (SNPs) (Lecocq 
et al., 2013; Lozier, 2014). This abundance of SNPs gives researchers 
the power to revisit study systems to determine if the absence of 
population structuring observed is an artifact of the limited number 
of previously available markers (Lozier, 2014). Along with popula-
tion structuring, candidate loci under selection can be determined 
from outlier analyses (Jackson et al., 2020; Theodorou et al., 2018). 
These analyses identify loci that exhibit significantly higher or lower 
among- population genetic differentiation than expected under neu-
trality. However, the outliers determined by outlier analyses may 
result from selection on nearby parts of the genome rather than the 
gene or region associated with any given locus. Without a reference 
genome, as is the case with many bee species, genome- wide pat-
terns and selective sweeps cannot be detected, which raises the rate 
of false negatives (Hoban et al., 2016). Additionally, reduced repre-
sentation techniques that sequence parts of the genome, like RAD 
sequencing, may incompletely sample the genome. The sparseness 
of markers may fail to detect adaptive loci when linkage disequilib-
rium is short (Lowry et al., 2017). It is also important to consider 
that regions within the genome experience different recombination 
rates with lower rates leading to above- average genetic differen-
tiation, such as in centromeric regions (Cruickshank & Hahn, 2014). 
This difference in recombination rates can potentially lead to bias in 
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detecting SNPs based on the gene's location. Reasonable estimates 
of linkage disequilibrium and chromosome size are missing for the 
vast majority of species; therefore, researchers should maximize the 
number of polymorphic markers to alleviate these concerns. While 
every set of molecular markers has its potential biases, RAD se-
quencing is still a powerful method when whole- genome sequencing 
is unavailable since the loci are thought to be randomly distributed 
throughout the genome (Cariou et al., 2016).

More whole genomes are becoming available to leverage addi-
tional information from genetic markers to address the aforemen-
tioned issues. Currently, there are 53 published bee genomes (Table 
S1). Most of these are restricted to the family Apidae (45), but ge-
nomes from Megachilinae (3), Halictidae (4), and Colletidae (1) have 
been published. Also, ongoing efforts by international organizations 
such i5 k (http://i5k.github.io/) and the Tree of Life Program (https://
www.darwi ntree oflife.org/) are sure to contribute more genomes.

Other high throughput omics approaches (transcriptomics, 
proteomics, metabolomics, metagenomics, phenomics, etc.) can 
increase scientists’ abilities to identify the molecular mechanisms 
underpinning a species’ responses to their environment (Carducci 
et al., 2020; Vieira et al., 2021; Voelckel et al., 2017). Scientists can 
identify putative local adaptations by identifying variation in the 
expression of biomolecules associated with environmental factors 
(Voelckel et al., 2017). In B. vosnesenskii, transcriptomes approaches 
have identified co- expressed gene sets that correlate with intrapop-
ulation differences in cold tolerance (Pimsler et al., 2020). The 
population- specific phenotype and genotype are important to con-
sider for species management (Lozier et al., 2015). Therefore, when 
integrated with landscape data, these omics methods create a more 
holistic understanding of species, which can be translated into man-
agement plans and policies (Connon et al., 2018). Comparing findings 
between species is an ongoing challenge. Mutation rates between 
species may differ (however, see Liu et al., 2017), and species are 
known to have different genome sizes (Kapheim et al., 2015), gene 
family expansions (Simola et al., 2013), and recombination rates 
(Jones et al., 2019). Furthermore, the phylogenetic coverage of 
species is expanding but remains focused in a few genera (Bombus 
(Jha, 2015; Lozier, 2014; Maebe et al., 2016), Euglossa (Soro et al., 
2017; Suni, 2017; Zimmermann et al., 2011)). There are efforts to 
study nonmodel bee species, including using museum species to 
develop genotype and genomic data for bees (Vaudo et al., 2018). 
Many bee genera may respond differently, and there is a large gap in 
knowledge and need to study noncorbiculate bees (Apidae: Apinae). 
Additionally, researchers need to sample bees with more diverse 
lifestyles, including the vast majority of solitary species. Most of 
the bee species included in genetic studies are social (Jaffé, Castilla, 
et al., 2016; Maebe et al., 2018). However, sociality provides unique 
complexities and responses to anthropogenic change. Social species 
are known to have smaller effective population sizes (Chapman & 
Bourke, 2001), longer active seasons (Ogilvie & Forrest, 2017), and 
unique selective pressures (Field & Toyoizumi, 2020). While many 
social bees are important commercial pollinators, of the >20,400 bee 
species, only 9.4% are social (Danforth et al., 2019; Michener, 2007). 

As studies begin to examine solitary species, researchers will be bet-
ter equipped to support their conservation. Additional functional 
traits may make species more vulnerable to anthropogenic threats. 
For instance, oligolectic or specialist bees are thought to have lower 
genetic diversity (Packer et al., 2005; Zayed et al., 2005). Therefore, 
by better understanding how the local habitat and dietary breadth 
of native bees affect their genetic diversity, researchers can inform 
better management plans to support their biodiversity.

As researchers learn more about how landscape shapes pop-
ulation structure and connectivity, new questions have arisen. 
Tropical species currently appear more robust than temperate spe-
cies to anthropogenic changes (Jaffé, Pope, et al., 2016; Jha, 2015; 
López- Uribe et al., 2015; Zimmermann et al., 2011). However, this 
may be due to differences in the species examined or temporal dif-
ferences in land- use (Goulson et al., 2011; Jaffé, Pope, et al., 2016; 
Jha, 2015; Lozier, 2014; Zimmermann et al., 2011). As deforestation 
in the tropics increases, will there be a subsequent decrease in bee 
genetic diversity? If genetic diversity and connectivity between pop-
ulations remain, it raises the question of how do native bees main-
tain connectivity in fragmented habitats, and will this connectivity 
translate to demographic stability? Invasive bee species suggest that 
populations can persist with low genetic diversity and that commer-
cialization and artificially moving bees may not necessarily reduce 
standing genetic diversity. The movement of individuals, potentially 
with beneficial genotypes, may be one method for conservation. 
Landscape genomic techniques are just starting to be adopted in bee 
conservation genetics and will provide insights into the genes under 
selection. Once candidate genes are identified, functional analyses 
are necessary next steps to confirm fitness effects. While reduced 
representation genomic sequencing tools are an important start to 
answering these questions, whole- genome sequencing is increas-
ingly affordable and will provide greater resolution in future studies. 
Lastly, to fully understand how anthropogenic changes impact bees 
more broadly and to fully inform the best course of conservation ac-
tion, researchers need to study a wider evolutionary and ecological 
variety of bee species.

