
 Demography and molecular ecology of the solitary halictid Lasioglossum zonulum:  

With observations on Lasioglossum leucozonium 

 

 

 

Alex N. M. Proulx, M.Sc. 

 

 

Biological Sciences (Ecology and Evolution) 

 

 

Submitted in partial fulfillment  

of the requirements for the degree of  

 

 

Master of Science 

 

 

Faculty of Mathematics and Science, Brock University 

St. Catharines, Ontario 

 

© 2020



i 

 

Thesis Abstract 

 

 Halictid bees are excellent models for questions of both evolutionary biology and 

molecular ecology. While the majority of Halictid species are solitary and many are native to 

North America, neither solitary nor native bees have been extensively studied in terms of their 

population genetics. This thesis studies the social behaviour, demographic patterns and 

molecular ecology of the solitary Holarctic sweat bee Lasioglossum zonulum, with comparisons 

to its well-studied sister species Lasioglossum leucozonium.  

 I show that L. zonulum is bivoltine in the Niagara region of southern Ontario but is 

univoltine in a more northern region of southern Alberta. Measurements of size, wear and 

ovarian development of collected females revealed that Brood 1 offspring are not altruistic 

workers and L. zonulum is solitary. A large proportion of foundresses were also found foraging 

with well-developed ovaries along with their daughters, meaning L. zonulum is solitary and 

partially-bivoltine in the Niagara region. L. zonulum being solitary and univoltine in Calgary 

suggests that it is a demographically polymorphic and not socially polymorphic. Thus, L. 

zonulum represents a transitional evolutionary state between solitary and eusocial behaviour in 

bees. 

 I demonstrate that Lasioglossum zonulum was introduced to North America at least once 

from Europe in the last 500 years, with multiple introductions probable. Most North American 

specimens share the same mitochondrial DNA haplotype as those in Europe, with a small portion 

from western North America possessing distinct sequences. Investigations using microsatellite 

markers found North American populations to have a deficit of heterozygosity, and Bayesian 
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analysis suggests that there are 3-4 lineages of L. zonulum in North. It is theorized that 

introductions could also be from Europe, Asia, or could even represent a native population which 

arrived via the Bering Land Bridge.  

I suggest that the plasticity found in L. zonulum may have a genetic cause and exists in 

North America due to the multiple introductions and potentially diverse geographic origins of 

this species. The outcome of my studies highlight why Lasioglossum zonulum is a model 

organism for the study of how eusociality evolved and why it warrants further and more in-depth 

study.
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Chapter 1 : General Introduction 

 This thesis is about the demographic and social status as well as the molecular ecology of 

the sweat bee Lasioglossum zonulum (Smith, 1848). This species has a solitary ancestor and is 

cited as being solitary, but populations have exhibited traits that suggest sociality or a transitional 

state towards sociality (McGinley 1986; Packer 1998). This makes it an ideal organism for study, 

as it may represent an evolutionary transition from solitary to social behaviour. Lasioglossum 

zonulum is said to be Holarctic, but the only other member of its subgenus in North America is 

invasive, leading many to speculate the same for L. zonulum. Elucidating the structure of North 

American populations in comparison to European populations would help to clarify the origin of 

North American L. zonulum. I present two major research themes in this thesis, social evolution 

and molecular ecology. In Chapter 2 I use collection data from pan traps, blue vane trap, and 

dissections to evaluate the demographic trends and sociality of L. zonulum and its close relative 

from Niagara and southern Calgary. Chapter 3 explores the population genetic structure of L. 

zonulum across its range in North America as well as in select regions of Europe, using analysis 

of mitochondrial DNA and microsatellite markers. In Chapter 4 I discuss the results of both 

chapters 2 and 3, and reflect on how findings of demographic, social and genetic trends in L. 

zonulum relate. 

 

Social Evolution 

 

 Countless varieties of social groups can be found in nature, varying from reproductive 

aggregations in which primarily solitary individuals interact only to reproduce, to the complex 
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social hierarchies found in insects like termites and honey bees (Michener 1974; Wilson and 

Hölldobler 2005). Eusociality is an evolutionary derived form of social organisation 

characterized by groups of conspecifics which exhibit overlapping adult generations, cooperative 

care of offspring and a reproductive skew in which reproduction is relegated to a small 

proportion of individuals (Batra 1966; Michener 1969, 1974; Wilson 1971). The evolution of 

advanced eusociality, or hypersociality (Richards 2019), in which individuals can no longer 

survive without a colony, marks a major evolutionary transition (Szathmáry and Maynard Smith 

1995; Boomsma and Gawne 2018). Despite the ecological success of eusocial species, it is an 

incredibly rare trait that is primarily found in insects (Wilson 1971; Trivers and Hare 1976). 

Even among insects, only 15 of the ~2600 living taxonomic families contain eusocial species, 

despite both termites and ants (both highly eusocial) accounting for over half of all insect 

biomass on the planet (Wilson and Hölldobler 2005). This paradoxical relationship between 

prevalence and ecological success has made the questions of why and how eusociality evolved 

the center of a lot of research over the decades. 

 

Sociality in Hymenoptera 

Hymenoptera exhibit a vast spectrum of social types, from solitary to hypersocial. The 

ancestral and most common life history of bees and their near relatives (Apoidea), is solitary 

behaviour (Wcislo and Fewell 2017). A solitary female produces a brood of offspring on her 

own, which subsequently leave the natal nest, mate, and produce a new generation of offspring 

either in the current or following breeding season (Michener 1974). Communal nests consist of 

adults from the same generation in which all members share the same nest architecture, but 

reproduce and care for their own offspring in a solitary manner (Michener 1969; Lin and 
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Michener 1972; Schwarz et al. 2007). Subsocial nests contain mothers and their immature 

offspring, in which the latter are protected, cared for and fed by the mother past eclosion and no 

grouping of adults outside of the natal nest form when the young reach adulthood (Lin and 

Michener 1972). Semisocial nests are made up of adults of a single generation, in which there is 

division of reproduction and labour (Michener 1969; Lin and Michener 1972). This usually 

means one individual reproduces, while the other members provision brood. In eusocial nests, 

adults from overlapping generations coexist, with reproductive division of labour between a 

single reproductive from the first generation that produces the workers of the second generation 

(Michener 1969; Lin and Michener 1972). In primitively eusocial nests, queens and workers are 

developmentally and morphologically similar, with each female capable of exhibiting behaviours 

of either behavioural caste (Lin and Michener 1972; Sumner et al. 2018). In hypersocial nests, 

queens and workers are both developmentally and morphologically distinct (Lin and Michener 

1972; Sumner et al. 2018).  

 

The origin of eusociality in Hymenoptera 

 Eusociality evolved at least 8 times independently in Hymenoptera. One origin occurred 

in the ancestors of ants (Formicidae; Gadau et al. 2012), three occurred in wasps (once in 

Crabronidae, once in Stenogastrinae and once in Polistinae + Vespinae; Matthews 1991; 

Piekarski et al. 2018), and four origins occurred in bees (two in Apidae and two in Halictidae; 

(Cardinal and Danforth 2011; Gibbs et al. 2012; Rehan et al. 2012). In each of these transitions, 

it is understood that the ancestral state before the transition to eusociality was a solitary life 

history (Wilson 1971; Lin and Michener 1972; Linksvayer and Wade 2005; Peters et al. 2017; 

Toth and Rehan 2017). 
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 For eusociality to evolve from a solitary ancestor, there had to have been an overlap in 

adult generations in which offspring stayed in their natal nest while their mother survived to 

produce a second generation. This is theorized to have occurred in one of three ways; the 

subsocial route; by Brood 1 daughters waiting; or the parasocial (communal) route (Wheeler 

1923; Wilson 1971; Lin and Michener 1972; Hunt 1991; Schwarz et al. 2011). The evolution of 

eusociality through the subsocial route involves the extension of a solitary mother’s lifespan to 

overlap with the eclosion of her daughters over evolutionary time (Wilson 1971; Hunt 1991). 

These offspring would subsequently remain in the nest to help raise their sisters. In the “waiting” 

route to eusociality, offspring refrain from dispersing, reproducing or parental care after eclosing 

as adults and instead wait for opportunities to take over the reproductive role in a form of 

dominance hierarchy (Schwarz et al. 2011). A scarcity of nesting sites makes waiting attractive; 

however, it does not promote helping behaviour. Foraging while waiting does increase a 

subordinate’s indirect fitness through “assured fitness returns” if seasonal ecological patterns 

create a scarcity of floral resources when a waiting subordinate attains dominance (Gadagkar 

1990; Schwarz et al. 2011). Finally, the evolution of eusociality via the parasocial route 

describes eusociality evolving from communal colonies (Wilson 1971; Lin and Michener 1972). 

It suggests that a group of either related or unrelated females nest together, and caste-like roles 

will evolve in these communal groups. The evolution of these caste roles leads to reproductive 

skew and mothers would eventually live long enough so that their life spans overlap with their 

daughters. While communal group living is sometimes suggested as a step towards eusociality, 

few lineages have both communal and eusocial species within them, with studies on the sweat 

bee Halictus sexcinctus suggesting that it is more likely an intermediate step in a reversion from 

eusociality to solitary behaviour (Richards 2003; Richards et al. 2003; Schwarz et al. 2007; 
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Wcislo and Fewell 2017). All three theories suggest the importance of an overlap of generations, 

multiple broods produced in a breeding season and the eventual expression of a worker 

phenotype.  

The worker phenotype by its nature was difficult for scientists like Darwin to explain in 

terms of natural selection, as females forgo individual reproductive success to benefit others 

(Darwin 1859). This was explained in part by kin selection which predicts that altruistic 

individuals helping to raise a relative’s offspring pass on more genes by identical descent than by 

raising their own (Hamilton 1964a, b). This relationship is described as rkb > roc, in which rk is 

the relatedness between the altruist and the recipient’s offspring, b is the number of offspring 

produced by the recipient, ro is the relatedness of the altruist to its own offspring, and c is the 

number of offspring the altruist would produce on its own. Haplodiploid species are unique in 

that the sex of the offspring is determined by whether an egg is fertilized or not, as males are 

haploid and come from unfertilized eggs, while females are diploid and come from fertilized 

eggs. In relation to Hamilton’s rule, haplodiploid full sisters are more closely related to each 

other (r = 0.75) than to their own offspring (r = 0.5), whereas in diploid species a female is 

equally related to its sisters and offspring (r = 0.5). This may explain why eusociality is most 

common in haplodiploid species, although it is also found in diploid species such as termites 

(Korb and Thorne 2017), mole-rats (Smith et al. 2017) and shrimp (Hultgren et al. 2017). This 

suggests that haplodiploidy and kin selection may not account entirely for the evolution of 

eusociality, and that there are most likely multiple routes to hypersociality. 

In a study conducted by Trivers and Hare (2007) it was pointed out that while 

haplodiploid females are more related to their sisters than their daughters, they are more closely 

related to their sons (r = 0.5) than their brothers (r = 0.25). This means that females are more 
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likely help and gain more inclusive fitness in nests in which females raise more sisters instead of 

brothers. This could arise if the production of sexes is split among different nests (a split sex-

ratio), or if a sex bias is split temporally via different broods as in a female-biased sex-ratio 

(Trivers and Hare 1976; Grafen 1986; Stubblefield and Charnov 1986). If there is an overlap in 

generations in which mothers of a first generation contribute a second generation of female-

biased brood, then first generation daughters will be more related to this second brood than their 

own offspring and will help. This female-biased sex-ratio in a second brood is favoured in 

temperate bees in which only mated females diapause over winter to become mothers in the 

following year (Seger 1983). Seger (1983) proposed that the evolution of eusociality is promoted 

in haplodiploids in which mothers survive to breed alongside their daughters and only mated 

females survive to breed in the following season. 

 

A model family for investigating the evolution of eusociality 

Many of the most highly eusocial, or hypersocial insects (honey bees, ants, termites) are 

considered to have passed an evolutionary “point of no return” in which all taxonomic members 

are eusocial, and could not successfully act in a solitary manner (Wilson and Hölldobler 2005). 

Trying to study the transition from solitary to eusocial behaviour by studying these species alone 

is difficult, as ancestral traits that were present before the transition may have been lost, changed, 

or replaced by novel traits post-transition (Boomsma and Gawne 2018; Sumner et al. 2018). By 

studying species which represent intermediate or transitional stages of evolution between solitary 

and eusocial behaviour, we can glean insight into the proximate mechanisms which lead to the 

evolution of these complex social organisations.  
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Bees consist of a diverse group of holometabolous insects, encompassing over 20 000 

species across seven taxonomic families (Kocher and Paxton 2014). They exhibit a vast swath of 

social behaviours from solitary to highly eusocial, with at least four origins of eusociality and 

countless reversions to solitary behaviour (Chenoweth et al. 2007; Schwarz et al. 2007; Kocher 

and Paxton 2014). The sweat bee family Halictidae demonstrates this spectrum of social 

organisations but lacks hypersocial species. Nevertheless, an estimated 830 of the roughly 2400 

species of halictid bees are eusocial (Schwarz et al. 2007). There are at least two origins of 

eusociality within the halictid family, speculated to have occurred much more recently (22-20 

mya) than origins in the hypersocial corbiculate bees, vespid wasps and termites (> 65 mya) 

(Danforth et al. 2003; Brady et al. 2006; Schwarz et al. 2007). These two origins, followed by 

multiple reversions from eusociality to solitary behaviour, have resulted in closely related 

species with vastly different social behaviours. Interspecific comparisons can therefore shed light 

on environmental and molecular differences in social organisation (Wcislo et al. 1993).  

Eusocial species within Halictidae lack the morphological and developmental differences 

between castes found in hypersocial species, with all workers capable of reproducing (Schwarz 

et al. 2007). This totipotency allows a newly eclosed female to act either as a reproductive 

(queen) or as a non-reproductive worker (Sumner et al. 2018). It conversely allows a queen to 

behave solitarily to produce her first brood of workers. Temperate zone sweat bees share some 

similar life cycle traits regardless of whether they are solitary or eusocial. Females which 

overwinter as mated adults (foundresses) emerge in the spring and dig out nests independently, 

creating brood cells (Schwarz et al. 2007). These foundresses provision brood cells with pollen 

and nectar they collect and form into pollen balls, lay eggs on the pollen balls and subsequently 

seal the brood cells. Life cycle differences between solitary and eusocial species become more 
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obvious after the first brood (Brood 1) finish their development and emerge. In species which are 

univoltine, meaning they produce a single generation per year, Brood 1 offspring mate, and 

mated females (gynes) diapause before becoming foundresses in the following year. With only a 

single known exception (Plateaux-Quénu 1962) univoltine species are solitary, as there is no 

overlap in adult generations, reproductive division of labour or cooperative brood rearing. In 

some species, the Brood 1 daughters become reproductive and establish nests shortly after 

eclosion, producing another generation (Brood 2). Such bees are solitary and bivoltine, and it is 

Brood 2 that diapause and become foundresses the following year. It is even possible for species 

living in regions with long breeding seasons to produce 3 or more generations; such bees would 

be multivoltine (Packer and Knerer 1985; Richards 2000). Other variations of the solitary life 

history also exist. In solitary, partially bivoltine species, at least some spring foundresses survive 

to contribute to Brood 2, laying eggs at the same time as their daughters.  

The vast majority of eusocial species are demographically bivoltine, with very few 

exceptions (e.g. Lasioglossum marginatum; Plateaux-Quénu 1962; Schwarz et al. 2007). In a 

eusocial and bivoltine species, most Brood 1 offspring refrain from reproducing and act as 

workers, digging and provisioning new brood cells in which their mother (the queen) lays a 

second brood destined to be gynes. As they are still totipotent, a portion of these workers may 

reproduce in the presence of their queen (Wyman and Richards 2003; Schwarz et al. 2007). A 

eusocial species may also be multivoltine, in which two or more broods of workers are produced 

in a season before gynes are produced (Packer and Knerer 1985; Richards 2000). 

Extrinsic (environmental) and intrinsic (genetic) differences affect the expression of 

eusocial behaviour in sweat bees. Conditions such as higher latitudes and altitudes both 

contribute to shorter breeding seasons, in which a eusocial nest does not have enough time to 
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produce two broods (Eickwort et al. 1996; Plateaux-Quénu et al. 2000; Davison and Field 2016). 