ACKNOWLEDG EMENTS
We thank members of the Rehan lab for providing feedback on ear-
lier drafts of this manuscript. This review was supported by an NSF 
Biological Collections Postdoctoral Fellowship to EPK and an NSERC 
Discovery Grant to SMR.

CONFLIC T OF INTERE S T
None declared.

DATA AVAIL ABILIT Y S TATEMENT
Data sharing is not applicable to this article as no new data were cre-
ated or analyzed in this study.

ORCID
Evan P. Kelemen  https://orcid.org/0000-0003-3600-9878 
Sandra M. Rehan  https://orcid.org/0000-0002-6441-5155 

http://i5k.github.io/
https://www.darwintreeoflife.org/
https://www.darwintreeoflife.org/
https://orcid.org/0000-0003-3600-9878
https://orcid.org/0000-0003-3600-9878
https://orcid.org/0000-0002-6441-5155
https://orcid.org/0000-0002-6441-5155


8  |     KELEMEN aNd REHaN

R E FE R E N C E S
Aitken, S. N., & Whitlock, M. C. (2013). Assisted gene flow to facili-

tate local adaptation to climate change. Annual Review of Ecology, 
Evolution, Systematics, 44, 367– 388.

Allendorf, F. W., Hohenlohe, P. A., & Luikart, G. (2010). Genomics and 
the future of conservation genetics. Nature Reviews Genetics, 11(10), 
697– 709.

Allendorf, F. W., Luikart, G., & Aitken, S. N. (2007). Conservation and the 
genetics of populations. Mammalia, 2007(2007), 189– 197.

Allen- Wardell, G., Bernhardt, P., Bitner, R., Burquez, A., Buchmann, S., 
Cane, J., Cox, P. A., Dalton, V., Feinsinger, P., & Ingram, M. J. (1998). 
The potential consequences of pollinator declines on the conserva-
tion of biodiversity and stability of food crop yields. Conservation 
Biology, 12(1), 8– 17.

Asplen, M., Whitfield, J., De Boer, J., & Heimpel, G. E. (2009). Ancestral 
state reconstruction analysis of hymenopteran sex determination 
mechanisms. Journal of Evolutionary Biology, 22(8), 1762– 1769.

Atwood, C. (1933). Studies on the Apoidea of western Nova Scotia with 
special reference to visitors to apple bloom. Canadian Journal of 
Research, 9(5), 443– 457.

Baird, N. A., Etter, P. D., Atwood, T. S., Currey, M. C., Shiver, A. L., Lewis, 
Z. A., Selker, E. U., Cresko, W. A., & Johnson, E. A. (2008). Rapid SNP 
discovery and genetic mapping using sequenced RAD markers. PLoS 
One, 3(10), e3376.

Ballare, K. M., & Jha, S. (2020). Genetic structure across urban and ag-
ricultural landscapes reveals evidence of resource specialization 
and philopatry in the Eastern carpenter bee, Xylocopa virginica L. 
Evolutionary Applications, 14(1), 136– 149.

Bartlett, M., Hale, R., & Hale, M. (2016). Habitat quality limits gene flow 
between populations of Bombus ruderatus in the South Island, New 
Zealand. Conservation Genetics, 17(3), 703– 713.

Bartomeus, I., Ascher, J. S., Gibbs, J., Danforth, B. N., Wagner, D. L., 
Hedtke, S. M., & Winfree, R. (2013). Historical changes in northeast-
ern US bee pollinators related to shared ecological traits. Proceedings 
of the National Academy of Sciences of the United States of America, 
110(12), 4656– 4660. https://doi.org/10.1073/pnas.12185 03110

Beye, M., Hasselmann, M., Fondrk, M. K., Page, R. E. Jr, & Omholt, S. W. 
(2003). The gene csd is the primary signal for sexual development in 
the honeybee and encodes an SR- type protein. Cell, 114(4), 419– 429.

Boff, S., Soro, A., Paxton, R. J., & Alves- dos- Santos, I. (2014). Island isola-
tion reduces genetic diversity and connectivity but does not signifi-
cantly elevate diploid male production in a neotropical orchid bee. 
Conservation Genetics, 15(5), 1123– 1135.

Bushmann, S. L., & Drummond, F. A. (2015). Abundance and diversity 
of wild bees (Hymenoptera: Apoidea) found in lowbush blueberry 
growing regions of Downeast Maine. Environmental Entomology, 
44(4), 975– 989.

Calfee, E., Agra, M. N., Palacio, M. A., Ramírez, S. R., & Coop, G. (2020). 
Selection and hybridization shaped the rapid spread of African honey 
bee ancestry in the Americas. PLoS Genetics, 16(10), e1009038.

Cameron, S. A., Lozier, J. D., Strange, J. P., Koch, J. B., Cordes, N., Solter, 
L. F., & Griswold, T. L. (2011). Patterns of widespread decline in 
North American bumble bees. Proceedings of the National Academy of 
Sciences of the United States of America, 108(2), 662– 667.

Carducci, F., Biscotti, M. A., Trucchi, E., Giuliani, M. E., Gorbi, S., 
Coluccelli, A., Barucca, M., & Canapa, A. (2020). Omics approaches 
for conservation biology research on the bivalve Chamelea gallina. 
Scientific Reports, 10(1), 1– 15.

Cariou, M., Duret, L., & Charlat, S. (2016). How and how much does RAD- 
seq bias genetic diversity estimates? BMC Evolutionary Biology, 16(1), 
1– 8.

Carvalho, C. S., Forester, B. R., Mitre, S. K., Alves, R., Imperatriz- 
Fonseca, V. L., Ramos, S. J., Resende- Moreira, L. C., Siqueira, J. O., 
Trevelin, L. C., & Caldeira, C. F. (2019). Combining genotype, pheno-
type, and environmental data to delineate site- adjusted provenance 

strategies for ecological restoration. Molecular Ecology Resources, 
21(1), 44– 58.