In such conditions, species that are socially polymorphic like the ordinarily eusocial 

Lasioglossum calceatum and Halictus rubicundus behave solitarily, producing only a single 

brood in a breeding season (Sakagami and Munakata 1972; Eickwort et al. 1996). Studies which 

artificially augmented the environment of social and solitary populations in the socially 

polymorphic Lasioglossum albipes found that environmental factors did not change behaviour, 

and therefore social organisation was genetically controlled (Plateaux-Quénu et al. 2000; Kocher 

et al. 2018). In other studies conducted on L. calceatum and H. rubicundus it was found that both 

genetic differences and environmental differences played a part in whether a socially 

polymorphic bee behaves socially or solitarily (Soucy and Danforth 2002; Davison and Field 

2018). Comparative studies between the solitary and eusocial phenotypes of socially 

polymorphic species shed light on the transition from a solitary to a eusocial state. 

Halictidae are a model family for examining the origins of eusocial behaviour. The vast 

swath of social behaviours found within the family paired with the recent and unfixed origins of 

eusociality suggest that species which represent the intermediate stages between solitary and 

eusocial behaviour may be found. If Seger’s theory that partially bivoltine halictines made the 

jump to eusocial behaviour is valid, then there should be examples of sweat bees that possess this 

life history. A European sweat bee Lasioglossum villosulus was found to be solitary and 

bivoltine, however most foundresses died off before their Brood 1 offspring eclosed, marking 

minimal overlap of adult generations (Plateaux-Quénu et al. 1989). Two species of sweat bee 

found in Japan, Lasioglossum scitulum and Lasioglossum mutilum represent solitary bivoltine 

halictids, however a small proportion of each form eusocial nests and very few females survive 
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to reproduce alongside Brood 1 offspring (Miyanaga et al. 1998, 2000). In the present literature 

there is no reported study on a partially bivoltine, solitary halictid bee. 

 

Molecular Ecology 

 

 Ecology is the study of the distribution and abundance of organisms as well as the 

outcome of their interactions among individuals and between organisms and their environments 

(Rowe et al. 2017). Molecular ecology is the process of answering ecological questions using 

molecular and genetic tools (Rowe et al. 2017). This broad field of research includes topics such 

as the genetic evolution of important traits, the discovery of cryptic species, phylogeography and 

questions in population genetics (Andrew et al. 2013). Studies in population genetics are useful 

for inferring relationships and relatedness among and within groups without needing a detailed 

pedigree (Queller and Goodnight 1989; Rowe et al. 2017). I use molecular ecology techniques in 

this thesis to understand the population structure of L. zonulum across its North American range, 

and to assess whether it shares the invasive nature of its sister species L. leucozonium. 

 

Population genetic parameters 

 To assess genetic variation within and among populations, we must first quantify the 

variation. Mitochondrial DNA (mtDNA) has long been used to assess intraspecific phylogenies 

and geographic population structure (Avise et al. 1987). This is due to its uniparental inheritance, 

quick fixation between speciation events and higher rate of mutation than most other nuclear 

genes (Curole and Kocher 1999). Assessment of intraspecific mtDNA clades when combined 
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with geographical data can allow for assumptions of barriers to gene flow in regions and 

ancestral genotypes (Avise et al. 1987). The use of microsatellites is another common method for 

inferring genetic variation. Microsatellites are portions of euchromatic nuclear genomes 

comprised of 1-6 nucleotide repeats which usually repeat in tandem between 5 to 40 times, with 

longer lengths possible (Schlötterer 2004; Selkoe and Toonen 2006). Microsatellites have a 

much higher rate of mutation than mtDNA, with the loss and gain of repeats through DNA-

replication slippage creating different alleles based on sequence length (Selkoe and Toonen 

2006; Rowe et al. 2017). Genotyping multiple microsatellite loci within a single specimen 

creates a representative sample of genetic diversity across its genome. This can then be used to 

compare individuals within or among populations. 

 There are several indices that are used to assess genetic data within individual 

populations. An assessment of whether a population is in Hardy-Weinberg equilibrium (HWE) is 

often used to determine whether genotypic frequencies are stable or influenced by perturbing 

forces such as selection, genetic drift, mutation or migration (Waples and Allendorf 2015). 

Observed levels of heterozygosity are compared to expected levels of heterozygosity under 

HWE, with significant deviations indicating biological implications such as limited genetic 

exchange between groups (i.e. structure) or inbreeding (Rowe et al. 2017). High levels of 

inbreeding lead to an excess of homozygotes, which can lead to inbreeding depression wherein 

an increase in the number of deleterious alleles in a population reduces the fitness of a population 

(Keller and Waller 2002). A reduction in allelic richness, or the mean number of alleles per 

locus, can often be a sign of range expansion or population isolation (Excoffier et al. 2009). 

 Examining genetic differences among populations provides important information 

regarding gene flow and potential structuring between populations. Wright’s F-statistic (FST) 
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measures the partitioning of genetic diversity both within and among populations (Rowe et al. 

2017). FST values vary between 0 and 1, with values of 0 indicating that populations share the 

same alleles in the same proportions, which is indicative of a larger panmictic population. An FST 

value of 1 indicates no similar alleles between populations, a situation which describes no gene 

flow between the two populations (Wright 1965). Pairwise analysis of FST values between 

multiple populations can allow for easy analysis of multiple populations at once, giving 

information on which populations intermix and which are isolated. The index G’ST is similar to 

FST in its use, although it was developed specifically for loci with high numbers of alleles per 

locus and refined to deal with high levels of heterozygosity within populations (Whitlock 2011). 

Analysis of Molecular Variance (AMOVA) is yet another method used to quantify genetic 

differentiation among and within groups (Excoffier et al. 1992). This tool examines how genetic 

variation is partitioned, with significant F-statistics indicating population structure. Individuals 

can also be grouped into distinct genetic clusters using Bayesian assignment tests, which define 

structuring across the range of a species (Pritchard et al. 2000). The program STRUCTURE 

(Pritchard et al. 2000) can cluster individuals into groups without any knowledge of the sampling 

locations. Examining where geographical structuring occurs amongst populations across the 

range of a species provides clues as to where and how gene flow is blocked. 

 

Factors affecting gene flow 

 Many factors can affect how and where individuals can move and reproduce, effectively 

limiting or assisting the flow of genes from one population to another. Natural features such as 

large bodies of water or mountain ranges can physically stop individuals from crossing them, 

thus preventing gene flow (Davis et al. 2010; Rowe et al. 2017). These geographic barriers to 
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gene flow have been known to isolate populations to the point of causing the formation of 

subspecies, as in the salamander Ensatina eschscholtzii (Moritz et al. 1992). In some cases, 

humans have been responsible for the inadvertent displacement of populations across geographic 

barriers they normally would not overcome. An example of this is the sweat bee Lasioglossum 

leucozonium, which was introduced to North America from Europe in the mid-1800s (Zayed et 

al. 2007). These facilitated introductions can severely limit the genetic diversity of populations 

introduced to a novel environment. 

 A population bottleneck is a drastic reduction in the size of a population, which is often 

accompanied by a loss of genetic diversity (Rowe et al. 2017). Depending on the severity of this 

population reduction, the impact of the genetic loss can affect future generations, especially if the 

population in question is isolated. The founder effect is a form of population bottleneck caused 

by a small number of individuals establishing a new population in a novel and isolated 

environment (Mayre 1942). If the number of founders is low, then the loss of genetic diversity in 

this new population will be substantial. Range expansion from this new population only 

exacerbates this loss of genetic diversity, as distance from the original population only further 

impoverishes the genetic flow (Bouzat 2010; Rowe et al. 2017). 

 

Population structure in bee species 

 Despite the fact that over 90% of all currently described bee species are solitary, most 

population genetic studies of bees have focused on eusocial species (Michener 2007; Davis et al. 

2010). We have very limited knowledge of solitary native species in North America, especially 

those tightly linked to human colonization of the New World (Brown and Paxton 2009). 
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Molecular ecology tools provide a way to empirically examine the genetic composition of 

important pollinators, helping us to better understand species that are at risk, and those which are 

maintaining healthy populations size and gene flow. These studies also allow for more informed 

classifications of whether species are native or adventive. Until recently, the solitary sweat bee 

Lasioglossum leucozonium was believed to be a Holarctic species, while it was in fact introduced 

to North America under an extremely severe bottleneck sometime in the 19th century (Zayed et 

al. 2007). Despite this severe loss of genetic variation, L. leucozonium is now found across most 

of North America (GBIF.org 2020). Studying the molecular ecology of successful invasive 

pollinators, as well as native pollinators can help to better understand population structure in bee 

species as a whole. 

 

Lasioglossum zonulum 

 

Lasioglossum zonulum is a Holarctic solitary sweat bee in the subgenus Leuchalictus. 

Despite its wide range across North America and Eurasia (McGinley 1986; Pesenko et al. 2000), 

its behaviour had only been studied in a single population in Russia (Golubnichaya and 

Moskalenko 1992). Lasioglossum zonulum comes from a predominantly solitary subgenus with a 

solitary ancestral state (Packer 1998) and has been described as solitary univoltine (McGinley 

1986). It is also one of only two Leuchalictus species found in both North America and the 

Palearctic region, the other being Lasioglossum leucozonium (McGinley 1986). Two other 

species of Leuchalictus are solitary and bivoltine and one species (Lasioglossum aegyptellium) is 

eusocial (Miyanaga et al. 1998, 2000; Packer 1998). Lasioglossum leucozonium was introduced 
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to North America in the last 500 years, and so it has been suggested that L. zonulum was 

introduced in much the same way (Giles and Ascher 2006; Zayed et al. 2007). Despite its 

prevalence across North America, few studies have examined the demography, sociality and 

phylogeography of this sweat bee species.  

 

 

Thesis objectives 

 

The major objectives of this thesis are to investigate the demographic and social 

phenotypes expressed by Canadian populations of L. zonulum, while determining whether the 

species is truly Holarctic, or if it was introduced to North America. 

 In chapter two, I address three objectives. My first objective is to examine the 

demography (especially voltinism) and sociality of L. zonulum. Preliminary observations in the 

Niagara region suggest a demography (bivoltinism) more similar to that of eusocial bees than to 

solitary bees. I accomplish this by analysing pan trap collections collected in previous studies by 

the Brock Bee Lab, using morphometric data as well as dissections to ascertain reproductive 

capabilities and potential altruistic behaviours of Brood 1 daughters. My second objective is to 

determine whether demographic and behavioural patterns of L. zonulum in the more temperate 

Niagara region are reflected in populations at a more northern latitude in Alberta. This is 

accomplished by comparing demographic, morphometric and reproductive data from Niagara 

bees to those collected southeast of Calgary. The third objective is to further investigate the 

phenology and sociality of L. leucozonium, as some apparently solitary sweat bees have turned 
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out to exhibit geographic variation in demography and behaviour. I accomplish this using 

demographic trends elucidated from 15 years of samples collected in Niagara.  

 In chapter three, my main objective is to describe the population genetic structure of L. 

zonulum across its North American range and to investigate whether it truly is Holarctic, or if it 

is adventive like its sister species L. leucozonium. I analyse a combination of mitochondrial DNA 

and microsatellite markers developed for related species of Lasioglossum to investigate this. 

 Finally, in chapter four I combine the results from chapters two and three in a short 

general discussion to provide a description of how the demographic and social nature of the 

studied populations of L. zonulum relate to the phylogeography of North American populations. I 

discuss the impact of my research, as well as propose several future studies to compliment my 

findings. 
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Chapter 2 : Inferring the phenology and behaviour of two Lasioglossum species from pan 

trap data 
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INTRODUCTION 

 

Eusociality is a type of conspecific social organisation characterised by the overlap of adult 

generations, cooperative care of offspring and a skew in reproductive labour in which only one 

or a few individuals reproduce (Batra 1966; Michener 1969; Wilson 1971). The evolution of 

eusociality has been a focus of study for biologists since the time of Darwin and is generally 

considered a major evolutionary transition in the history of life (Szathmáry and Maynard Smith 

1995). Hamilton initially explained that in a haplodiploid species, wherein males are haploid and 

females diploid, full sisters are genetically more related to each other (r = ¾) than to their own 

daughters (r = ½) and could therefore pass on more genes by helping to raise siblings than their 

own offspring (Hamilton 1964a, b). This explains why helping behaviour and eusociality arose. 

However eusociality also occurs in diploid species such as termites (Korb and Thorne 2017), 

shrimp (Hultgren et al. 2017), and bathyergid mole rats (Smith et al. 2017). Furthermore, Trivers 

and Hare (1976) explained that Hamilton’s model did not account for the fact that a diploid 

female is less related to her brother (r = ¼) than she is to her son (r = ½), which reduces the 

genetic benefits of raising a brother. Therefore, haplodiploidy only promotes helping behaviour 

when workers can raise more sisters than brothers, i.e. a female-biased sex ratio. It was Seger 

(1983) who hypothesized that helping behaviour is selected for in species that produce female-

biased sex ratios early in the nesting cycle. This is more likely to occur when a species produces 

two generations per breeding season (bivoltinism) and has only mated females overwinter (Seger 

1983). As it is widely accepted that the ancestral state prior to eusociality was solitary with a 

single generation produced per breeding season (univoltine), the evolution of eusociality likely 

occurred in at least two major steps; the first being a demographic transition from univoltinism to 
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bivoltinism, and the second being a behavioural shift from solitary behaviour to eusocial 

behaviour (Fig 2.1a; Yanega 1988; Hunt and Amdam 2005). 

Sweat bees (Halictidae) are ideal candidates for studies investigating the origin of 

eusociality for several reasons. They express a wide spectrum of social behaviours, from the 

ancestral solitary univoltine to eusociality (Schwarz et al. 2007). Eusociality originated twice 

within Halictidae and has since had multiple reversions to solitary behaviour (Danforth et al. 

2003; Gibbs et al. 2012). This results in a family of bees in which very closely related species 

may exhibit different levels of social behaviour, allowing for comparisons among related species. 

There are even several socially polymorphic species that are solitary and univoltine in regions 

with shorter breeding seasons and eusocial in environments with longer ones (Schwarz et al. 

2007). As eusociality has not become fixed in halictids as it has in other highly eusocial clades 

(e.g. ants and honey bees), finding extant species which represent the evolutionary transition 

between solitary univoltine and eusocial behaviour is possible within this family (Brady et al. 

2006).  

Life cycles of halictids which correspond to the major evolutionary transitions previously 

mentioned are found in Figure 2.1b. In solitary univoltine halictines, mated females 

(foundresses) emerge from overwintering, found nests and provision eggs with a mass of pollen 

and nectar before sealing them (Michener 1969).This brood ecloses, mates, and females enter 

diapause to become foundresses in the following year. In solitary bivoltine halictines, 

foundresses follow the same patterns of solitary univoltine species, but the Brood 1 offspring 

produce a second brood (Brood 2) which mate and become foundresses in the following year. 

Partial bivoltinism is a form of bivoltinism in which some foundresses survive to contribute to 

Brood 2 along with their daughters, and is theorized to be the preadaptation which favours a 
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social transition from solitary to eusocial behaviour (Seger 1983; Quiñones and Pen 2017). In 

eusocial bivoltine halictines, foundresses begin with solitary behaviour as previously explained, 

and Brood 1 daughters remain in the natal nest, acting as workers by provisioning a second 

brood laid by their foundress mother, now referred to as a queen (Schwarz et al. 2007). In some 

eusocial species, two or more worker broods are produced due to a much longer breeding season, 

and are considered multivoltine, as seen in southern populations of Lasioglossum malachurum 

(Packer and Knerer 1985; Richards 2000).  

 Around 830 of the 3500 described halictid species are eusocial, most of which are found in 

temperate regions (Michener 2000; Brady et al. 2006; Schwarz et al. 2007). Many halictid 

species are presumed to be solitary univoltine, a trait which is exemplified by Lasioglossum, the 

largest and most socially diverse genus within Halictidae (Michener 2000). Only three solitary 

bivoltine halictid species have been described, Lasioglossum villosulus (Plateaux-Quénu et al. 

1989), Lasioglossum mutilum (Miyanaga et al. 1998) and Lasioglossum scitulum (Miyanaga et 

al. 2000). The latter two examples were found to be “mostly solitary”, with a minority of females 

behaving eusocially or communally (acting solitary but sharing the same nest architecture) 

(Miyanaga et al. 1998, 2000).  

Usually the assessment of social organisation of a halictine species requires extensive field 

observations accompanied by nest excavations over the course of multiple breeding seasons 

(Packer et al. 2007). This is not always possible, as locating nesting aggregations can be 

extremely difficult and time consuming (Richards et al. 2015). A useful alternative used in 

previous studies is to infer natural history information from trap collections. Data from pan 

trapping collections have been used to supplement nest excavation data in studies on sweat bees 

like Halictus confusus and H. ligatus (Richards et al. 2010, 2015). These studies highlight how 
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the density of bees collected in traps reflects foraging activity and provisioning of broods (Rehan 

et al. 2010). In temperate regions where provisioning is often synchronised among different 

nests, peaks in bees collected can therefore reflect the number of broods provisioned for 

(Eickwort et al. 1996). Some studies have relied solely on collection efforts to determine 

sociobiological data of halictid populations. For example, Dunn et al. (1998) collected Halictus 

ligatus and H. poeyi specimens biweekly and inferred important phenological events such as 

when females are flying and when males emerge.  

Dissections of females and measurements of size are further used to distinguish 

sociobiological data. Size dimorphism between foundresses and Brood 1 offspring usually means 

the species is eusocial, as workers are usually smaller than their queens (Boomsma and Eickwort 

1993; Packer et al. 2007; Field et al. 2012). Levels of wear reveal how much work a specimen 

has conducted, with more recently eclosed individuals being less worn than older specimens 

(Dunn et al. 1998). Dissections of collected specimens and analysis of ovarian development are 

used to distinguish the reproductive capabilities of the females, making it possible to distinguish 

sterile workers of eusocial species (Dunn et al. 1998; Packer et al. 2007). A study conducted on 

Halictus tripartitus used pan trap data without excavations to successfully determine that the 

species is eusocial in California (Packer et al. 2007). No studies to date have used pan traps alone 

to identify a solitary univoltine species. 

The combination of the timing of phenological events and the physical characteristics of 

collected females can therefore be used to determine the voltinism and level of social 

organisation of halictid species (Fig 2.2). A univoltine bee population that produces a single 

brood of offspring can only be solitary (Schwarz, Richards, and Danforth 2007; Fig 2.4). This is 

because virtually all eusocial halictids produce at least 2 broods per year (the only known 
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exception is the European and highly anomalous species, Lasioglossum marginatum (Plateaux-

Quénu 1962). In a bivoltine bee, the traits of females collected in the second peak in foraging can 

be used to determine the level of social behaviour. In a solitary bivoltine bee, females building 

brood cells and provisioning the second brood should be as reproductive as their foundress 

mothers, and should exhibit degrees of wear similar to the foundresses (Plateaux-Quénu et al. 

1989; Miyanaga et al. 1998, 2000). In solitary partially bivoltine species, brood 1 offspring 

should share the same wear and ovarian traits as in solitary bivoltine species, however worn 

foundresses may forage alongside their newly eclosed daughters and become steadily more and 

more worn. In a eusocial bivoltine species, females provisioning for brood 2 should be sterile 

workers which are usually smaller than their mothers (Packer et al. 2007). 

Leuchalictus is a subgenus of Lasioglossum, which represents a clade of primarily solitary 

sweat bees with a solitary ancestor (Packer 1998). Lasioglossum aegyptiellum represents the only 

confirmed eusocial species within this subgenus, with its sister species L. discum assumed to 

share this behaviour (Packer 1998). Two Leuchalictus species studied in Japan, L. scitulum and 

L. mutilum are primarily solitary bivoltine, with a minority of colonies being eusocial (Miyanaga 

et al. 1998, 2000). Another member of this subgenus is L. majus, which while primarily solitary 

and univoltine, also possesses traits of a communal bee (Boesi et al. 2009). The sociobiology of 

other members of this subgenus is either unknown or documented in brief notes in studies on 

other species (McGinley 1986; Packer 1998). In order to describe how social behaviour evolved 

within this clade, social traits for these relatively unstudied species need to be resolved. The 

placement of a solitary ancestor at the base of this clade with diverse social organization makes it 

ideal for the study of the evolution of eusociality from a solitary ancestor (Packer 1998). 
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Most members of the subgenus Leuchalictus are found across Europe and Asia, but two are 

also found in North America (McGinley 1986; Packer 1998; Pesenko et al. 2000). The first of 

these is Lasioglossum zonulum, described as solitary univoltine in Europe and found in temperate 

regions across North America, Europe and Asia (McGinley 1986; Pesenko et al. 2000). While 

nest observations were made on this species in a study in Russia, no data were collected for the 

period after foundress foraging (Golubnichaya and Moskalenko 1992). This lack of data could be 

hiding a second foraging period, indicative of bivoltinism. Lasioglossum zonulum is also closely 

related to L. scitulum, one of the previously mentioned solitary bivoltine species from Japan 

(Miyanaga et al. 2000; Gibbs et al. 2012). This is made more interesting by preliminary 

observations in southern Ontario which suggest the existence of a second foraging period. The 

second Leuchalictus species found in North America is Lasioglossum leucozonium, a well 

studied solitary univoltine species (McGinley 1986). While two studies have focused on the 

molecular ecology of this species (Zayed 2006; Zayed et al. 2007), no major study has been 

conducted to determine its social organisation, as most information on its sociobiological nature 

are from notes in studies on other species (McGinley 1986). In Halictid bees, geographic 

variation can lead to substantial behavioural variation, therefore studies on these bees in multiple 

locations could make behavioural polymorphisms clear. 

 

Objectives 

 

 In the current study, we investigated the phenology and reproductive behaviour of two 

closely related sweat bees, Lasioglossum leucozonium and Lasioglossum zonulum, with 
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populations of both species in southern Ontario, and L. zonulum populations in southern Alberta. 

We address two major questions: 1) What is the social behaviour of L. zonulum, and 2) What is 

the social behaviour of L. leucozonium? By answering these questions, we provide evidence for 

whether L. zonulum is representative of a transitional evolutionary state between solitary and 

eusocial behaviour via two transitions. 

 Our first objective was to discern the voltinism of Niagara L. zonulum, as well as whether 

this species is solitary or eusocial. It was predicted that L. zonulum was solitary and bivoltine, as 

previous literature agreed on its solitary nature (McGinley 1986; Golubnichaya and Moskalenko 

1992; Pesenko et al. 2000), but certain studies were vague on the voltinism of the species 

(Golubnichaya and Moskalenko 1992). Our second objective was to examine the voltinism and 

potential eusociality of L. zonulum from a population in southern Alberta, a region with a shorter 

breeding season than Niagara. This allowed for comparisons between populations under different 

environmental constraints. If L. zonulum is demographically and or socially polymorphic, we 

expect the more northern population to be univoltine. While social polymorphism has been 

catalogued across many species in Halictidae, a strictly demographic polymorphism from 

solitary univoltine to solitary bivoltine has yet to be recorded.  

 Our third objective was to confirm that L. leucozonium is solitary and univoltine in the 

Niagara region. While it is widely considered to be solitary and univoltine, previous observations 

on nests were only made in Nova Scotia, a region in which socially polymorphic halictid species 

exhibit solitary behaviour (Atwood 1933; Packer et al. 1989). No studies have examined the 

social behaviour of L. leucozonium in regions with long enough growing seasons to support 

multiple broods in halictid species (McGinley 1986; Onuferko et al. 2015). 
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METHODS 

 

 

Study Sites 

 

 Specimens were collected as part of previous separate studies of bee communities in two 

regions, the Niagara region in southern Ontario (Richards et al. 2011) and near Calgary in 

southern Alberta (Galpern et al. 2017; Vickruck et al. 2019). In Niagara region there were 15x 1 

ha sites spread across St. Catharines, Port Colborne and Wainfleet (42.881° N, 79.378°W to 

43.125° N, 79.233°W). Niagara sites represent the meadow habitats preferred by bees (Rutgers-

Kelly and Richards 2013), and collections occurred each year from 2003 to 2019, excluding 

years 2007 and 2014. The Calgary region consisted of 0.647 km2 centred on 50.663°N, 

113.483°W in southern Alberta, with collections occurring from 2015 to 2017. The area is an 

agriculturally intensive series of crop fields and wetlands detailed in Vickruck et al. (2019). 

 

Collections 

 

 Pan traps were used to collect specimens in Niagara. During a collection event 

(collection), 30x 170g Solo brand PS6-0099 plastic bowls (Solo Cup Company, Lake Forest, IL, 

USA) were filled with water and a drop of dish soap (1 Tsp of Dawn blue soap per gallon of 

water), and laid out in X’s, H’s or other space-filling shapes (LeBuhn et al. 2003; Richards et al. 
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2010). Pans were placed at 3 m intervals, alternating colours (blue, yellow and white) according 

to standard protocols (LeBuhn et al. 2003). Sampling occurred between 0900h and 1500h on 

days without rainfall to ensure bee activity, with bowls retrieved after each event. Collections 

occurred biweekly each spring and summer, encompassing the flight season of Halictidae in the 

region from 2003-2018. Weeks were numbered starting on the 16th week of each year (in mid-

April) and continued until September 30th. The total number of sites, and total collections made 

varied amongst years (Table 2.1). After collection, all bees were stored in 70% ethanol and 

pinned. Specimens were identified to species by Richards et al. (2011). We confirmed 

identifications of both L. zonulum and L. leucozonium specimens using the key from McGinley 

(1986). 

 Collection data and specimens from Alberta were kindly provided by Dr. Paul Galpern, 

University of Calgary. In 2016 there were 677 collection at 99 locations within the Calgary 

region, with an average of 61.5 ± 35 collections per week (Table A1). Collection methods were 

described in detail in Galpern et al. (2017) and Vickruck et al. (2019). Both pan traps (12 oz. 

New Horizons, Waldorf, MD) and blue vane traps (SpringStar LLC, Woodinville, WA, USA), 

which are another effective means for sampling bees, were used at each site and organized into 

sampling stations described in Hall (2018). Traps were filled with propylene glycol, and samples 

were collected from the traps every 8.3 ± 3.0 days. The middle date of each sampling period was 

calculated. Therefore, in Calgary “week” represented the middle of a ~2-week collection period. 

Sampling began each year after seeding had been completed near each study site, with 

collections ending prior to crop swathing (Vickruck et al. 2019). Collected specimens were 

stored in 70% ethanol until identified and pinned. Identification was conducted by Galpern et al. 
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(2017) and Vickruck et al. (2019), with keys listed in the supplementary tables of Vickruck et al. 

(2019).  

 

Inferring Phenology 

  

The number of bees collected per week, their sex, levels of wear and ovarian 

development were used to determine the timing of important phenological events across the 

flight season. It was assumed that the more bees that were collected indicated more bees flying, 

with bees captured per week providing a consistent estimate of bee flight and foraging activity 

(Richards et al. 2010). In Niagara, an average of only 16 L. zonulum and 21 L. leucozonium were 

collected each year, far lower than the average 696 L. zonulum collected each year in Calgary 

(Table 2.2). Therefore, to identify phenological patterns for Niagara bees, samples were pooled 

across years (Fig. A1; Fig. A2).  

As the number of collections that occurred each week varied (Table A1), the total number 

of bees collected per week was divided by the number of collection events per week to correct 

for differences in sampling effort. The number of peaks in foraging bees per collection per week 

was used to identify voltinism, with a single peak representing a univoltine demography, and two 

peaks representing bivoltinism. Females collected in the first peak (or in the case of univoltine 

bees, the only peak) of foraging before Brood 1 began to forage were assumed to be foundresses. 

The time period in which only foundresses were flying is referred to as phase 1 (P1). Phase 2 

(P2) refers to the time period when brood 1 offspring emerge and forage, and in temperate 

bivoltine halictine species occurs after a large decrease in foundress foraging activity (Richards 
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et al. 2011). The second foraging peak of bivoltine species therefore falls within P2. Peaks in 

foraging behaviour were visualized using non-parametric regressions and the Loess method for 

smoothing. 

 The appearance of males and newly eclosed females in collections was used to indicate 

when new brood was foraging. Halictine males in temperate regions do not survive the winter, 

and it is only mated females (gynes) which successfully over-winter (Packer et al. 2007; Schwarz 

et al. 2007). Therefore, no males should be collected until a new brood has been produced. 

Unworn females with no ovarian development (OD) indicated when newly eclosed females 

emerged. This is because they had not yet had time to become worn or damaged by working or 

develop their ovaries. As bees age and work, they accrue wear as they do not heal external 

wounds.  

 

Measuring size, wear, and ovarian development 

 

Females were examined under 6 to 66x magnification using a stereomicroscope (Zeis 

Stemi SV 11) to measure size, wear and ovarian development. Size was measured using an 

ocular micrometer to determine head width (distance across the widest part of the head including 

eyes) as well as costal vein length of the forewing. Mandibular wear (MW) was assessed on a 

scale from 0 (the mandible and apical tooth were in pristine condition and pointed) to 5 

(mandible completely blunt with no apical tooth), and is expected to reflect work in activities 

such as digging brood cells (Wyman and Richards 2003). Wing wear (WW) was assessed by 

examining the wing margins for nicks and tears, with scoring assessed on a scale from 0 (pristine 
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margin along distal edge) to 5 (distal edge destroyed). WW reflects work conducted while 

foraging (Wyman and Richards 2003). Total wear (TW) was calculated by adding MW and WW 

for a combined score out of 10. As pristine mandibles can sometimes appear blunt and wings can 

be nicked during handling, specimens were considered worn if both MW ≥ 1 and WW ≥ 1. 

Pinned specimens were rehydrated in deionized water over ~24 hrs and were dissected to 

assess OD. Each visible, developing oocyte was assigned a proportional score of 0.25, 0.50, 0.75, 

or 1, with 1 reflecting a fully developed oocyte (Richards et al. 2010). These scores were then 

summed, resulting in an OD score for each female. Females lacking developed ovaries or 

possessing thickened ovaries with no developed oocytes were given scores of 0 and 0.1 

respectively. All Niagara specimens, excluding those missing heads or forewings (L. 

leucozonium n = 4, L. zonulum n = 1), were measured for wear and OD. A subset of 126 females 

collected in 2016 donated from the University of Calgary (12 ± 7 per week from weeks 9-19) 

were measured for wear and OD. Females with TW and OD scores of 0 represented newly 

eclosed females.  

 

Inferring social behaviour 

 

 Univoltine phenologies characterized by a single peak in foraging females were 

considered solitary. The lack of a second peak in foraging activity suggests no provisioning 

phase for a second brood. 

 Physical characteristics of females foraging in P2 were used to determine whether 

bivoltine bees were solitary or eusocial. The size of P2 females was compared to the size of P1 
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females to determine if brood 1 offspring were smaller than their foundress mothers. A similar 

size between generations suggests solitary behaviour, whereas smaller females in P2 suggest 

eusocial behaviour. The level of wear in females was used to assess when new females began to 

fly, as foundresses should have higher levels of wear than brood 1 offspring when brood 1 

emerge and begin to forage. Ovarian development was compared between phases to determine if 

brood 1 offspring foraging in P2 were sterile workers or were reproductive and solitary. Finally, 

the relationship between TW, OD and phase was assessed to determine if the females that were 

working and becoming worn were also the ones that were laying eggs. If patterns of wear 

suggest new females emerge during P2, and P2 females are as reproductive as foundresses, this 

would suggest solitary, bivoltine behaviour. If highly worn females were collected with high 

levels of OD throughout P2, we assumed these were foundresses provisioning for brood 2 along 

with their brood 1 daughters and were described as partially bivoltine. If patterns of wear suggest 

new females emerging in P2, and P2 females are less reproductive than foundresses, this would 

suggest a eusocial, bivoltine behaviour. Phase 2 females would consequently have no 

relationship between TW and OD as females conducting the most work would not necessarily 

have developing ovaries. 

 

Data analysis 

 

 One-tailed Welch’s t-test and One-way Analysis of Variance (ANOVA) were used for 

comparisons of size between phases. Plotting residuals against fitted values and examining the 

normal quantile-quantile plot of models comparing total wear and ovarian development between 
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phases showed non-normal error distributions, therefore non-parametric approaches were used 

for these analyses.  

A general linear model was used to assess how total wear and phase influenced ovarian 

development (response variable) in Niagara L. zonulum (ovarian development ~ total 

wear*phase). Again, plotting the residuals against fitted values and examining the normal 

quantile-quantile plot of the model was used to confirm that the data fit the assumptions of 

general linear models. All statistical analyses were conducted using R version 3.6.2 running 

under R-Studio version 1.2.5033. The package tidyverse was used for data curation, 

manipulation and plotting. The lm command was used to produce general linear models. 