Centrella, M., Russo, L., Moreno Ramírez, N., Eitzer, B., van Dyke, M., 
Danforth, B., & Poveda, K. (2020). Diet diversity and pesticide risk 
mediate the negative effects of land use change on solitary bee off-
spring production. Journal of Applied Ecology, 57(6), 1031– 1042.

Cerântola, N. C. M., Oi, C. A., Cervini, M., & Lama, M. A. (2011). Genetic 
differentiation of urban populations of Euglossa cordata from the 
state of São Paulo, Brazil. Apidologie, 42(2), 214– 222.

Chapman, R. E., & Bourke, A. F. (2001). The influence of sociality on the 
conservation biology of social insects. Ecology Letters, 4(6), 650– 662.

Connon, R. E., Jeffries, K. M., Komoroske, L. M., Todgham, A. E., & 
Fangue, N. A. (2018). The utility of transcriptomics in fish conserva-
tion. Journal of Experimental Biology, 221(2), jeb148833.

Cook, J. M., & Crozier, R. H. (1995). Sex determination and population 
biology in the Hymenoptera. Trends in Ecology Evolution, 10(7), 
281– 286.

Cruickshank, T. E., & Hahn, M. W. (2014). Reanalysis suggests that ge-
nomic islands of speciation are due to reduced diversity, not reduced 
gene flow. Molecular Ecology, 23(13), 3133– 3157.

Danforth, B. N., Ji, S., & Ballard, L. J. (2003). Gene flow and population 
structure in an oligolectic desert bee, Macrotera (Macroteropsis) por-
talis (Hymenoptera: Andrenidae). Journal of the Kansas Entomological 
Society, 72(2), 221– 235.

Danforth, B. N., Minckley, R. L., Neff, J. L., & Fawcett, F. (2019). The soli-
tary bees: Biology, evolution, conservation. Princeton University Press.

Darvill, B., O'Connir, S., Lye, G., Waters, J., Lepais, O., & Goulson, D. 
(2010). Cryptic differences in dispersal lead to differential sensitiv-
ity to habitat fragmentation in two bumblebee species. Molecular 
Ecology, 19(1), 53– 63.

Davis, E. S., Murray, T. E., Fitzpatrick, Ú., Brown, M. J., & Paxton, R. J. 
(2010). Landscape effects on extremely fragmented populations 
of a rare solitary bee, Colletes floralis. Molecular Ecology, 19(22), 
4922– 4935.

De Palma, A., Kuhlmann, M., Roberts, S. P., Potts, S. G., Börger, L., 
Hudson, L. N., Lysenko, I., Newbold, T., & Purvis, A. (2015). Ecological 
traits affect the sensitivity of bees to land- use pressures in European 
agricultural landscapes. Journal of Applied Ecology, 52(6), 1567– 1577.

Dellicour, S., Kastally, C., Varela, S., Michez, D., Rasmont, P., Mardulyn, 
P., & Lecocq, T. (2017). Ecological niche modelling and coalescent 
simulations to explore the recent geographical range history of five 
widespread bumblebee species in Europe. Journal of Biogeography, 
44(1), 39– 50.

Dlugosch, K. M., & Parker, I. M. (2008). Founding events in species inva-
sions: Genetic variation, adaptive evolution, and the role of multiple 
introductions. Molecular Ecology, 17(1), 431– 449.

Dreier, S., Redhead, J. W., Warren, I. A., Bourke, A. F., Heard, M. S., Jordan, 
W. C., Sumner, S., Wang, J., & Carvell, C. (2014). Fine- scale spatial 
genetic structure of common and declining bumble bees across an 
agricultural landscape. Molecular Ecology, 23(14), 3384– 3395.

Durant, J. L., & Otto, C. R. (2019). Feeling the sting? Addressing land- use 
changes can mitigate bee declines. Land Use Policy, 87, 104005.

Ellis, J., Knight, M. E., Darvill, B., & Goulson, D. (2006). Extremely low 
effective population sizes, genetic structuring and reduced genetic 
diversity in a threatened bumblebee species, Bombus sylvarum 
(Hymenoptera: Apidae). Molecular Ecology, 15(14), 4375– 4386.

Epps, C. W., & Keyghobadi, N. (2015). Landscape genetics in a changing 
world: Disentangling historical and contemporary influences and in-
ferring change. Molecular Ecology, 24(24), 6021– 6040.

FAO. (2016). Food and Agriculture Organization of the United Nations. 
FAOSTAT. http://www.fao.org/news/story/ en/item/38472 6/icode/. 
Accessed June 1, 2020.

Field, J., & Toyoizumi, H. (2020). The evolution of eusociality: No risk- 
return tradeoff but the ecology matters. Ecology Letters, 23(3), 
518– 526.

https://doi.org/10.1073/pnas.1218503110
http://www.fao.org/news/story/en/item/384726/icode/


     |  9KELEMEN aNd REHaN

Fitzpatrick, S. W., Bradburd, G. S., Kremer, C. T., Salerno, P. E., Angeloni, 
L. M., & Funk, W. C. (2020). Genomic and fitness consequences of 
genetic rescue in wild populations. Current Biology, 30(3), 517– 522. 
e515.

Françoso, E., Zuntini, A. R., & Arias, M. C. (2019). Combining phylogeogra-
phy and future climate change for conservation of Bombus morio and 
B. Pauloensis (Hymenoptera: Apidae). Journal of Insect Conservation, 
23(1), 63– 73.

Frankham, R. (2015). Genetic rescue of small inbred populations: Meta- 
analysis reveals large and consistent benefits of gene flow. Molecular 
Ecology, 24(11), 2610– 2618.

Franks, S. J., & Hoffmann, A. A. (2012). Genetics of climate change adap-
tation. Annual Review of Genetics, 46, 185– 208.

Freitas, B. M., Imperatriz- Fonseca, V. L., Medina, L. M., Kleinert, A. D. 
M. P., Galetto, L., Nates- Parra, G., & Quezada- Euán, J. J. G. (2009). 
Diversity, threats and conservation of native bees in the Neotropics. 
Apidologie, 40(3), 332– 346. https://doi.org/10.1051/apido/ 2009012

Gammans, N. (2020). The short- haired bumble- bee reintroduction project: 
10 year report. Bumblebee Conservation Trust.