 

 

RESULTS 

 

Lasioglossum leucozonium from Niagara 

 

Phenology 

A total of 229 L. leucozonium were collected (197 females and 32 males) from 2003-

2018 (Table 2.2). The flight season lasted 23 weeks from week 3 in mid-May until week 25 in 

late September (Fig. 2.3). Females were first collected in pan traps on week 3 with the number of 

bees per collection remaining relatively low until week 5 in late May (mean = 0.12 ± 0.06 bees / 

collection). The highest numbers of bees were collected from late May to late June (weeks 6-10; 



32 

 

mean = 0.56 ± 0.09 bees per collection). From weeks 11-23 (late June to mid September) the 

number of females (mean = 0.11 ± 0.09 bees per collection) remained relatively low. Females 

were collected for the last time in week 23 with slightly more bees collected (0.23 bees per 

collection) relative to the average collections from the previous 6 weeks (0.05 ± 0.04 bees per 

collection). The single major peak in bees per collection, which occurred between weeks 6 and 

10, is indicative of a single peak in foraging activity.  

The first appearance of males was used to estimate when Brood 1 offspring emerged and 

began to forage. Males were first collected in mid-July on week 13 (Fig 2.3). Newly eclosed 

females were not collected at this time. Therefore, only the appearance of males could be used to 

determine the emergence of the brood. The appearance of males separated the phenology into 

phase 1 (P1; weeks 3-12, mid-May to early July), and phase 2 (P2; weeks 13-25, mid-July to late 

September). Roughly 78% of foraging females (n = 153) were collected during P1. This further 

justifies that there was only a single peak of foraging females, which were the foundresses 

provisioning for the only brood of offspring. The lack of a major peak in foraging directly 

following the emergence of offspring makes it clear that L. leucozonium is univoltine in Niagara 

and supports the conclusion that L. leucozonium is therefore solitary (Table 2.3). 

  

Lasioglossum zonulum from Niagara 

 

Phenology 

 We collected 291 L. zonulum specimens (276 females and 15 males) from 2003-2018 

(Table 2.2), with specimens appearing over a period of 20 weeks (Fig. 2.4). Females were first 
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collected in week 2 in early May, with relatively low numbers of bees per collection until week 3 

(mean = 0.10 ± 0.01 bees per collection). The number of females per collection jumped to a 

mean of 0.48 ± 0.12 bees in weeks 4-8 (mid-May to early June), with the number of females 

lower in the following weeks 9-10 (mean = 0.14 ± 0.04 bees per collection; mid-late June). From 

weeks 11-18 (late June to mid-August), the number of females collected rose once again with a 

mean of 0.42 ± 0.13 bees per collection. The lowest numbers of females were collected during 

weeks 19-21 (mean = 0.04 ± 0.1 bees per collection; late August to early September). The two 

periods with high numbers of females per collection (weeks 4-8 and 11-18 respectively), 

represent two peaks in foraging activity as emphasized by female data fitted with an Loess 

smooth (Fig. 2.4).  

 The first appearances of both newly eclosed females and males were used to infer when 

brood 1 emerged and began foraging. Newly eclosed females were first collected in early July in 

week 12 (0.03 bees per collection). Males were collected in the second peak of foraging activity, 

with the first and highest number (0.23 bees per collection) occurring in mid-July in week 13 

(Fig 2.4). As the appearance of newly eclosed females preceded that of males, week 12 was used 

to separate the phenology into two phases. Phase 1 (P1) occurred between weeks 2 and 11 (early 

May to late June), encapsulating the first peak in female foraging activity and contained 50% 

(137 / 276) of collected L. zonulum females. Phase 2 (P2) occurred from weeks 12 to 21 (early 

July to early September), and contained the second peak in foraging activity with the other 50% 

(139 / 176) of collected females. 

 The combination of demographic patterns in the phenology of L. zonulum combined with 

the timing of the emergence of Brood 1 were used to determine the species’ voltinism in Niagara 

populations. Phase 1 contained a single peak in foraging activity which ended before the 
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emergence of newly eclosed females or males and is therefore made up of foundresses. Phase 2 

contained the second peak of foraging activity, with the emergence of Brood 1 offspring 

occurring early in the peak. As there are two peaks in foraging activity, one representing brood 

provisioning by nest foundresses and the other representing brood provisioning by their newly 

eclosed daughters, L. zonulum is bivoltine in the Niagara region. 

 

Inferring sociality with traits of foraging females 

 The size of P1 and P2 females were compared to determine whether Brood 1 females are 

smaller than foundresses, which would indicate eusociality. Head width (HW) and costal vein 

length (CVL) were strongly and positively correlated (Fig 2.5; R2 = 0.66, n = 193, p < 0.001), so 

analysis was based on head width. A 1-tailed test found foundresses collected in P1 to have a 

significantly smaller mean HW of 2.48 ± 0.11 mm than P2 females (n = 275; Welch two sample 

t-test: t =-1.93, df = 272.29, p = 0.03), with a mean HW of 2.51 ± 0.11 mm (Fig 2.6). This is the 

opposite of what is expected in a eusocial halictine. Newly eclosed Brood 1 daughters (n = 6), 

which were collected flying in weeks 12-16, were not significantly different in size from 

foundresses (n = 143; One-way ANOVA: F = 0.05, df = 1, 141, p = 0.82), although the small 

number of newly eclosed daughters make this hard to trust entirely. However, when comparing 

the HW of foundresses to the relatively new unworn females in P2 (n = 39), a similar result with 

no significant difference between the two groups was found (n = 176; One-way ANOVA: F < 

0.001, df = 1, 174, p = 0.99). Taking all of these comparisons into account, it is clear that brood 1 

daughters are not smaller than their foundress mothers. 
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 We compared the total wear (TW) of foundresses in P1 and foraging females from P2. 

Phase 2 females were significantly more worn than P1 females (n = 275; Kruskal-Wallis X2 = 

12.13, df = 1, p < 0.001), with different distributions of TW (Fig. 2.7). A small proportion of P1 

foundresses had wear scores above 5 (7%; n = 9 / 137), whereas 32% (n = 44 / 139) of P2 

females possessed TW greater than 5. Since 8 of the 9 TW scores above 5 from P1 were found in 

the last two weeks of P1 (weeks 10-11), and both low and high scores of wear were found in the 

first half of P2, this suggests that worn foundresses continued to forage in P2 after Brood 1 

daughters began to emerge (Fig. A3).  

We compared ovarian development (OD) between P1 foundresses and P2 females to 

evaluate their reproductive statuses, as well as examined the relationship of total wear and OD 

between phase. Females collected in P2 had higher OD scores than those of P1 (n = 276; 

Kruskal-Wallis X2 = 4.32, df = 1, p = 0.038; Fig 2.8). However, there were more P1 females with 

OD of 0 or 0.1 (n = 59) than in P2 (n = 39). We compared OD between foundresses and 

reproductive P2 females by removing females with OD of 0 or 0.1 from the analysis and found 

no significant difference (n = 186; Kruskal-Wallis X2 = 0.38, df = 1, p = 0.54). This suggests that 

those females that have developed ovaries in P2 are just as reproductive as P1 foundresses and 

are not workers with low levels of OD. Not only were fewer females with little to no ovarian 

development collected in P2 than in P1, but reproductive females from P2 had similar levels of 

OD to foundresses collected in P1. Also, females with higher TW typically had higher OD, and 

this did not differ between phases (Table 2.4; Fig. 2.9; n = 275; ANOVA: F = 18.42. df = 3, 271, 

p < 0.001). This means that the females that were the most worn were also the ones with the 

highest ovarian development regardless of whether they were foundresses or females foraging in 
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P2. This suggests that P2 females were not sterile workers because they followed similar trends 

in reproduction and wear accumulation as the P1 foundresses.  

In conclusion, P2 females were larger than foundresses, had TW scores suggesting Brood 

1 offspring and old foundresses were provisioning in P2, had fewer sterile females than P1 and 

similar OD, and a similar and positive relationship between OD and TW with foundresses (Fig. 

A3). Taking these results together, the evidence supports our prediction that L. zonulum is 

solitary and bivoltine, however we did not predict that it is also partially bivoltine (Table. 3). 

 

Lasioglossum zonulum from Calgary 

 

Phenology 

 Collections of L. zonulum in Calgary resulted in much higher sample sizes each year than 

collections in the Niagara region (Table 2.2). While yearly sample sizes were large enough to 

examine phenological patterns from 2015 to 2017 (Fig. A4), measures of sampling effort were 

only available for 2016 collections (Table A1), and therefore our analysis focused on 2016 data. 

 We assessed L. zonulum collections from 2016, in which collecting occurred from week 9 

in mid-June to week 19 in late August (Fig. 2.10). It is unlikely that foraging activity occurred 

before this week as earlier collections starting in late May (week 5) in 2017 showed no major 

foraging peaks until week 9 (Fig. A4). In 2016, 71 % (n = 590 / 834) females were collected in 

the first 3 weeks, from mid to late June (weeks 9-11). The mean number of females per 

collection during this 3-week period (mean = 15.2 ± 5.2 bees per collection) was substantially 

higher than that from early July to late August (weeks 12-19; mean = 0.4 ± 0.4 bees per 
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collection). The single major peak in bees collected between weeks 9 to 11 indicates a single 

peak in foraging activity. 

 We assessed when males and new females emerged to determine when new offspring 

began to forage. Only 1.5% (3 out of 847 bees) of collected L. zonulum were males, and they 

were first collected in week 16 in early August (Fig 2.10). As weeks constitute a middle date for 

a roughly 2-week collection period in Calgary collections, this would suggest that no males were 

foraging before week 15. From the subset of dissected specimens, a single newly eclosed female 

was collected in late August in week 19. Therefore, the timing of emergence of Brood 1 

offspring was estimated by the appearance of males. As Brood 1 were not collected foraging 

until very late in the season, and the only peak in foraging activity occurred well before they 

emerged, L. zonulum is univoltine in Calgary.  

As we have previously discussed, eusociality almost always requires at least two broods 

per breeding season, which means that the Calgary population of L. zonulum is solitary and 

univoltine (Table 2.3). Since L. zonulum is solitary in both Niagara and Calgary, but expresses 

different levels of voltinism in each region, it is demographically polymorphic and not socially 

polymorphic. 
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DISCUSSION 

 

 Halictid species express a vast swath of social behaviours, with multiple reversions and 

origins of eusociality, making it likely that representations of evolutionary transitional states to 

and from eusociality exist in this family. The Leuchalictus subgenus is primarily solitary 

univoltine with a solitary univoltine root and more derived eusocial and solitary bivoltine species 

(Packer 1998). This subgenus is therefore ideal for testing the hypothesis that eusociality arose 

through a demographic transition before a social transition, however behavioural data is lacking 

from many of the species within this subgenus. Therefore, our objectives were to determine the 

voltinism and social behaviour of two Leuchalictus species, L. zonulum and L. leucozonium.  

We examined two L. zonulum populations from separate geographic regions, Niagara in 

southern Ontario and Calgary in southern Alberta. In Niagara, we discovered the populations are 

solitary and partially bivoltine. This differed from our results on populations from Calgary, 

which proved to be solitary and univoltine. Neither partial bivoltinism or a demographic 

polymorphism have previously been reported in populations of L. zonulum.  

We also examined the demography and sociality of L. leucozonium, ensuring it is solitary 

and univoltine despite living in an area supporting multiple broods in other species. We 

confirmed that it is solitary univoltine in Niagara, which suggests it is obligately solitary and 

univoltine. As L. leucozonium is representative of the ancestral state of Leuchalictus, and L. 

zonulum is more derived (Packer 1998), these results suggest that L. zonulum does represent a 

transition from solitary to eusocial behaviour.  
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Partial bivoltinism and demographic polymorphism of Lasioglossum zonulum  

 

The Niagara population of L. zonulum exhibited a bivoltine phenology while remaining 

solitary. We inferred the voltinism and social behaviour of L. zonulum through analysis of a 

combination of phenological patterns and comparisons of size, wear and the reproductive state of 

collected females. The two peaks in foraging activity, with offspring only appearing in the 

second peak, suggest a bivoltine phenology, which had not been reported in the literature 

(McGinley 1986; Pesenko et al. 2000). Phase 2 females sharing similar patterns of wear and 

ovarian development with foundresses from P1 suggests that they are producing their own 

offspring and behaving similarly to their foundress mothers, indicating solitary behaviour in the 

Brood 1 offspring. High levels of wear only found in late P1, and across all of P2 suggests that 

foundresses are continuing to forage, and the positive relationship of ovarian development and 

wear indicates that these foundresses are still producing offspring along with their daughters, 

which means L. zonulum is solitary and partially bivoltine.  

The phenology of Calgary L. zonulum differed from the Niagara population, however 

there was no change in social behaviour. Roughly 70% of Calgary L. zonulum collected in 2016 

were collected in the first 3 weeks (590 / 257 and weeks 9-11 respectively), followed by a drastic 

drop in foraging for the rest of the foraging season. The appearance of males indicated the 

emergence of Brood 1 towards the end of the flight season (week 16). As the appearance of a 

new brood was not accompanied by a second peak in foraging activity and the flight season 

ended 4 weeks after, the Calgary population of L. zonulum was clearly univoltine and therefore 

solitary.  
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Lasioglossum zonulum compared to other solitary bivoltine halctines 

 

The solitary and partially bivoltine nature of Niagara L. zonulum marks the population as 

an important organism for the study of the origin of eusociality. Eusociality was expected to have 

evolved from a solitary ancestor, through which the overlapping generations of a partially-

bivoltine species was expected to create conditions favourable for altruistic workers to have 

evolved (Seger 1983; Hunt and Amdam 2005; Quiñones and Pen 2017; Santos et al. 2019). In 

particular, Seger (1983) suggested that a partially bivoltine halictine bee in which only mated 

females overwinter promotes the evolution of helping behaviour. These traits are exemplified by 

the Niagara population of L. zonulum. Support for L. zonulum representing a transition to 

eusociality can also be drawn from the phylogeny of the Leuchalictus subgenus. Our findings 

regarding L. leucozonium being solitary and univoltine support the evidence that the subgenus 

has a solitary univoltine ancestor, as L. leucozonium is located more basally than the more 

derived bivoltine species in the clade (Packer 1998). Lasioglossum aegyptiellum is the only 

species within the subgenus which is confirmed to be eusocial and have a solitary ancestor, 

representing a novel origin of eusociality (Packer 1998). Lasioglossum zonulum exists in a 

separate clade from this proposed origin of eusociality, yet still shares a solitary ancestor. 

Therefore, in a predominantly solitary subgenus with a univoltine ancestor, which already has 

had an origin of eusociality, it is likely that L. zonulum represents a transition to eusociality. 

While it is rare, there are three other reported species of Halictidae which express both 

solitary and bivoltine traits (Lasioglossum mutilum, L. scitulum, and L. villosulus), of which the 

former two are also in the Leuchalictus subgenus (Plateaux-Quénu et al. 1989; Miyanaga et al. 

1998, 2000). In a study by Miyanaga et al. (1998), the solitary bivoltine behaviour of L. mutilum 



41 

 

was examined through surveys at floral resources and through rearing and excavating nests in 

greenhouses. The phenology of L. mutilum females was similar to that of Niagara L. zonulum, in 

which both have two large peaks in foraging activity. Like L. zonulum, no difference in size was 

found between generations and survival of foundresses past the emergence of Brood 1 was also 

noted (Miyanaga et al. 1998). However, 2 of the 13 L. mutilum nests excavated behaved with a 

higher degree of social behaviour. In one nest, two foundresses created a nest, while only one 

reproduced (Miyanaga et al. 1998). This trait is more often found in eusocial species, and is 

rarely found in univoltine halictines (Batra 1990). The second nest was eusocial, with the 

foundress producing Brood 2 and a single Brood 1 daughter acting as a worker (Miyanaga et al. 

1998). In a similar study on the solitary bivoltine L. scitulum, Miyanaga et al. (2000) found that 

only around 5% of summer nests had foundress mothers living with a daughter in the same nest, 

as most foundresses died before the emergence of their offspring. In these matrifilial nests, as 

well as the more prevalent (8.5%) sororal nests (2 or more daughters living together), division of 

labor was split between an individual staying at the nest while the other(s) forage, all females 

still reproduced (Miyanaga et al. 2000). While both species are “basically solitary” (Miyanaga et 

al. 2000), there are still intraspecific social differences within the same populations. Without nest 

excavations, we can not determine if there is proportion of L. zonulum nests that may behave in 

either of these ways. However, as these deviancies from a strictly solitary bivoltine behaviour 

were found in such small numbers, we assume that since L. zonulum shares a close phylogenetic 

relationship, and many physiological similarities to L. mutilum and L. scitulum, that it is at the 

least “basically solitary”. 

Lasioglossum villosulus represents a solitary bivoltine halictid which is not from the same 

subgenus as L. zonulum. Like L. zonulum, L. villosulus also exhibits two peaks in foraging 
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activity (Plateaux-Quénu et al. 1989). However, unlike L. zonulum only a small fraction (3 out of 

203) of females collected in phase 2 were old foundresses, with the rest representing Brood 1 

daughters (Plateaux-Quénu et al. 1989). It was suspected that most foundresses had died out, as 

the 3 remaining were heavily worn, but had ovarian development similar to their brood 1 

offspring (Plateaux-Quénu et al. 1989). The same traits were found in foundresses of H. 

rubicundus from solitary univoltine populations, in which these females were excavated from 

nests at the end of the flight season, and possessed reduced ovaries with signs of past oviposition 

(Eickwort et al. 1996). This suggests, as what was found with L. mutilum and L. scitulum, only a 

small proportion of foundresses survive to contribute to brood 2, meaning the vast majority are 

not partially bivoltine. This is interesting, as the large number of highly worn L. zonulum females 

collected in the first half of P2 suggest many foundresses surviving to produce a second brood. 

This may demonstrate an adaptation, as Eickwort et al. (1996) found that foundress lifespans 

overlapping with the emergence of Brood 1 in solitary populations of the halictid Halictus 

rubicundus resulted in a three-fold decrease to brood mortality. However, unlike L. zonulum, 

there was no sign of further reproduction in solitary H. rubicundus nests after Brood 1 eclosed, 

with surviving foundresses found in excavated nests at the end of the season possessing slender 

ovaries (Eickwort et al. 1996). Lasioglossum villosulus differed from the three Leuchalictus 

solitary bivoltine species in that Brood 1 daughters are significantly smaller than their foundress 

mothers (Plateaux-Quénu et al. 1989). This trait, while common in eusocial species, was not 

found in the other solitary bivoltine species (Boomsma and Eickwort 1993; Miyanaga et al. 

1998, 2000). As L. villosulus is from a separate subgenus, this size difference may be the product 

of a separate transition to eusociality, or potentially represent a different stage in transition than 

the Leuchalictus species. 
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As the present study used trap data to passively collect demographic data from the 

Niagara L. zonulum populations, future observational studies as well as nest excavations would 

answer questions regarding the natural history of these partially bivoltine species. This would 

also help in determining the ratio of male and female offspring in each brood, as male sweat bees 

are rarely collected in pan traps, and sex ratios are suspected to play a key role in the evolution of 

eusociality (Richards et al. 2010; Santos et al. 2019). 

 

Demographic polymorphism of Lasioglossum zonulum 

 

 The Calgary and Niagara populations of L. zonulum differed in several ways (Table 2.3). 

The difference in demography, with Calgary populations univoltine and Niagara populations 

bivoltine is the obvious difference. The flight season of L. zonulum from Calgary was also found 

to be nearly half of the length of the flight season in Niagara (11 and 20 weeks respectively), 

with collections of females occurring earlier in Niagara (Table 2.3). As collections for L. 

zonulum were made the same week that sampling began, it is possible that females were flying 

earlier, however most studies on sweat bees from Calgary suggest foundresses emerge in late 

May, whereas both L. zonulum and L. leucozonium were collected in early May in Niagara 

(Packer 1992, 1994). This is congruent with Calgary collections from 2017 which began in late 

May (week 5; Fig. A4), which suggests the flight season of Calgary L. zonulum is shorter than in 

Niagara. Our results indicated a delayed emergence of the first brood in Calgary (week 15) 

compared to Niagara (week 12) as well (Table 2.3). Despite these differences, both populations 

were found to be solitary. 
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 Lasioglossum zonulum is unique in that it is demographically polymorphic, but not 

socially polymorphic. Socially polymorphic bees are solitary univoltine at higher latitudes and 

altitudes and are eusocial and either bi- or multivoltine at lower latitudes and altitudes, as these 

environments typically have longer breeding seasons (Eickwort et al. 1996; Plateaux-Quénu et 

al. 2000; Davison and Field 2016). We found L. zonulum to be solitary univoltine at the higher 

latitude in Calgary, but solitary and bivoltine at the lower latitude in Niagara. Like in most 

socially polymorphic halctines, demography changed between univoltine and bivoltine, however 

there was no shift in social behaviour. To the best of our knowledge, L. zonulum is the only 

sweat bee which is only demographically polymorphic. 

 Both environmental and genetic differences may play a part in social polymorphism and 

may contribute to demographic polymorphism. It could be that the univoltine nature of the 

Calgary L. zonulum was due to the breeding season being too short to produce more than one 

brood (Miyanaga et al. 1999; Soucy 2002). This is the case for many socially polymorphic sweat 

bees such as L. calceatum (Sakagami and Munakata 1972), and Halictus rubicundus (Eickwort et 

al. 1996; Field et al. 2010). This is made obvious by comparing the timing of peaks between the 

two populations, with the Calgary population’s peak occurring on weeks 9-11, which is both 

later than the first peak in Niagara (weeks 5-8) and before the second peak (weeks 13-18). As the 

breeding season is shorter in Calgary, it makes sense for the emergence and foraging of 

foundresses to be more delayed than in bivoltine populations (Field et al. 2012; Davison and 

Field 2016). However, transplant and common garden experiments on socially polymorphic 

halictine species have revealed that there may be genetic differences which contribute to the 

univoltine and bivoltine phenotypes. In the UK, Davison and Field (2018) found that by 

transplanting L. calceatum specimens from univoltine populations to bivoltine populations, most 
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maintained their univoltine demography. Despite living in an environment which did support 

multiple broods per season in conspecifics they only produced a single brood, meaning that the 

environment alone could not be the reason for the differences in behavioural phenotypes. In a 

study on the socially polymorphic L. albipes, it was found that queens would not produce 

overwintering offspring without the help of workers, and solitary foundresses would not produce 

workers under the environmental conditions of eusocial colonies (Plateaux-Quénu et al. 2000). 

As environmental factors, genetic factors, and a combination of the two have been found to 

affect the expression of social and demographic phenotypes in socially polymorphic halictines, it 

can not be certain which of these contribute to the demographic polymorphism of L. zonulum. 

  Social polymorphism is viewed as a trait common to the reversion of eusocial behaviour 

to solitary behaviour (Eickwort et al. 1996; Schwarz et al. 2007). It has been postulated that this 

behavioural plasticity allowed species such as Halictus rubicundus to exploit more northern 

ranges in which two broods could not be produced (Eickwort et al. 1996). In L. zonulum, we only 

found evidence supporting a demographic polymorphism. This demographic plasticity better 

represents the transition from univoltine to bivoltine demography, which is proposed to have 

preceded the evolution of eusociality. 

 

Solitary univoltine nature of Lasioglossum leucozonium 

 

Lasioglossum leucozonium collected in Niagara express a univoltine demography and are 

therefore solitary. This was made abundantly clear by the fact that the majority of collected 

females (78%) were obtained before Brood 1 offspring were collected (week 13). These findings 
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confirm the obligate solitary nature of L. zonulum which is alluded to by studies in Nova Scotia, 

and notes from studies in Ontario (Knerer 1969; McGinley 1986). Our study also demonstrates 

that solitary univoltine phenologies can be identified using pan trap collections, which was 

previously only demonstrated with eusocial species. 

The obligate solitary nature of L. leucozonium could point to genetic barriers which 

prevent it from producing multiple broods in a year. In studies on the molecular ecology of L. 

leucozonium populations, it was found that there is incredibly low genetic variation within North 

America (Zayed et al. 2007). There is such low variability, that it is believed that only a single 

mated L. leucozonium female was introduced to North America (Zayed et al. 2007). If there is a 

genetic component to producing multiple broods per breeding season, it could be that this 

genotype is not represented in North America, or potentially in the species itself. This is made 

clear by the differences in voltinism found between Niagara populations of L. zonulum and L. 

leucozonium (Table 2.3). However, the expression of univoltine behaviour in L. leucozonium and 

bivoltine behaviour in L. zonulum could be due to a lower environmental threshold for 

multivoltine behaviour in the Niagara latitude. The two socially polymorphic bees L. calceatum 

and L. albipes both inhabit the same regions, but L. calceatum nests socially where L. albipes is 

solitary (Plateaux-Quénu et al. 2000; Davison and Field 2016). This could potentially mean that 

L. leucozonium may produce a second brood closer to the southern extent of its range. In a study 

by Plateaux-Quénu et al. (2000), under artificial conditions replicating environmental light and 

temperature, nests of the socially polymorphic L. albipes from solitary populations were coerced 

into producing a second brood of overwintering offspring when breeding season length was 

increased well past the conditions in which eusociality normally occurs. Therefore, L. 

leucozonium may not express multiple broods because it does not exist in regions in which the 
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environmental conditions allow for it. However, the current understanding of L. leucozonium is 

that it is an obligately solitary species. This supports predictions that L. zonulum has a solitary 

ancestor, as L. leucozonium is located in a ancestral position on the phylogeny (Packer 1998). 

  

Conclusions 

We found that L. zonulum in the Niagara region are both solitary and partially bivoltine. 

This is characterized by old foundresses continuing to forage and reproduce alongside their 

reproductive Brood 1 daughters, both of which contribute to a second brood. Partial bivoltinism 

is a rare form of bivoltinism which has not yet been reported in a halictine bee. We also found 

the more northern population of L. zonulum in Calgary to be solitary and univoltine. This 

suggests that L. zonulum is demographically polymorphic, and yet not socially polymorphic. 

This polymorphism has not been documented in temperate sweat bees and may represent the 

evolutionary transition from univoltine to bivoltine demographies.  

 Our analysis confirmed that L. leucozonium is solitary and univoltine, characterized by a 

single peak in foraging activity performed by foundresses early in the flight season. This may 

provide evidence of genetic barrier which prevent bivoltinism, as it shared the same environment 

in Niagara as the bivoltine L. zonulum. Also, due to its more ancestral positioning in the 

phylogeny of the Leuchalictus subgenus, the solitary univoltine nature of L. leucozonium 

supports the prediction that L. zonulum has a solitary ancestor, and therefore L. zonulum 

represents and evolutionary transition from solitary to eusocial behaviour.  
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TABLES 

 

Table 2.1: Collections in Niagara made from 2003 to 2018.Trapping did not occur in years 2007 

and 2014. Regions that were not trapped in specific years are denoted by a dash (-). Weeks are 

numbered with week 0 falling in mid April 

Year Sample 

weeks 

Sites per region Total sites 

sampled 

Total 

collections 
St. 

Catharines 

Port 

Colborne 

Wainfleet 

2003 1 – 23 9 - - 9 111 

2004 3 – 22 6 - - 6 59 

2005 4 – 23 6 - - 6 60 

2006 2 – 23 6 - - 6 122 

2008 1 – 23 5 - - 5 101 

2009 3 – 24 6 - - 6 111 

2010 1 – 20 3 - - 3 24 

2011 6 – 25 3 2 1 6 60 

2012 -4 – 22 5 2 1 8 92 

2013 2 – 24 4 3 1 8 82 

2015 5 – 20 3 - - 3 31 

2016 4 – 21 - 1 1 2 18 

2017 3 – 23 2 - - 2 20 

2018 3 – 23 4 1 1 6 63 

Mean ± SD 5 ± 2 2 ± 1 1 5 ± 2 68 ± 36 
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Table 2.2 :Sample sizes by year of L. leucozonium from Niagara and L. zonulum from both 

Niagara and Calgary. Collections occurred in Niagara each year from 2003-2018, excluding 

years 2007 and 2014. Only Calgary trap data from years 2015-2017 were available for the 

present study.  

 L. leucozonium (Niagara) L. zonulum (Niagara) L. zonulum (Calgary) 

Year F M F M F M 

2003 56 19 51 12 - - 

2004 21 0 9 0 - - 

2005 22 1 20 0 - - 

2006 22 2 12 0 - - 

2008 14 0 6 0 - - 

2009 17 1 7 0 - - 

2010 4 1 1 0 - - 

2011 17 6 58 0 - - 

2012 14 2 23 0 - - 

2013 3 0 36 3 - - 

2015 1 0 0 0 867 5 

2016 0 0 17 0 834 13 

2017 6 0 0 0 366 2 

2018 0 0 36 0 - - 

Total by Sex 197 32 276 15 2067 20 

Total 229 291 2087 
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Table 2.3: Phenological and social characteristics of a population of L. leucozonium from 

Niagara and L. zonulum populations from Niagara and Calgary. 

Phenological or social trait L. leucozonium 

(Niagara) 

L. zonulum 

(Niagara) 

L. zonulum 

(Calgary) 

Length of flight season 23 weeks 20 weeks 11 Weeks 

First collection of females Week 3 Week 2 Week 9* 

Emergence of Brood 1 Week 13 Week 12 Week 15 

Last collection of bees Week 25 Week 21 Week 19 

Voltinism Univoltine Partially bivoltine Univoltine 

Solitary or eusocial Solitary Solitary Solitary 

*Week 9 was also the 1st week of collections in Calgary.
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Table 2.4: ANOVA table of ovarian development of Niagara L. zonulum females as predicted by 

total wear and phase (model statement: ovarian development ~ total wear * phase). Significant 

values are in bold and the adjusted R2 = 0.16. 

 

Source of variation in ovarian 

development 

Coefficient df SS MS F p 

Model  0.524 3 38.764 38.764 18.42 < 0.001 

    total wear  0.148 1 38.746 38.746 55.243 < 0.001 

    phase  0.021 1 0.017 0.017 0.025 0.875 

    total wear * phase -0.001 1 0.001 0.001 0.001 0.977 

Residuals  271 190.073 0.701   
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FIGURES 

 

 

Figure 2.1: Evolutionary transitions from solitary to eusocial behaviour occurred in two major 

shifts. a) The ancestral solitary univoltine state first shifted demographically from univoltine to 

bivoltine (1) and then shifted behaviourally from solitary to eusocial behaviour (2). b) All life 

cycles commence with a mated female emerging from overwintering (foundress), creating a nest 

and provisioning her offspring (Brood 1). In solitary univoltine species, Brood 1 mates and then 

the females overwinter to become foundresses in the following year. In solitary bivoltine species 

Brood 1 become mothers, creating nests and provisioning a second generation of offspring 

(Brood 2). In some species, the foundresses survive to also contribute to the production of Brood 

2 and are considered partially bivoltine. In both cases, mated females from Brood 2 overwinter to 

become mothers in the following year. In eusocial bivoltine species, Brood 1 offspring provision 

and care for Brood 2 offspring, while mothers produce Brood 2. Note that some workers lay 

eggs, but not as often as foundresses. Brood 2 mated females overwinter to become mothers in 

the following year. 
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Figure 2.2: Differences between solitary univoltine (a), solitary bivoltine (b), and eusocial bivoltine phenologies (c). A single major 

peak in bees collected represents a single peak in provisioning activity, and therefore a univoltine phenology (a). This must be solitary, 

as a second brood per season is necessary to produce workers. Two peaks in foraging activity indicates a bivoltine phenology, with the 

first peak in Phase 1 (P1) indicating foraging for Brood 1, while the second peak in Phase 2 (P2) represents the provisioning phase for 

Brood 2. The females foraging for a solitary bivoltine phenology (b) in P2 are either old foundresses provisioning a second time or 

Brood 1 daughters reproducing for the 1st time. The females foraging in a eusocial phenology (c) in P2 are workers, which have low 

reproductive capabilities and are smaller than the foundresses. In all three cases, a small increase in bees collected can occur towards 

the end of the season, as females may forage before entering diapause. 
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Figure 2.3: The phenology of Niagara L. leucozonium based on data from 2003 to 2018 pooled. The dotted line represents a Loess 

smooth fitted to the female data and emphasizes a single major peak in foraging behaviour. Around 78% (n = 153) of female bees 

(light grey) were collected in pan traps from weeks 3-12 (early May to early July). Male bees (dark grey) first appeared in week 13 

(early July).   
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Figure 2.4: The phenology of Niagara L. zonulum based on data pooled across 2003-2018. The dotted line represents a Loess smooth 

fitted to the female data and emphasizes two major peaks in foraging behaviour. Note the decline in captures of females in late June 

between weeks 9 and 12. Male bees (dark grey) first appeared in week 13. 
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Figure 2.5: Correlation of two measures of size; head width (HW) and costal vein length (CVL) in Niagara L. zonulum females (R2 = 

0.66, n = 193, p < 0.001). The line represents the linear regression, with the grey representing the 95% confidence interval. Specimens 

missing heads or forewings were excluded from analysis (n = 2).
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Figure 2.6: Niagara L. zonulum females collected from P1 (weeks 2-11) were significantly smaller in head width (HW) from those 

collected in P2 (weeks 12-21) (n = 275; Welch two sample t-test: t =-1.93, df = 272.29, p = 0.03).
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Figure 2.7: Niagara L. zonulum foundresses collected in Phase 1 (P1) had significantly lower total wear scores (TW) than females 

collected in Phase 2 (P2) (n = 275; Kruskal-Wallis X2 = 12.13, df = 1, p < 0.001). 
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Figure 2.8: Female Niagara L. zonulum ovarian development (OD) scores were higher in Phase 2 than Phase 1 (P2 and P1 

respectively; n = 276; Kruskal-Wallis X2 = 4.32, df = 1, p = 0.038). Excluding OD scores of 0 and 0.1 from the analysis resulted in no 

significant difference in OD between P1 and P2 (n = 186; Kruskal-Wallis X2 = 0.38, df = 1, p = 0.54).
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Figure 2.9: Niagara L. zonulum correlation of total wear (TW) and ovarian development (OD) demonstrates that females with high OD 

were more likely to have high TW, regardless of if they were phase 1 females (P1; grey circles) or phase 2 females (P2; white circles). 