Glaum, P., Simao, M.- C., Vaidya, C., Fitch, G., & Iulinao, B. (2017). Big city 
Bombus: Using natural history and land- use history to find significant 
environmental drivers in bumble- bee declines in urban development. 
Royal Society Open Science, 4(5), 170156.

Goulson, D., Kaden, J., Lepais, O., Lye, G., & Darvill, B. (2011). Population 
structure, dispersal and colonization history of the garden bumble-
bee Bombus hortorum in the Western Isles of Scotland. Conservation 
Genetics, 12(4), 867– 879.

Goulson, D., Nicholls, E., Botías, C., & Rotheray, E. L. (2015). Bee declines 
driven by combined stress from parasites, pesticides, and lack of 
flowers. Science, 347(6229), 1255957.

Graham, K. K., Eaton, K., Obrien, I., & Starks, P. T. (2019). Anthidium man-
icatum, an invasive bee, excludes a native bumble bee, Bombus im-
patiens, from floral resources. Biological Invasions, 21(4), 1089– 1099.

Guo, B., Li, Z., & Merilä, J. (2016). Population genomic evidence for 
adaptive differentiation in the Baltic Sea herring. Molecular Ecology, 
25(12), 2833– 2852.

Hadley, A. S., & Betts, M. G. (2012). The effects of landscape fragmen-
tation on pollination dynamics: Absence of evidence not evidence of 
absence. Biological Reviews, 87(3), 526– 544.

Hasselmann, M., Gempe, T., Schiøtt, M., Nunes- Silva, C. G., Otte, M., 
& Beye, M. (2008). Evidence for the evolutionary nascence of a 
novel sex determination pathway in honeybees. Nature, 454(7203), 
519– 522.

Hedrick, P. W., & Parker, J. D. (1997). Evolutionary genetics and genetic 
variation of haplodiploids and X- linked genes. Annual Review of 
Ecology Systematics, 28(1), 55– 83.

Hedtke, S. M., Blitzer, E. J., Montgomery, G. A., & Danforth, B. N. (2015). 
Introduction of non- native pollinators can lead to trans- continental 
movement of bee- associated fungi. PLoS One, 10(6), e0130560.

Henriques, D., Wallberg, A., Chávez- Galarza, J., Johnston, J. S., Webster, 
M. T., & Pinto, M. A. (2018). Whole genome SNP- associated sig-
natures of local adaptation in honeybees of the Iberian Peninsula. 
Scientific Reports, 8(1), 1– 14.

Herrmann, F., Westphal, C., Moritz, R. F., & Stefan- Dewenter, I. (2007). 
Genetic diversity and mass resources promote colony size and for-
ager densities of a social bee (Bombus pascuorum) in agricultural land-
scapes. Molecular Ecology, 16(6), 1167– 1178.

Hoban, S., Kelley, J. L., Lotterhos, K. E., Antolin, M. F., Bradburd, G., 
Lowry, D. B., Poss, M. L., Reed, L. K., Storfer, A., & Whitlock, M. C. 
(2016). Finding the genomic basis of local adaptation: Pitfalls, prac-
tical solutions, and future directions. The American Naturalist, 188(4), 
379– 397.

Hoffmann, A., Griffin, P., Dillon, S., Catullo, R., Rane, R., Byrne, M., 
Jordan, R., Oakeshott, J., Weeks, A., Joseph, L., Lockhart, P., Borevitz, 
J., & Sgrò, C. (2015). A framework for incorporating evolutionary 

genomics into biodiversity conservation and management. Climate 
Change Responses, 2(1), 1.

Hoffmann, A. A., & Sgro, C. M. (2011). Climate change and evolutionary 
adaptation. Nature, 470(7335), 479– 485.

Isaksson, C. (2015). Urbanization, oxidative stress and inflammation: A 
question of evolving, acclimatizing or coping with urban environmen-
tal stress. Functional Ecology, 29(7), 913– 923.

Jackson, J. M., Pimsler, M. L., Oyen, K. J., Koch- Uhuad, J. B., Herndon, 
J. D., Strange, J. P., Dillon, M. E., & Lozier, J. D. (2018). Distance, el-
evation and environment as drivers of diversity and divergence in 
bumble bees across latitude and altitude. Molecular Ecology, 27(14), 
2926– 2942.

Jackson, J. M., Pimsler, M. L., Oyen, K. J., Strange, J. P., Dillon, M. E., 
& Lozier, J. D. (2020). Local adaptation across a complex bioclimatic 
landscape in two montane bumble bee species. Molecular Ecology, 
29(5), 920– 939.

Jackson, N. D., & Fahrig, L. (2014). Landscape context affects genetic 
diversity at a much larger spatial extent than population abundance. 
Ecology, 95(4), 871– 881.

Jaffé, R., Castilla, A., Pope, N., Imperatriz- Fonseca, V. L., Metzger, J. P., 
Arias, M. C., & Jha, S. (2016). Landscape genetics of a tropical rescue 
pollinator. Conservation Genetics, 17(2), 267– 278.

Jaffé, R., Pope, N., Acosta, A. L., Alves, D. A., Arias, M. C., De la Rúa, 
P., Francisco, F. O., Giannini, T. C., González- Chaves, A., Imperatriz- 
Fonseca, V. L., Tavares, M. G., Jha, S., & Carvalheiro, L. G. (2016). 
Beekeeping practices and geographic distance, not land use, drive 
gene flow across tropical bees. Molecular Ecology, 25(21), 5345– 5358.

Jaffé, R., Veiga, J. C., Pope, N. S., Lanes, É. C. M., Carvalho, C. S., Alves, 
R., Andrade, S. C. S., Arias, M. C., Bonatti, V., Carvalho, A. T., Castro, 
M. S., Contrera, F. A. L., Francoy, T. M., Freitas, B. M., Giannini, T. C., 
Hrncir, M., Martins, C. F., Oliveira, G., Saraiva, A. M., … Imperatriz- 
Fonseca, V. L. (2019). Landscape genomics to the rescue of a tropi-
cal bee threatened by habitat loss and climate change. Evolutionary 
Applications, 12(6), 1164– 1177.