Relationship of OD with TW by phase were demonstrated with a solid line for P1 and a dashed line for P2, which overlap almost 

entirely and are summarized in Table 2.3.
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Figure 2.10: The phenology of Calgary L. zonulum collected in 2016 with a Loess smoother 

fitted emphasizes a single major peak in female foraging behaviour. Females are shown in light 

grey, while males are shown in dark grey and emphasized with arrows. Males only made up 

1.5% (13/847) of collected bees and were only collected after week 16. 
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INTRODUCTION 

 

 Since the early 1500s, tens of thousands of non-native species have been introduced to 

North America (Pimentel et al. 2005). Some species, like the Eurasian wild boar (Sus scrofa) 

were introduced intentionally by European settlers and have since run rampant (McCann et al. 

2014). Other species, like the European green crab (Carcnius maenas) were introduced to North 

America from Europe by accident on the ships that brought settlers to the new world (Carlton 

and Cohen 2003). Regardless of how they were introduced, invasive species have an impact on 

native species, communities and ecosystems, with these effects being the focus of research in 

multiple fields of biology (Sakai et al. 2001). Studies which focus on the phylogeographic 

structure and genetic diversity of these species provide novel insights into the successful 

colonization and spread of new introductions (Sakai et al. 2001). 

Bees are among the most important pollinators of many agricultural crops and flowering 

plants (Michener 2007). This has led to an overt bias in phylogeographic studies of bees, with 

most focusing on corbiculate bees and bees used commercially in agriculture (Strange et al. 

2017; Gong et al. 2018; López-Uribe et al. 2019). Studies which do not focus on commercial 

pollinators tend to focus on recent invasive species. While some bees represent intentional 

introductions to new regions for pollination services, many other species immigrated as a result 

of accidental or indirect introductions (Strange et al. 2011). The wool-carder bee (Anthidium 

manicatum) as well as the Africanized honey bee (Apis mellifera scutellate) are both examples of 

the accidental introduction of bees to new continents (Strange et al. 2011; Soper and Beggs 

2013). Other accidental introductions have gone relatively unnoticed. As North American bee 
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collections from previous centuries are rare, bees that arrived with colonists may have been mis-

labeled as Holarctic (Cane 2003). The halictid bee Lasioglossum leucozonium is an example of a 

species that was introduced accidentally to North America ~60-500 years ago, and was assumed 

to be a native Holarctic species until recently (Zayed et al. 2007). To better understand the nature 

of invasive bees, more bee species which have been labelled as Holarctic should be studied to 

determine if they also represent successful biological invasions.  

Non-native bees have experienced rapid expansions across North America. Anthidium 

manicatum, a solitary cavity nesting bee introduced from Europe was first documented in New 

York in 1963, but has since expanded its range across North America making it to western 

Canada in less than 50 years (Gibbs and Sheffield 2009; Strange et al. 2011). This is a common 

trend in cavity nesting bees, as their nests are moved great distances accidently by humans, 

which is thought to be a less common occurrence for ground nesting bees (Cane 2003). This is 

because the nests of cavity nesters are often in the more easily moved sticks or wooden 

structures, whereas the nests of ground nesters need to be dug up in order to move, which occurs 

less frequently. 

Mitochondrial DNA (mtDNA), specifically the sequence for Cytochrome C oxidase 

subunit 1, is useful for phylogeographic studies as it is a conservative gene with a relatively slow 

mutation rate, which allows for sequence comparisons both between and within species (Folmer 

et al. 1994; Costa et al. 2007). However, when there is a major reduction in the size of a 

population accompanied by loss of genetic diversity (a population bottleneck), mtDNA variation 

may be very low (Rowe et al. 2017). Founder effects, a form of bottleneck in which a small 

sample of the ancestral population found a new population, can lead to a severe loss in genetic 

diversity in the new population (Rowe et al. 2017). In recent introductions, or those under severe 
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bottlenecks, the lack in genetic diversity of mtDNA may prove insufficient in effectively 

analysing genetic differentiation among populations (Zayed et al. 2007).  

Analysis of microsatellites can offer detailed information on population structure that is 

not apparent in mtDNA when haplotypes have become fixed in a population. These tandemly 

repeated sequences found throughout the non-coding region of the genome are highly 

polymorphic and mutate at a high rate (Schlötterer 2004). As microsatellites are located within 

neutral loci, multiple alleles can persist at a given locus. When taken together, the genotypes of 

multiple microsatellite loci within an individual act as a sample of the genetic diversity across 

the genome. The relatively high rate of mutation allows for analysis of gene flow between 

populations, and can reflect structure in populations (Rowe et al. 2017).  

Studies on Holarctic species allow for a direct comparison of population genetics 

between North American and Eurasian populations. A study using mtDNA to compare North 

American and European populations of the Holarctic halictid bee, Halictus rubicundus, found 

that bees from the two continents separated into two distinct clades (Soucy and Danforth 2002). 

As the North American specimens were genetically distinct from European specimens, the 

hypothesis that H. rubicundus traveled to North America across the prehistoric Bering Land 

Bridge was supported, making H. rubicundus Holarctic (Soucy and Danforth 2002). This is 

because the lack of gene flow due to geographic separation led to genetic differentiation among 

populations between the two continents. 

Unlike H. rubicundus, the sweat bee Lasioglossum leucozonium was found to have been 

introduced to North America (Zayed et al. 2007). Specimens from across North America and 

from a population in France all share the same haplotype for the mitochondrial gene Cytochrome 

C Oxidase subunit I. This means the North American populations have not been separated from 
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Europeans populations for long enough to develop unique mutations. Furthermore, North 

American populations have a much lower average allelic richness than their European 

counterparts, possessing a maximum of 3 alleles per locus (Zayed et al. 2007). This suggests that 

L. leucozonium had a single recent introduction to North America under an extreme bottleneck, 

potentially from a single mated female (Zayed et al. 2007). 

Despite the importance of solitary sweat bees from the genus Lasioglossum as 

pollinators, there are relatively few studies that examine their population genetics (Danforth and 

Ji 2001; Černá et al. 2017). This is possibly due to their small size and relatively short emergence 

periods (López-Uribe et al. 2019). Extensive sampling of variable genetic markers is needed to 

test and better understand the Holarctic distributions of Lasioglossum, and to test whether species 

from the genus are truly Holarctic or invasive (Giles and Ascher 2006).  

Lasioglossum zonulum is a Holarctic ground-nesting sweat bee from the family 

Halictidae with a habitat range from coast to coast across the northern United States and southern 

Canada, as well as temperate and warm zones of Europe spanning across Asia to China 

(McGinley 1986; Pesenko et al. 2000). It is one of two species from the subgenus Leuchalictus 

that are found in North America, as all other Leuchalictus are found exclusively in the Old 

World (McGinley 1986; Packer 1998). Lasioglossum leucozonium, the other Leuchalictus 

species was found to have been introduced to North America, as previously mentioned (Zayed et 

al. 2007). Both species are suggested to have been introduced to North America from Europe in 

the soil of ships’ ballast in the last 60-500 years (Giles and Ascher 2006; Zayed et al. 2007). 

However, very little evidence has been offered to support this hypothesis for L. zonulum aside 

from its close genetic tie to L. leucozonium. As both bees are solitary and are a similar size, traits 

that affect range expansion (López-Uribe et al. 2019), they should share a similar range if they 
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were introduced in a similar fashion. Unlike the eastern-constrained North American range of L. 

leucozonium (McGinley 1986; Zayed et al. 2007) which is characteristic of a European 

introduction, the range of L. zonulum reaches from the Pacific Ocean to the Atlantic Ocean 

(McGinley 1986). This suggests that L. zonulum was not introduced in the same way or time as 

L. leucozonium.  

 

Objectives 

In the current study, we investigate the population genetic structure of Lasioglossum 

zonulum using both mtDNA and microsatellite markers. We assess the phylogeography and 

population structure across North America and in select European populations. Our objective is 

to determine if L. zonulum is Holarctic, or if it is Palearctic and was introduced to North America 

(Table 3.1). 

The first scenario is that L. zonulum is Holarctic and arrived from Eurasia across the 

Bering Land Bridge at some point during the Pleistocene (Michener 1990; Soucy and Danforth 

2002). In this case, mtDNA should be approaching or should have reached reciprocal 

monophyly. This would suggest that North American and European populations have been 

isolated since this migration, as was the case for the Holarctic H. rubicundus (Soucy and 

Danforth 2002). Microsatellites would also be divergent between Eurasian and North American 

populations, as exemplified by isolated populations of the salamander Cryptobranchus 

alleganiensis (Tonione et al. 2011). 

The second scenario is that L. zonulum is Palaearctic in its range with a single 

introduction to North America by European settlers in the last 500 years (Giles and Ascher 2006; 
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Zayed et al. 2007). In this case we would expect L. zonulum to have genetic traits similar to L. 

leucozonium. Mitochondrial DNA would be highly similar, or potentially identical between 

Eurasia and North America (Zayed et al. 2007). We would also expect North American 

microsatellite diversity to be constrained, with evidence of a genetic bottleneck in North America 

(Zayed et al. 2007). 

 

 

METHODS 

 

Sampling Regions 

 We utilized data collected from 11 areas across North America and Europe for our 

analysis (Fig. 3.1). Specimens from all 11 areas were utilized in analysis of mtDNA (Table 3.2). 

Specimens for DNA extraction and microsatellite amplification were only available from 5 of the 

11 areas studied. In these 5 areas, specimens collected from 17 individual sites were pooled into 

10 localities, as sample sizes from some sites were very small (e.g. n =1; Fig. 3.1; Table 3.3). To 

accommodate analysis which required larger sample sizes (e.g. calculations of Hardy Weinberg 

equilibrium and Wright’s F-statistics), the 10 localities were further grouped into 6 geographic 

regions (Table 3.3). 
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Specimen Sampling 

 A total of 95 DNA sequences from adult female Lasioglossum zonulum specimens were 

used for mtDNA analysis and were obtained through a combination of netting and pan traps 

within Ontario and donations from collections across North America and Europe. We used 17 

dried and pinned specimens collected in pan traps according to standard protocols during a long-

term study in the Niagara region (LeBuhn et al. 2003; Richards et al. 2011). We obtained 10 

specimens from donations from the University of Calgary alongside another 11 from the Royal 

Saskatchewan Museum. A single specimen was donated from the University of Tartu in Estonia. 

Along with the physical specimens, 38 mtDNA sequences found on the Barcode of Life 

Database (BOLD) and 18 sequences found on the National Center for Biotechnology 

Information (NCBI) database were collected, totaling 95 specimens for mtDNA analysis 

(Ratnasingham and Hebert 2007; Agarwala et al. 2018; Table A2). 

 We used 84 adult female L. zonulum specimens from 10 different localities across North 

America and Europe for microsatellite analysis (Table 3.3; Table A3). Alberta collections were 

donated by the University of Calgary and Saskatchewan specimens were donated from the Royal 

Saskatchewan Museum. Specimens collected from Southwestern Ontario were caught on the 

wing and immediately placed in redistilled 99% ethanol, while all other Ontario bees were 

collected in pan traps, dried and pinned (LeBuhn et al. 2003; Richards et al. 2011). Specimens 

from England were donated from Dr. Steven Falk’s personal collection and Estonian specimens 

were donated from the University of Tartu.  
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Extraction and amplification of DNA 

 We extracted DNA from the heads and thoraces of L. zonulum specimens using Qiagen 

DNeasy blood and tissue kits and protocols recommend by the manufacturer. An additional step 

was added, in which supernatant was transferred to a clean microcentrifuge tube following tissue 

lysis with buffer and proteinase K to prevent exoskeleton from clogging spin columns in 

subsequent steps (Vickruck 2017). 

 The mitochondrial gene Cytochrome C oxidase subunit I (COI) was chosen for analysis 

as it is often used for species-level identification (Costa et al. 2007). The universal DNA primers 

LCO1490 and HCO2198 were used to target and amplify a 588 bp region of the COI sequence 

that lies within the barcode region for insects (Folmer et al. 1994; Gibbs 2010). Each PCR 

reaction was 20 µL and contained 1x Thermo Buffer (New England Biolabs), 0.2 µM forward 

primer (LCO1490), 0.2 µM reverse primer (HCO2198), 0.2 mM dNTPs, 0.5 U Taq (New 

England Biolabs), and 40-70 ng of template DNA. Reactions were run in a MultiGene Mini 

Thermal Cycler (TC050-18) under the following conditions: 36 cycles of 94°C for 60s, 40°C for 

90s, 72°C for 90s and a final step of 72°C for 5 min. Reaction products were sequenced at the 

Génome Québec Innovation Centre (Montreal, QC), with the resultant chromatograms cropped 

and examined for mis-called base pairs using the software Chromas version 2.6.6. 

 Microsatellite primers designed for Lasioglossum leucozonium and Lasioglossum 

oenotherae by Zayed (2006) were tested on L. zonulum specimens. Of the 19 primer pairs tested, 

8 consistently amplified successfully, with over 80% of specimens successfully genotyped at 

each of these loci. These 8 loci were used for this study (Table 3.4). Each locus was amplified in 

a single 10 µL PCR reaction following Schuelke (2000) using 1x Thermo Buffer (New England 

Biolabs), 0.2 µM reverse primer, 0.2 µM M13(-21) primer labeled with 6FAM dye (Sigma 
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Aldrich), 0.02 µM forward primer with a 5’ tail (5’- TGTAAAACGACGGCCAGT + forward 

primer), 1 mM MgCl2, 0.2 mM dNTPs. 0.5 U TAQ (New England Biolabs) and 20-70 ng of 

DNA. Reactions were conducted in a CFX Connect Real-Time PCR thermocycler (Bio Rad) 

under the following conditions: 95°C for 5 min, then 20 cycles of 95°C for 30s, 65°C for 30s 

(decreasing by 0.5°C each cycle) and 72°C for 30s, followed by another 20 cycles of 95°C for 

30s, 55°C for 30s and 72°C for 30s. PCR products were sent to The Centre for Applied 

Genomics and run on an Applied Biosystems 3730xl DNA Analyser at the Peter Gilligan Centre 

for Research and Learning Genetic Analysis Facility (Toronto, ON). Each set of PCR reactions 

was run along with 2-3 positive control templates that were previously found to give consistent 

genotype results in testing. Alleles were checked by eye and called using Applied Biosystems 

Microsatellite Analysis Software (MSA). Each specimen was genotyped 2-4 times to ensure 

consistent allele calls and successful genotyping. 