Jaramillo- Correa, J.- P., Rodríguez- Quilón, I., Grivet, D., Lepoittevin, C., 
Sebastiani, F., Heuertz, M., Garnier- Géré, P. H., Alía, R., Plomion, C., 
& Vendramin, G. G. (2015). Molecular proxies for climate maladap-
tation in a long- lived tree (Pinus pinaster Aiton, Pinaceae). Genetics, 
199(3), 793– 807.

Jha, S. (2015). Contemporary human- altered landscapes and oceanic 
barriers reduce bumble bee gene flow. Molecular Ecology, 24(5), 
993– 1006.

Jha, S., & Kremen, C. (2013a). Resource diversity and landscape- level 
homogeneity drive native bee foraging. Proceedings of the National 
Academy of Sciences of the United States of America, 110(2), 555– 558.

Jha, S., & Kremen, C. (2013b). Urban land use limits regional bumble bee 
gene flow. Molecular Ecology, 22(9), 2483– 2495.

Jones, J. C., Wallberg, A., Christmas, M. J., Kapheim, K. M., & Webster, M. 
T. (2019). Extreme differences in recombination rate between the ge-
nomes of a solitary and a social bee. Molecular Biology and Evolution, 
36(10), 2277– 2291.

Kapheim, K. M., Pan, H., Li, C., Salzberg, S. L., Puiu, D., Magoc, T., 
Robertson, H. M., Hudson, M. E., Venkat, A., & Fischman, B. J. 
(2015). Genomic signatures of evolutionary transitions from solitary 
to group living. Science, 348(6239), 1139– 1143.

Kent, C. F., Dey, A., Patel, H., Tsvetkov, N., Tiwari, T., MacPhail, V. J., 
Gobeil, Y., Harpur, B. A., Gurtowski, J., Schatz, M. C., Colla, S. R., 
& Zayed, A. (2018). Conservation genomics of the declining North 
American bumblebee Bombus terricola reveals inbreeding and selec-
tion on immune genes. Frontiers in Genetics, 9, 316.

Keyghobadi, N., Roland, J., Matter, S. F., & Strobeck, C. (2005). Among- 
and within- patch components of genetic diversity respond at dif-
ferent rates to habitat fragmentation: An empirical demonstration. 
Proceedings of the Royal Society B: Biological Sciences, 272(1562), 
553– 560.

https://doi.org/10.1051/apido/2009012


10  |     KELEMEN aNd REHaN

Koch, J. B., Vandame, R., Mérida- Rivas, J., Sagot, P., & Strange, J. (2018). 
Quaternary climate instability is correlated with patterns of popula-
tion genetic variability in Bombus huntii. Ecology and Evolution, 8(16), 
7849– 7864.

Kraus, F., Wolf, S., & Moritz, R. (2009). Male flight distance and popu-
lation substructure in the bumblebee Bombus terrestris. Journal of 
Animal Ecology, 78(1), 247– 252.

Landaverde- González, P., Baltz, L. M., Escobedo- Kenefic, N., Mérida, J., 
Paxton, R. J., & Husemann, M. (2018). Recent low levels of differ-
entiation in the native Bombus ephippiatus (Hymenoptera: Apidae) 
along two Neotropical mountain- ranges in Guatemala. Biodiversity 
and Conservation, 27(13), 3513– 3531.

Landaverde- González, P., Enríquez, E., Ariza, M. A., Murray, T., Paxton, R. 
J., & Husemann, M. (2017). Fragmentation in the clouds? The popu-
lation genetics of the native bee Partamona bilineata (Hymenoptera: 
Apidae: Meliponini) in the cloud forests of Guatemala. Conservation 
Genetics, 18(3), 631– 643.

Landguth, E., Cushman, S., Schwartz, M., McKelvey, K., Murphy, M., & 
Luikart, G. (2010). Quantifying the lag time to detect barriers in land-
scape genetics. Molecular Ecology, 19(19), 4179– 4191.

Latter, B. (1973). The island model of population differentiation: A gen-
eral solution. Genetics, 73(1), 147– 157.

Lattorff, H. M. G., Popp, M., Parsche, S., Helbing, S., & Erler, S. (2016). 
Effective population size as a driver for divergence of an antimi-
crobial peptide (Hymenoptaecin) in two common European bum-
blebee species. Biological Journal of the Linnean Society, 119(2), 
299– 310.

Lecocq, T., Dellicour, S., Michez, D., Lhomme, P., Vanderplanck, 
M., Valterová, I., Rasplus, J.- Y., & Rasmont, P. (2013). Scent of a 
break- up: Phylogeography and reproductive trait divergences in 
the red- tailed bumblebee (Bombus lapidarius). BMC Evolutionary 
Biology, 13(1), 263.

LeCroy, K. A., Savoy- Burke, G., Carr, D. E., Delaney, D. A., & T'ai, H. R. 
(2020). Decline of six native mason bee species following the arrival 
of an exotic congener. Scientific Reports, 10(1), 1– 9.

Liu, H., Jia, Y., Sun, X., Tian, D., Hurst, L. D., & Yang, S. (2017). Direct 
determination of the mutation rate in the bumblebee reveals evi-
dence for weak recombination- associated mutation and an approx-
imate rate constancy in insects. Molecular Biology Evolution, 34(1), 
119– 130.

López- Uribe, M. M., Morreale, S. J., Santiago, C. K., & Danforth, B. N. 
(2015). Nest suitability, fine- scale population structure and male- 
mediated dispersal of a solitary ground nesting bee in an urban land-
scape. PLoS One, 10(5), e0125719

Lowry, D. B., Hoban, S., Kelley, J. L., Lotterhos, K. E., Reed, L. K., Antolin, 
M. F., & Storfer, A. (2017). Responsible RAD: Striving for best prac-
tices in population genomic studies of adaptation. Molecular Ecology 
Resources, 17(3), 366– 369.

Lozier, J. (2014). Revisiting comparisons of genetic diversity in stable and 
declining species: Assessing genome- wide polymorphism in North 
American bumble bees using RAD sequencing. Molecular Ecology, 
23(4), 788– 801.

Lozier, J. D., Cameron, S. A., Duennes, M. A., Strange, J. P., Williams, P. H., 
Goulson, D., Brown, M. J., Morales, C., & Jepsen, S. (2015). Relocation 
risky for bumblebee colonies. Science, 350(6258), 286– 287.