 

Phylogeographic analysis of COI sequences 

 The 95 L. zonulum COI sequences were aligned with a Lasioglossum scitulum COI 

sequence (outgroup) using ClustalOmega (Sievers et al. 2011). Aligned sequences were trimmed 

at both ends to ensure all sequences shared the same length (588 bp) using UGENE v33.0 

(Okonechnikov et al. 2012). We used the command haplotype from the R package haplotypes 

v1.1.2 (Aktas 2020) to determine the number of haplotypes and their sequences. Nucleotides 

with ambiguous codes (e.g. K) were not used to generate haplotypes and were treated as missing 

data. Haplotypes were named with a number in the order of their discovery.  
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 A haplotype network was created using the TCS algorithm (Clement et al. 2000) with 

relationships among haplotypes visualised in PopART (Leigh and Bryant 2015) to examine the 

genetic distances between haplotypes and the prevalence of haplotypes in different geographic 

areas. A map showing the proportion of haplotypes per sampling region was constructed in R 

version 3.6.2 running under R-Studio version 1.2.5033 to more clearly demonstrate the 

geographic variation in haplotypes in the studied areas. The packages rworldmap v1.3-6, 

rworldxtra v1.01 and haplotypes v1.1.2 were used to construct the world map and populate it 

with haplotype data (South 2011, 2012; RStudio Team 2015; Aktas 2020; R Core Team 2020).  

Variation between haplotypes was assessed by calculating a pairwise distance matrix 

using a Hamming dissimilarity algorithm to count differences in single nucleotide 

polymorphisms (SNPs) in UGENE v33.0 (Okonechnikov et al. 2012). Mean pairwise differences 

and the range in count of SNPs among haplotypes were then calculated.  

A neighbour joining tree was constructed in UGENE v33.0 (Okonechnikov et al. 2012) to 

visualize the branching patterns of L. zonulum COI sequences and their respective haplotypes. A 

Kimura 2-parameter distance model was used to generate the tree (Kimura 1980) due to its 

common use in studies analysing barcoding data, and its effectiveness in modeling intraspecific 

distances (Ward 2009; Collins et al. 2012). This tree was visualized using Figtree v1.4.4 

(Rambaut 2018), with resulting branching patterns examined to determine if a relationship 

between genetic distance and sampled geographic areas existed.  
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Microsatellite allele and locus characteristics 

 Observed and expected heterozygosity within each locus and locality was calculated in 

GenAlEx v.6.5 (Peakall and Smouse 2006, 2012). Private alleles at the within regions were 

calculated using GenAlEx as well as frequency-based analysis of FIS. We used HP-Rare v1.1 to 

account for the different sample size from each sample regions when calculating rarefied allelic 

richness (Kalinowski 2005). We tested for a departure from Hardy-Weinberg equilibrium in each 

locus-region pair using GenAlEx, with tests for linkage disequilibrium conducted using Genepop 

v4.7 (Raymond and Rousset 1995). 

 

Population differentiation 

 Distance-based pairwise analysis of genetic differentiation among localities was 

conducted in GenAlEx v6.5 (Peakall and Smouse 2006, 2012) and measured with FST. 

Significance for these pairwise comparisons was assessed using 9999 permutations. We used 

Analysis of Molecular Variance (AMOVA) to analyse both mitochondrial and microsatellite 

DNA. The AMOVA conducted on mtDNA was run in PopART (Leigh and Bryant 2015) with 

significance calculated using 1000 permutations, comparing genetic variation within and 

between continents. We ran an AMOVA for microsatellite analysis in GenAlEx v6.5 (Peakall 

and Smouse 2006, 2012) with significance calculated using 9999 permutations to compare the 

genetic variation within and between continents and localities. These tests gave F-statistics 

which compared between continents, among localities within continents or within the total 

population, as well as among individuals within localities and within the total population. The 

AMOVA examining genetic differentiation in microsatellites was repeated using North 
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American data to examine the genetic differentiation among and within the provinces and 

localities. 

 We investigated isolation by distance by testing whether there was a relationship between 

pairwise genetic distance and pairwise geographic distance among localities. The function 

dist.genpop from the R package adegenet v2.1.3 (Jombart and Ahmed 2011) created a matrix of 

pairwise Euclidian genetic distances among localities. We then used the function mantel.randtest 

from the package ade4 v1.7-13 (Dray and Dufour 2007) to perform a Mantel test comparing 

pairwise genetic distances to pairwise geographic distances. Analysis was repeated with all 

localities (both North American and European) as well as with just the North American 

localities. 

 We used the software package GESTE v2.0 (Foll and Gaggiotti 2006) to investigate the 

influence of latitude and longitude on genetic differentiation in L. zonulum among the 10 

geographic localities. GESTE v2.0 uses hierarchical Bayesian methods and generalized linear 

models to estimate population specific FST values and to generate posterior probabilities for all 

combinations of given factors, which in our case were latitude and longitude (Foll and Gaggiotti 

2006). This was used to determine if L. zonulum populations differentiated across their range. To 

determine if there is evidence for range expansion across North America, one analysis was 

conducted on all localities and a second was conducted only on North American localities. 

Models that included latitude only, longitude only, both latitude and longitude and the interaction 

between them were used. Analysis was run including reversible jumps and 10 pilot runs with a 

burn-in of 50 000 iterations, sample size of 10 000 and a thinning interval of 20. 

 We estimated the number of genetic groups (K) represented by all 84 specimens with 

microsatellite data from 11 localities and 2 continents with the Bayesian clustering method 
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implemented in STRUCTURE v2.3.4 (Pritchard et al. 2000). We used 20 runs of K = 1 through 

K = 10 (total runs = 200), each with a burn-in of 50 000 iterations followed by 1 000 000 

Markov Chain Monte Carlo (MCMC) iterations under a correlated allele frequency with 

admixture model. The output of these runs were analysed using both Pritchard et al. (2000) and 

Evanno et al. (2005) methods to infer the value of K that best represented the number of groups. 

The Pritchard model uses ln K which is based on the highest mean log-likelihood to determine 

the true value of K, whereas the Evanno method determines K based on the rate of change of log 

posterior probability across increasing values of K. Visual representations of group membership 

generated in STRUCTURE were created using Clumpak (Kopelman et al. 2015), which creates 

average plots of the 20 runs for each value of the 10 values of K. As initial runs found European 

specimens to be very different from North American specimens, a second set of structure 

analyses were conducted excluding European samples and using the 73 North American bees 

with the same parameters. This was done to ensure that strong genetic differentiation between 

European and North American specimens did not mask any structure within the North American 

data. 

 

 

RESULTS 

 

Phylogeographic analysis of COI sequences 

 We detected 8 unique COI haplotypes within the 95 L. zonulum tested (Fig. 3.2; Table 

3.5). Haplotype 1 was the most prevalent (85 sequences) and was found on both continents and 



 

76 

 

in all areas except Oregon, which had a sample size of 1 (Fig. 3.3; Table 3.5). Both North 

American and European specimens had unique sets of haplotypes. Haplotypes 2-5 were only 

found in North America, with haplotype 2 found in Ontario, and haplotypes 3, 4 and 5 collected 

close to the west coast (Fig. 3.2; Fig. 3.3). These North American haplotypes were the most 

different in terms of pairwise dissimilarity and single nucleotide polymorphisms in comparison 

to the other haplotypes (Fig. 3.2; Table 3.5). Haplotype 1 is very distinct from haplotypes 2, 4, 

and 5, with 25, 24, 20 SNPs respectively (Fig. 3.2). Haplotypes 6-8 were only found in central 

Europe, with haplotype 8 found in both Germany and Italy. All three haplotypes were only a 

single SNP different from Haplotype 1 (Fig. 3.2). These genetic differences demonstrate at least 

2 different genetic groups found in North America, with the most prevalent haplotype (haplotype 

1) being the most closely related to those found in Europe. 

 Analysis of the branching pattern of L. zonulum COI sequences in a neighbour joining 

tree separate specimens into at least two, but possibly four major branches (Fig. 3.4). The first 

split separates specimens with haplotypes 2, 4 and 5 (n = 3) from the rest of the specimens (n = 

92). This creates two unique branches, a small one consisting entirely of North American 

specimens, and a larger one containing both North American and European specimens (Fig. 3.4). 

The 3 bees in the strictly North American branch come from three geographic areas; Ontario, 

Canada; British Columbia, Canada; and Oregon, U.S.A, with geographic distances between the 

specimens ranging from 600 km to over 3000 km (Fig. 3.3). Specimens from the larger branch 

are found across North America and Europe (Fig. 3.3). The two major branches can be further 

split into 4 genetically distinct branches, with at least 4 SNPs between the specimens (Fig. 3.2; 

Fi. 3.4). Of these 4 branches, 3 contain specimens from North America and have haplotypes only 

found in North America (haplotypes 2-5). The fourth and largest branch contains 96% of the 
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specimens (n = 91) and consists of specimens from both North America and Europe. Specimens 

from this branch are more genetically similar to each other than those from the other 3 branches. 

Of the 91 sequences, 85 (93%) shared the same haplotype (haplotype 1), with only European 

specimens (n = 6) having different haplotypes. 

We used hierarchical Analysis of Molecular Variance (AMOVA) to investigate genetic 

differentiation in COI sequences among continents and geographic areas (Table 3.6). We found 

no significant differentiation among continents (AMOVA, df = 1, FST = 0.267, p = 0.304) but we 

did find significant variation among regions within continents (AMOVA, df = 9, FSC = 0.344, p = 

0.023; Table 3.6). This is most likely driven by the genetically distinct haplotypes found in North 

America.  

 

Microsatellite allele and locus characteristics 

 We scored 34 different alleles across 8 microsatellite loci (mean = 4.3 ± 1.2 alleles/locus; 

Table 3.7). Only 2 of the 8 loci had observed heterozygosity (Ho) higher than the expected 

heterozygosity (He), with the average Ho lower than the He (mean = 0.137 ± 0.092 and 0.196 ± 

0.113 respectively). These two loci as well as Loen-C8 were the only 3 loci that did not exhibit 

signs of genetic differentiation among the 6 sample regions. The other 5 loci had values of FST 

either approaching or above the critical value of 0.20. These values suggest that there is genetic 

structuring between populations regarding loci Lleu-A73, Lleu-B27, Lleu-B34, B72 and Lleu-

E6. Thus, there are barriers to gene flow among the 6 regions, as the mean across all loci is 

significantly different from 0, and above the 0.2 threshold (FST = 0.235, p < 0.0001; Table 3.7). 



 

78 

 

Similar results were also found calculating G’ST, which is similar in function to FST but takes into 

account loci with higher numbers of alleles.  

Testing each locus by region for a departure from Hardy-Weinberg equilibrium (HWE) 

revealed 11 significant differences among the 48 tests (Table 3.8). We found 19 of these locus-

region pairs to be monomorphic and 18 to not differ from HWE. None of the loci were 

consistently out of HWE across all regions. Tests for linkage disequilibrium resulted in no 

significance between any of the 168 region-by-locus tests within each of the 6 regions and 

between all 8 loci. The same result of no significance between loci-pairs was found when 

examining the 28-pairs across the entire population. Since there was no evidence of linkage 

disequilibrium, all loci were retained for further analysis.  

 North American specimens were less genetically variable than those from Europe. The 

loci Loen-A31 and Loen-C8 were both monomorphic across all North American regions but not 

in Europe (Table 3.8). Lleu-A73 and Lleu-B27 were significantly out of HWE in 3 of the 5 

North American regions but were in equilibrium in Europe (Table 3.8). Allelic richness was 

lower among the 5 North American regions (mean NAR = 1.54 ± 0.20 alleles / region) than in 

Europe (NAR = 2.60; Table 3.9). European sequences included 10 private alleles, which was more 

than the 7 private alleles found across 5 of the North American regions (Table 3.9). Each North 

American region had mean values of observed heterozygosity below the expected heterozygosity 

across the 8 loci, whereas European observed and expected heterozygocities were nearly 

identical (Table 3.9). This is reflected in both the high levels of inbreeding (> 0.16) in North 

America, and the extremely low FIS of -0.007 in Europe (Table 3.9).  
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Population differentiation 

 Pairwise analysis of genetic differentiation of specimens grouped between localities 

revealed similar patterns found amongst regions. FST values generated between pairs of localities 

ranged from -0.103 to 0.555 (mean = 0.172 ± 0.163; Table 3.10). European localities were not 

significantly differentiated from each other, despite specimens being from both Estonia and the 

United Kingdom. Estonian localities were significantly differentiated from North American 

localities (13 out of 14 pairwise comparisons), but the only UK locality was not (1 out of 7 

pairwise comparisons). This was most likely due to the small sample size from the Robertsbridge 

locality (n = 2 individuals) in the UK. North American localities were mostly differentiated from 

each other (14 of 21 pairwise comparisons). Arrowwood, Alberta had the smallest number of 

significant pairwise FST values within Canada (2 out of 6), with significant differentiation found 

between Arrowwood and the other Alberta locality (Mossliegh), as well as Arrowwood and the 

Brock locality from Ontario. 

 We used hierarchical Analysis of Molecular Variance (AMOVA) to investigate genetic 

differentiation in microsatellite data. In our AMOVA, we examined differentiation amongst 

continents, provinces, localities, and individuals. We first examined the differentiation of 

specimens grouped between continents and grouped by localities within continents. There was a 

significant amount of differentiation between North America and Europe (FRT = 0.196, p < 

0.0001), which explained 20% of the variation among all individuals (Table 3.11A). There was 

significant genetic differentiation at all levels of analyses with the lowest degree of 

differentiation found amongst localities within continents (FSR = 0.127), which still accounted for 

10% of the allelic variation. We then examined the differentiation of specimens within North 

America grouped by province, and then grouped by localities within each province. There was 
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no differentiation amongst Alberta, Saskatchewan and Ontario (FRT = -0.067, p = 0.999; Table 

3.11b). The other F-statistics were significantly different from 0, however differentiation among 

localities within provinces (FSR = 0.190, p < 0.0001) was higher than differentiation among 

localities within the total North American population (FST = 0.135, p < 0.0001). This suggests 

that geographically closer populations have higher genetic differentiation than when considering 

populations from the entire range. 

 Isolation by distance was only significant when all localities were included in the analysis 

(Mantel test, r = 1, p = 0.001). No significant isolation by distance was revealed when only North 

American localities were included in the analysis (Mantel test, r = 0.096, p = 0.252). This 

suggests Europe and North America are isolated, but that North American populations are not 

genetically isolated by distance from each other despite the large distances between them. 

 Analysis using GESTE v2.0 was conducted on all localities as well as on only North 

American localities. When considering all localities, the model including only the constant term 

had the highest posterior probability (Table 3.12A). In this same analysis, the model with both 

the constant term and longitude had the second highest posterior probability, and longitude on its 

own had the single highest probability of the individual factors tested (Table 3.12A). When only 

North American localities were analysed, the model which only included the constant term had 

the highest posterior probability, with all other posterior probabilities much lower.(Table 3.12B). 

This suggests that when all localities are included, the longitudinal distance between North 

America and Europe can predict the population structure nearly as well as the constant. When 

European localities were dropped from the analysis, the results show that neither longitude nor 

latitude can predict the population genetic structure in North America. 
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 We used Bayesian statistics to determine whether L. zonulum had a single introduction 

into North America (K ≤ 2), or if there were multiple introductions (K ≥ 3). Analysis through 

STRUCTURE indicated that the 10 sampled localities comprised either K = 2 or K = 4 groups, 

inferred by the Evanno et al. (2005) and Pritchard et al. (2000) methods respectively (Fig. 3.5). 

When K = 2 the specimens from European localities along with a small number of individuals 

from across North America infer a primarily European ancestral population. In this case, most of 

the specimens from Canadian localities form a second exclusively North American ancestral 

population. This suggests two lineages of L. zonulum, one primarily European in origin, and the 

other North American. When K = 3 the same European group was obvious, however North 

America exhibited 2 groups that were not geographically isolated but found in 4 different 

localities across Saskatchewan and Ontario. However, this value for K was not supported by 

either the Evanno or Pritchard methods. When K = 4 there was a distinct European group and 

three groups in North America. One North American group (blue; Fig. 3.5) was found in the 

highest concentration in Saskatchewan, with lower representation in Alberta and Ontario. A 

second group (purple) was found in both Saskatchewan and southeastern Ontario. The third 

group (green) was found primarily in Ontario, with a few members in Alberta and Saskatchewan, 

with fewer members than the previous 2 groups. When K = 5 the major group that was described 

in K = 3 and K = 4 (purple) remained relatively unchanged, whereas all other individuals had 

high probabilities of belonging to the other 4 groups. The European group was much less 

distinct, with many of the Saskatchewan and Alberta individuals belonging to the group. These 

findings suggest one European lineage as well as at least 3 major lineages in North America. 