Lozier, J. D., Strange, J. P., & Koch, J. B. (2013). Landscape heteroge-
neity predicts gene flow in a widespread polymorphic bumble bee, 
Bombus bifarius (Hymenoptera: Apidae). Conservation Genetics, 14(5), 
1099– 1110.

Lozier, J. D., Strange, J. P., Stewart, I. J., & Cameron, S. A. (2011). Patterns 
of range- wide genetic variation in six North American bumble bee 
(Apidae: Bombus) species. Molecular Ecology, 20(23), 4870– 4888.

Luna, M. G., & Hawkins, B. A. (2004). Effects of inbreeding versus 
outbreeding in Nasonia vitripennis (Hymenoptera: Pteromalidae). 
Environmental Entomology, 33(3), 765– 775.

Maebe, K., Golsteyn, L., Nunes- Silva, P., Blochtein, B., & Smagghe, G. 
(2018). Temporal changes in genetic variability in three bumble-
bee species from Rio Grande do Sul. South Brazil. Apidologie, 49(3), 
415– 429.

Maebe, K., Karise, R., Meeus, I., Mänd, M., & Smagghe, G. (2019). Pattern 
of population structuring between Belgian and Estonian bumble-
bees. Scientific Reports, 9(1), 1– 8.

Maebe, K., Meeus, I., Vray, S., Claeys, T., Dekoninck, W., Boevé, J.- L., 
Rasmont, P., & Smagghe, G. (2016). A century of temporal stabil-
ity of genetic diversity in wild bumblebees. Scientific Reports, 6, 
38289.

Magnacca, K. N. (2020). Reintroduction of a Native Hawaiian Bee, 
Hylaeus anthracinus (F. Smith)(Hymenoptera: Colletidae), to Part of 
its Former Range. Proceedings of the Hawaiian Entomological Society, 
55, 35– 44.

Manel, S., Schwartz, M. K., Luikart, G., & Taberlet, P. (2003). Landscape 
genetics: Combining landscape ecology and population genetics. 
Trends in Ecology Evolution, 18(4), 189– 197.

Marshall, L., Perdijk, F., Dendoncker, N., Kunin, W., Roberts, S., & 
Biesmeijer, J. C. (2020). Bumblebees moving up: Shifts in elevation 
ranges in the Pyrenees over 115 years. Proceedings of the Royal 
Society B, 287(1938), 20202201.

Mathiasson, M. E., & Rehan, S. M. (2019). Status changes in the wild bees 
of north- eastern North America over 125 years revealed through 
museum specimens. Insect Conservation and Diversity, 12(4), 278– 
288. https://doi.org/10.1111/icad.12347

Mathiasson, M. E., & Rehan, S. M. (2020). Wild bee declines linked to 
plant- pollinator network changes and plant species introductions. 
Insect Conservation and Diversity, 13(6), 595– 605.

Matthey- Doret, C., Van Der Kooi, C. J., Jeffries, D. L., Bast, J., Dennis, 
A. B., Vorburger, C., & Schwander, T. (2019). Mapping of multiple 
complementary sex determination loci in a parasitoid wasp. Genome 
Biology Evolution, 11(10), 2954– 2962.

Michener, C. D. (2007). The bees of the world. JHU press.
Michener, C. D., & Amir, M. (1977). The seasonal cycle and habitat of a 

tropical bumble bee. Pacific Insects, 17(2– 3), 237– 240.
Miranda, E. A., Ferreira, K. M., Carvalho, A. T., Martins, C. F., Fernandes, C. 

R., & Del Lama, M. A. (2017). Pleistocene climate changes shaped the 
population structure of Partamona seridoensis (Apidae, Meliponini), 
an endemic stingless bee from the Neotropical dry forest. PLoS One, 
12(4), e0175725.

Moisan- DeSerres, J., Chagnon, M., & Fournier, V. (2015). Influence of 
windbreaks and forest borders on abundance and species richness 
of native pollinators in lowbush blueberry fields in Québec, Canada. 
The Canadian Entomologist, 147(4), 432– 442.

Morales, C. L., Arbetman, M. P., Cameron, S. A., & Aizen, M. A. (2013). 
Rapid ecological replacement of a native bumble bee by invasive spe-
cies. Frontiers in Ecology the Environment, 11(10), 529– 534.

Morales, C. L., Sáez, A., Garibaldi, L. A., & Aizen, M. A. (2017). Disruption 
of pollination services by invasive pollinator species. In M. Vilà, & P. 
Hulme (Eds.), Impact of biological invasions on ecosystem services (pp. 
203– 220). Springer.

Moran, E. V., & Alexander, J. M. (2014). Evolutionary responses to 
global change: Lessons from invasive species. Ecology Letters, 17(5), 
637– 649.

Morandin, L., Laverty, T., Kevan, P., Khosla, S., & Shipp, L. J. T. C. E. 
(2001). Bumble bee (Hymenoptera: Apidae) activity and loss in 
commercial tomato greenhouses. The Canadian Entomologist, 
133(6), 883– 893.

Nei, M. (1977). F- statistics and analysis of gene diversity in subdivided 
populations. Annals of Human Genetics, 41(2), 225– 233.

Nooten, S. S., & Rehan, S. M. (2020). Historical changes in bumble 
bee body size and range shift of declining species. Agricultural 
Conservation Biology, 29(2), 451– 467. https://doi.org/10.1007/s1053 
1- 019- 01893 - 7

https://doi.org/10.1111/icad.12347
https://doi.org/10.1007/s10531-019-01893-7
https://doi.org/10.1007/s10531-019-01893-7


     |  11KELEMEN aNd REHaN

Ogilvie, J. E., & Forrest, J. R. (2017). Interactions between bee foraging 
and floral resource phenology shape bee populations and communi-
ties. Current Opinion in Insect Science, 21, 75– 82.

Ollerton, J. (2017). Pollinator diversity: Distribution, ecological func-
tion, and conservation. Annual Review of Ecology, Evolution, and 
Systematics, 48, 353– 376.

Packer, L., Zayed, A., Grixti, J. C., Ruz, L., Owen, R. E., Vivallo, F., & Toro, 
H. (2005). Conservation genetics of potentially endangered mutual-
isms: Reduced levels of genetic variation in specialist versus general-
ist bees. Conservation Biology, 19(1), 195– 202.

Palsbøll, P. J., Berube, M., & Allendorf, F. W. (2007). Identification of 
management units using population genetic data. Trends in Ecology & 
Evolution, 22(1), 11– 16.

Parsche, S., & Lattorff, H. M. G. (2018). The relative contributions of host 
density and genetic diversity on prevalence of a multi- host para-
site in bumblebees. Biological Journal of the Linnean Society, 125(4), 
900– 910.

Pimsler, M. L., Oyen, K. J., Herndon, J. D., Jackson, J. M., Strange, J. P., 
Dillon, M. E., & Lozier, J. D. (2020). Biogeographic parallels in thermal 
tolerance and gene expression variation under temperature stress in 
a widespread bumble bee. Scientific Reports, 10(1), 1– 11.

Poirier, M. A., Coltman, D. W., Pelletier, F., Jorgenson, J., & Festa- 
Bianchet, M. (2019). Genetic decline, restoration and rescue of 
an isolated ungulate population. Evolutionary Applications, 12(7), 
1318– 1328.

Portman, Z. M., Tepedino, V. J., Tripodi, A. D., Szalanski, A. L., & Durham, 
S. L. (2017). Local extinction of a rare plant pollinator in Southern 
Utah (USA) associated with invasion by Africanized honey bees. 
Biological Invasions, 20, 593– 606.

Pujolar, J. M., Jacobsen, M. W., Als, T. D., Frydenberg, J., Munch, K., 
Jónsson, B., Jian, J. B., Cheng, L., Maes, G. E., Bernatchez, L., & 
Hansen, M. M. (2014). Genome- wide single- generation signatures 
of local selection in the panmictic European eel. Molecular Ecology, 
23(10), 2514– 2528.

Rellstab, C., Gugerli, F., Eckert, A. J., Hancock, A. M., & Holderegger, R. 
(2015). A practical guide to environmental association analysis in 
landscape genomics. Molecular Ecology, 24(17), 4348– 4370.

Rick, K., Ottewell, K., Lohr, C., Thavornkanlapachai, R., Byrne, M., & 
Kennington, W. J. (2019). Population genomics of Bettongia lesueur: 
Admixing increases genetic diversity with no evidence of outbreed-
ing depression. Genes, 10(11), 851.

Roubik, D. W., & Aluja, M. (1983). Flight ranges of Melipona and Trigona 
in tropical forest. Journal of the Kansas Entomological Society, 56(2), 
217– 222.

Roubik, D. W., & Villanueva- Gutierrez, R. (2009). Invasive Africanized 
honey bee impact on native solitary bees: A pollen resource and trap 
nest analysis. Biological Journal of the Linnean Society, 98(1), 152– 160.

Rubidge, E. M., Patton, J. L., Lim, M., Burton, A. C., Brashares, J. S., & 
Moritz, C. (2012). Climate- induced range contraction drives genetic 
erosion in an alpine mammal. Nature Climate Change, 2(4), 285– 288.

Schmid- Hempel, P., Schmid- Hempel, R., Brunner, P., Seeman, O., & Allen, 
G. (2007). Invasion success of the bumblebee, Bombus terrestris, de-
spite a drastic genetic bottleneck. Heredity, 99(4), 414– 422.

Schmid- Hempel, R., Eckhardt, M., Goulson, D., Heinzmann, D., Lange, 
C., Plischuk, S., Escudero, L. R., Salathé, R., Scriven, J. J., & Schmid- 
Hempel, P. (2014). The invasion of southern South America by im-
ported bumblebees and associated parasites. Journal of Animal 
Ecology, 83(4), 823– 837.

Seabra, S. G., Silva, S. E., Nunes, V. L., Sousa, V. C., Martins, J., Marabuto, 
E., Rodrigues, A. S., Pina- Martins, F., Laurentino, T. G., & Rebelo, M. 
T. (2019). Genomic signatures of introgression between commer-
cial and native bumblebees, Bombus terrestris, in western Iberian 
Peninsula— Implications for conservation and trade regulation. 
Evolutionary Applications, 12(4), 679– 691.

Sgrò, C. M., Lowe, A. J., & Hoffmann, A. A. (2011). Building evolution-
ary resilience for conserving biodiversity under climate change. 
Evolutionary Applications, 4(2), 326– 337.

Silva, S. E., Seabra, S. G., Carvalheiro, L. G., Nunes, V. L., Marabuto, 
E., Mendes, R., Rodrigues, A. S. B., Pina- Martins, F., Yurtsever, S., 
Laurentino, T. G., Figueiredo, E., Rebelo, M. T., & Paulo, O. S. (2020). 
Population genomics of Bombus terrestris reveals high but unstruc-
tured genetic diversity in a potential glacial refugium. Biological 
Journal of the Linnean Society, 129(2), 259– 272.

Simola, D. F., Wissler, L., Donahue, G., Waterhouse, R. M., Helmkampf, 
M., Roux, J., Nygaard, S., Glastad, K. M., Hagen, D. E., Viljakainen, L., 
Reese, J. T., Hunt, B. G., Graur, D., Elhaik, E., Kriventseva, E. V., Wen, 
J., Parker, B. J., Cash, E., Privman, E., … Gadau, J. (2013). Social insect 
genomes exhibit dramatic evolution in gene composition and regula-
tion while preserving regulatory features linked to sociality. Genome 
Research, 23(8), 1235– 1247.

Slatkin, M. (1987). Gene flow and the geographic structure of natural 
populations. Science, 236(4803), 787– 792.

Soro, A., Quezada- Euan, J. J. G., Theodorou, P., Moritz, R. F., & Paxton, R. 
J. (2017). The population genetics of two orchid bees suggests high 
dispersal, low diploid male production and only an effect of island 
isolation in lowering genetic diversity. Conservation Genetics, 18(3), 
607– 619.

Storfer, A., Patton, A., & Fraik, A. K. (2018). Navigating the interface 
between landscape genetics and landscape genomics. Frontiers in 
Genetics, 9, 68.

Stouthamer, R., Luck, R. F., & Werren, J. H. (1992). Genetics of sex de-
termination and the improvement of biological control using parasit-
oids. Environmental Entomology, 21(3), 427– 435.

Strange, J. P., Delaney, D. A., Tarpy, D. R., & James, R. R. (2017). Novel 
microsatellite loci reveal high genetic diversity yet low population 
structure for alfalfa leafcutting bees in North America. Conservation 
Genetics, 18(3), 679– 687.

Suni, S. S. (2017). Dispersal of the orchid bee Euglossa imperialis over 
degraded habitat and intact forest. Conservation Genetics, 18(3), 
621– 630.

Theodorou, P., Radzevičiūtė, R., Kahnt, B., Soro, A., Grosse, I., & Paxton, 
R. J. (2018). Genome- wide single nucleotide polymorphism scan 
suggests adaptation to urbanization in an important pollinator, the 
red- tailed bumblebee (Bombus lapidarius L.). Proceedings of the Royal 
Society B: Biological Sciences, 285(1877), 20172806.

Tucker, E. M., & Rehan, S. M. (2017). High elevation refugia for Bombus 
terricola (Hymenoptera: Apidae) conservation and wild bees of the 
White Mountain National Forest. Journal of Insect Science, 17(1), 4.

Van Wilgenburg, E., Driessen, G., & Beukeboom, L. W. (2006). Single 
locus complementary sex determination in Hymenoptera: An “unin-
telligent” design? Frontiers in Zoology, 3(1), 1.

Vaudo, A. D., Fritz, M. L., & López- Uribe, M. M. (2018). Opening the door 
to the past: Accessing phylogenetic, pathogen, and population data 
from museum curated bees. Insect Systematics and Diversity, 2(5), 4. 
https://doi.org/10.1093/isd/ixy014

Vieira, L., Hissa, D. C., Souza, T., Gonçalves, Í. F. S., Evaristo, J. A. M., 
Nogueira, F. C. S., Carvalho, A. F. U., & Farias, D. (2021). Assessing 
the effects of an acute exposure to worst- case concentration of Cry 
proteins on zebrafish using the embryotoxicity test and proteomics 
analysis. Chemosphere, 264, 128538.

Voelckel, C., Gruenheit, N., & Lockhart, P. (2017). Evolutionary transcrip-
tomics and proteomics: Insight into plant adaptation. Trends in Plant 
Science, 22(6), 462– 471.

Wallberg, A., Han, F., Wellhagen, G., Dahle, B., Kawata, M., Haddad, N., 
Simões, Z. L. P., Allsopp, M. H., Kandemir, I., De la Rúa, P., Pirk, C. W., 
& Webster, M. T. (2014). A worldwide survey of genome sequence 
variation provides insight into the evolutionary history of the honey-
bee Apis mellifera. Nature Genetics, 46(10), 1081– 1088.

https://doi.org/10.1093/isd/ixy014


12  |     KELEMEN aNd REHaN

Wallberg, A., Schoening, C., Webster, M. T., & Hasselmann, M. (2017). 
Two extended haplotype blocks are associated with adaptation to 
high altitude habitats in East African honey bees. PLoS Genetics, 
13(5), e1006792.

Waples, R. S., & Gaggiotti, O. (2006). What is a population? An empirical 
evaluation of some genetic methods for identifying the number of 
gene pools and their degree of connectivity. Molecular Ecology, 15(6), 
1419– 1439.

Whitehorn, P. R., Tinsley, M. C., Brown, M. J., Darvill, B., & Goulson, D. 
(2011). Genetic diversity, parasite prevalence and immunity in wild 
bumblebees. Proceedings of the Royal Society B: Biological Sciences, 
278(1709), 1195– 1202.

Whitehorn, P. R., Tinsley, M. C., Brown, M. J., Darvill, B., & Goulson, D. 
(2014). Genetic diversity and parasite prevalence in two species of 
bumblebee. Journal of Insect Conservation, 18(4), 667– 673.

Wikelski, M., Moxley, J., Eaton- Mordas, A., Lopez- Uribe, M. M., Holland, 
R., Moskowitz, D., Roubik, D. W., & Kays, R. (2010). Large- range 
movements of neotropical orchid bees observed via radio telemetry. 
PLoS One, 5(5), e10738.

Williams, M. (2003). Deforesting the earth: From prehistory to global crisis. 
University of Chicago Press.

Williams, P. H. (1982). The distribution and decline of British bumble bees 
(Bombus Latr.). Journal of Apicultural Research, 21(4), 236– 245.

Winfree, R., Reilly, J. R., Bartomeus, I., Cariveau, D. P., Williams, N. M., & 
Gibbs, J. (2018). Species turnover promotes the importance of bee 
diversity for crop pollination at regional scales. Science, 359(6377), 
791– 793.

Winston, M. L. (1992). The biology and management of Africanized 
honey bees. Annual Review of Entomology, 37, 173– 193.

Zayed, A. (2009). Bee genetics and conservation. Apidologie, 40(3), 
237– 262.

Zayed, A., Constantin, Ş. A., & Packer, L. (2007). Successful biological 
invasion despite a severe genetic load. PLoS One, 2(9).

Zayed, A., & Packer, L. (2005). Complementary sex determination sub-
stantially increases extinction proneness of haplodiploid popula-
tions. Proceedings of the National Academy of Sciences of the United 
States of America, 102(30), 10742– 10746.

Zayed, A., Packer, L., Grixti, J. C., Ruz, L., Owen, R. E., & Toro, H. (2005). 
Increased genetic differentiation in a specialist versus a general-
ist bee: Implications for conservation. Conservation Genetics, 6(6), 
1017– 1026.

Zimmermann, Y., Schorkopf, D., Moritz, R., Pemberton, R., Quezada- 
Euan, J., & Eltz, T. (2011). Population genetic structure of orchid bees 
(Euglossini) in anthropogenically altered landscapes. Conservation 
Genetics, 12(5), 1183– 1194.

Zou, Y., Geuverink, E., Beukeboom, L. W., Verhulst, E. C., & van De 
Zande, L. (2020). A chimeric gene paternally instructs female sex 
determination in the haplodiploid wasp Nasonia. Science, 370(6520), 
1115– 1118.

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Kelemen EP, Rehan SM. 
Conservation insights from wild bee genetic studies: 
Geographic differences, susceptibility to inbreeding, and 
signs of local adaptation. Evolutionary Applications. 
2021;00:1– 12. https://doi.org/10.1111/eva.13221

https://doi.org/10.1111/eva.13221