These findings align with our previous analysis of the branching pattern in COI sequences (Fig. 

3.4). 
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Omitting European localities from the analysis did not change group membership of 

North American specimens, but different values of K were suggested by both the Evanno et al. 

(2005) and the Pritchard et al. (2000) methods (Fig. 3.6). When K = 2, there was a strong 

likelihood of being clustered with group 1 (blue) in Saskatchewan and southeastern Ontario, with 

individuals more likely to belong to group 2 (orange) in Alberta and southwestern Ontario. The 

Evanno et al. (2005) method suggested K = 3 in North America, which followed a similar pattern 

to K = 4 when Europe was previously included in the analysis (Fig. 3.5). The Pritchard et al. 

(2000) method suggested K = 4, which showed a main group of individuals (purple) found in 

Saskatchewan and southeastern Ontario, with all other specimens having similar probabilities of 

being clustered into any of the other 3 groups. While these results varied in the specifics from the 

analysis including Europe, it was still suggested that there were at least 3 introductions of L. 

zonulum to North America. 

 

 

DISCUSSION 

 

Lasioglossum zonulum was widely introduced to North America in the last 500 years 

prior to the mid 1800s, most likely accidently through colonization, shipping, and trade. Genetic 

evidence supports at least 3 major introductions, with at least 1 major introduction from Europe. 

Although there is the possibility of a native population on the west coast or introductions directly 

from Asia, more extensive genetic sampling of western North America and eastern Asia is 

needed to support these claims.  
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Major introduction of Lasioglossum zonulum from Europe 

In the debate over whether L. zonulum is a Holarctic bee native to North America 

(McGinley 1986; Pesenko et al. 2000) or an introduced species from Europe (Giles and Ascher 

2006), our results support the latter. Our prediction of all North American L. zonulum being 

genetically distinct in terms of mtDNA from European specimens was not met, as we found most 

individuals from Europe and North America (n = 85) to share the same haplotype, and no 

significant differentiation between populations from each continent (Fig. 3.2; Table 3.6). The 

neighbour-joining tree we produced depicts a branching pattern with 2 to 4 genetically distinct 

branches of L. zonulum (Fig. 3.4). This was mirrored in the STRUCTURE analysis, with a 

portion of North American and European sequences falling into the same group, whether it be 2 

or 4 (Fig. 3.2; Fig. 3.5). If North American populations had been separated from Eurasia since 

the disappearance of the Bering Land Bridge, we would expect them to have genetically distinct 

mtDNA due to lack of gene flow, as was the case in Halictus rubicundus (Soucy and Danforth 

2002). 

Our results suggest a more recent introduction of L. zonulum to North America much like 

L. leucozonium, however not under as strict of a bottleneck. The European L. leucozonium 

specimens analysed by Zayed et al. (2007) all shared the same COI haplotype with their North 

American counterparts and were from France, which is the suspected origin of North American 

L. leucozonium. Our European L. zonulum specimens were less specific to a probable origin 

location, but they still shared the most common haplotype found in North America (haplotype 1) 

or possessed haplotypes that were a single mutation from haplotype 1 (Fig. 3.2). While none of 

these European haplotypes were found in Canada, almost all specimens from Nova Scotia to 
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British Columbia had haplotype 1 (Fig. 3.3). This suggests an introduction from Europe across 

the Atlantic, much like other invasive bees such as L. leucozonium and Anthidium manicatum 

(Zayed et al. 2007; Strange et al. 2011). North American populations of L. zonulum are 

characterized by low levels of heterozygosity, high levels of inbreeding and proportionally more 

monomorphic loci and loci out of HWE when compared to Europe. This suggests North 

American populations did experience a founder effect. Our STRUCTURE analysis (Table 3.5) 

also suggests multiple introductions compared to the single L. leucozonium introduction. 

Together, these results show that L. zonulum was introduced to North America, albeit not under 

as strict a bottleneck as the introduction of L. leucozonium (Zayed et al. 2007).  

As suggested by Malloch (1918) concerning the invasion of Andrena wilkella from 

Europe to North America, the ground nesting L. zonulum was most likely introduced to North 

America in the soil ballast of ships or the soil of potted plants brought from Europe. This had to 

have occurred prior to the mid-1800s, as a L. zonulum specimen was collected in North America 

by Provancher in 1882, although it was identified as Halictus discus (Sheffield et al. 2011). 

North American populations do have high levels of inbreeding and reduced allelic diversity in 

comparison to European specimens, which indicates recent expansions (Austerlitz et al. 1997). 

As both French and Dutch settlements were established in eastern North America in the early 

1600s, it could be that nests of L. zonulum were introduced into North America in the soil of ship 

ballast and or potted plants during this time (Foster and Eccles 2019). 
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Explanation of genetically distinct North American specimens 

There are several potential explanations for the diverse genetic sequences of L. zonulum 

found in western North America. While at least one introduction was from Europe, our 

STRUCTURE analysis suggests at least 3 more introductions to North America (Fig. 3.5). 

Despite how 4 L. zonulum COI haplotypes unique to North America (haplotypes 2-5) were found 

primarily closer to the west coast (Fig. 3.3), we still expect any introduction in the last 500 years 

to be on the east coast of North America. A direct introduction of L. zonulum to the west coast, 

while possible, is very unlikely. The small minority of species introduced directly to the west 

coast (e.g. the introduction of Trissolocus japonicus to North America) occurred much more 

recently than in the mid-1800s when the first record of L. zonulum in North America was 

documented (Sheffield et al. 2011; Talamas et al. 2015). Most invasive bee species arrived on the 

east coast from the western Palearctic (Cane 2003). In addition, Spain was responsible for most 

of the earliest settlements in western North America, and there are few records of the range of L. 

zonulum expanding into Spain (Vining 2010). Therefore, it is unlikely that the unique L. zonulum 

sequences in western North America are the result of a direct introduction to the west coast. 

 The first potential explanation for why the western L. zonulum are genetically distinct is 

that they are the result of introductions from unstudied areas of Europe. Many North American 

introductions of European bees have been explained as an accidental side-effect of the 

colonization of North America and subsequent trans-Atlantic trade by England, France and Spain 

(Cane 2003). As L. zonulum is found across temperate Europe and we only have data from a few 

specific European locations, this could indicate introductions of L. zonulum from unstudied 

locations. If these introductions occurred around the same time and spread across Canada at the 

same rate, this would explain why we found examples of these 3 introductions from Ontario to 
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Alberta (Fig. 3.6). These separate introductions may have stayed genetically distinct due to the 

nature of solitary bees which have been shown to exhibit high structure between populations 

(López-Uribe et al. 2019). Sampling more regions in Europe would determine whether these 

genotypes are the result of introductions from other European countries.  

The haplotypes found at the western edge of the L. zonulum range could also represent 

the first wave of European invaders, which would have subsequently spread the furthest west 

(Excoffier et al. 2009). This is a process known as allelic surfing, in which after a bottleneck, 

alleles can “ride the wave” of range expansion and be prominent at the edge of the expansion 

(Klopfstein et al. 2006; Hofer et al. 2009). These genotypes could have been subsequently lost in 

most regions as the “wave” passed moving from east to west, explaining why these rare 

genotypes are more prevalent in the west. Our lack of microsatellite data from the western edge 

of the range of L. zonulum prevents us from examining this. In future studies, sampling 

populations from western North America may provide evidence for this hypothesis. 

Haplotypes 2-5 may also reflect introductions from Asia. Lasioglossum zonulum is found 

throughout most of temperate Asia, all the way to the pacific coast in China (Pesenko et al. 

2000). While most bee introductions from Asia occurred relatively recently, Megachile lanata is 

speculated to have arrived from Asia to North America during the 18th-19th century (Cane 2003), 

which coincides with when L. zonulum may have been introduced. Many Asian bee species such 

as Megachile sculpturalis from Japan were also introduced to the east coast of North America 

(Hinojosa-Díaz 2008). The same arguments used for European invasions from unstudied 

locations could therefore apply to an Asian invasion. More extensive genetic sampling of Asian 

and west coast North American L. zonulum would help to either support or discount this 

hypothesis. 
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Finally, the western haplotypes of L. zonulum may reflect a much earlier introduction 

across the Bering Land Bridge. This would explain why specimens with COI sequences 

substantially different from those found in Europe are found predominantly on the west coast of 

North America (Fig. 3.3). It would also explain why they are significantly different from other 

North American populations (Table 3.6), and why none of their haplotypes (haplotypes 2-5) 

were found in Europe (Fig. 3.2). The Bering Land Bridge is a predicted migration route for other 

halictids (e.g. the ancestor of Halictus ligatus and Halictus poeyi), which occurred during the 

Pleistocene, when sea levels were low (Eickwort et al. 1996; Danforth 1999). The presence of a 

Holarctic population as well as European introductions of L. zonulum would have resulted in the 

two populations mixing in central North America. This could explain why geographic distance 

did not suggest any strong correlation of genetic distance to longitudinal distance in North 

America (Table 3.12B), as is expected in a typical range expansion (Foll and Gaggiotti 2006). 

However, our studies of microsatellite alleles end in Alberta, with none from British Columbia. 

A more thorough study of the genetic relationship of L. zonulum from western Canada, Alaska 

and Siberia would aid in testing this hypothesis. 

 

Conclusions 

 The findings of this research conclude that Lasioglossum zonulum represents a non-native 

species in North America with at least 1 introduction from Europe, and 2 additional introductions 

with undetermined sources. Further examination of the population genetics in Europe, eastern 

Asia and western North America is needed to fully understand how L. zonulum arrived to North 

America and successfully integrated into the New World.
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TABLES 

 

 

Table 3.1 Hypothesized scenarios as to whether Lasioglossum zonulum is Holarctic in its range, 

or whether it was introduced to North America from the Palaearctic region. 

Migration scenario Mechanism of arrival Molecular symptoms 

Holarctic  The Bering Land Bridge  

(>13,000 years ago) 

mtDNA: approaching or reached 

reciprocal monophyly between Eurasia and 

North America. 

 

Microsatellites: Divergence between 

Eurasia and North America. 

Palaearctic European introduction  

(< 500 years ago) 

mtDNA: Highly similar or identical 

sequences between Eurasia and North 

America with a lack of variation in North 

America. 

Microsatellites: Evidence of genetic 

bottleneck in North America. 
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Table 3.2: Geographic groupings of 95 Lasioglossum zonulum COI sequences analysed across 

North America and Europe. 

Continent Geographic Area No. individuals 

North America British Columbia 3 

Oregon 1 

Alberta 12 

Saskatchewan 17 

Manitoba 10 

Ontario 26 

Nova Scotia 8 

Europe England 1 

Germany 11 

Italy 5 

Estonia 1 
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Table 3.3: Geographic groupings of 84 female Lasioglossum zonulum collected and genotyped at 8 microsatellite loci. Regions were 

used in analyses of Hardy Weinberg equilibrium and calculations of FIS and FST. Localities were used for all other analyses.  

Continent Region Locality  Locality 

code 

No. individuals Collection Locations 

Latitude Longitude 

North 

America 

 

Alberta Mossleigh  Mos 3 50.7370 -113.5323 

Arrowwood  Arw 7 50.5858 -113.0857 

50.6313 -113.0994 

Saskatchewan Indian Head  

 

InH 33 

 

50.5334 -103.6699 

Southwestern 

Ontario  

Southwestern Ontario  SWO 6 42.0063 -82.4949 

43.5685 -80.9165 

Southcentral 

Ontario  

Wainfleet  

 

Waf 15 

 

42.8806 -79.3777 

Southeastern 

Ontario 

Port Colborne 

 

PoC 6 

 

42.9269 -79.2586 

Brock Bro 3 43.1240 -79.2328 

43.1224 -79.2388 

43.1121 -79.2465 

Europe 

 

Europe Robertsbridge, United 

Kingdom  

 

Rob 2 

 

50.9855 0.4729 

Saare County, Estonia  SaC 6 58.3132 21.9089 

58.3372 21.8872 

58.2209 22.6869 

Aruküla & Mooste Counties, 

Estonia  

 

ArM 3 

 

58.8639 22.9836 

58.1593 27.1930 
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Table 3.4: Polymorphic microsatellite primers used for Lasioglossum zonulum originally designed for Lasioglossum leucozonium and 

L. oenotherae genomes by Zayed (2006). These Loci were successfully amplified in L. zonulum specimens. 

Locus GenBank 

Accession no. 

Primer sequence (5’-3’) Sequenced repeat motif 

Lleu-A52 DQ524976 F: ATTGCCAGAAGGGAGGAAAT  

R: GCCCTTATCTGTTTCCACGA 

(CT)2(CCT)2(CT)10 

Lleu-A73 DQ524978 F: AGGATACTGATTGCCGTGCT  

R: CGAAGAAGCATCACTTCACA 

(GT)2CT(GT)10 

Lleu-B27 DQ524979 F: CATTCGCCATCACCATTACC  

R: AGCAAAGACGAGAGGGAACA 

(TCT)2TCC(TCT)2TCC(TCT)2TCA(TCT)3 

(TCC)2(TCT)4 … (CGT)2(CCT)2(CGT)10 

Lleu-B34 DQ524980 F: GCTGCGGAATAAAACAGAGG  

R: GTCGTCATTCCTATGCGTCA 

(GA)3GGG(GA)2AA(GA)10 

Lleu-B72 DQ524982 F: CACGAAGGTGAAACGACTGA  

R: CGGGATACACGGCTATCTTC 

(GA)6CA(GA)3AA(GA)2CA(GA)6 

Loen-A31 DQ524983 F: AGAAGGATGAGCCACGAATG  

R: ATTTTCCCGGACACTGGTTT 

(GA)13GT(GA)8 

Loen-C8 DQ524985 F: ACGTTCGCCGGAAAATCTATTG  

R: CAAACTGCATGGGCGTGG 

(TC)21 

Loen-E6 DQ524990 F: TTAGTCCTCGCTCGACCAGT  

R: CTCAAGGGAGCATCGAAAAA 

(TCT)7(CCT)2 
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Table 3.5: Variation amongst 588bp COI sequence haplotypes found in 95 Lasioglossum 

zonulum females. A Hamming dissimilarity algorithm was used to create pairwise distance 

matrix differences counting the number of SNPs amongst haplotypes in UGENE v33.0 

(Okonechnikov et al. 2012). Ambiguity codes in Haplotype 1 and 5 were treated as missing data.  

Haplotype Mean pairwise 

SNPs (± SD) 

Range of pairwise 

SNPs 

1 12.1 ± 13 1 - 25 

2 21 ± 12.5 1 - 26 

3 12.3 ± 8.5 5 - 21 

4 20.1 ± 12.3 1 - 25 

5 15.4 ± 7.7 4 - 21 

6 12.4 ± 12.4 1 - 24 

7 13 ± 13.2 1 - 26 

8 13 ± 13.2 1 - 26 

Total 14.9 ± 11.6 1 - 26 
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Table 3.6: Analysis of Molecular Variance (AMOVA) of 95 Lasioglossum zonulum COI 

sequences from the 11 regions sampled demonstrates significant differentiation among regions 

within continents and no differentiation between North America and Europe. FST = Fixation 

index between continents, FSC = Fixation index among regions within continents. FCT = Fixation 

index among regions within the total population. Bold text signifies significant F-statistics at P < 

0.05 at 1000 permutations. 

Source of variation d.f. 

Sum of 

squares 

Estimated 

variance 

Percent of 

Variation F-Statistics Value 

Between continents 1 17.667 -1.920 -11.750 FST 0.267 

Among regions 

within continents 9 548.394 6.284 38.456 FSC 0.344 

Among all regions 84 10006.065 11.977 73.295 FCT -0.118 

Total 94 1572.126 16.341 100%   
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Table 3.7: Characteristics of the 8 polymorphic microsatellite loci amplified in 84 females of 

Lasioglossum zonulum across 6 geographic regions. Size indicates the range in PCR product size 

at a locus, subtracting the M13 tail. NA = Number of Alleles at each locus, No. Genotyped = the 

number of individuals successfully genotyped out of the total 84 specimens, Ho = Observed 

heterozygosity, He = Expected heterozygosity, FST = Fixation index, G'ST = Genetic 

differentiation measure. Bold values indicate significant differentiation (P<0.05) among the 6 

regions calculated using 9999 permutations on GenAlEx. 

Locus Size (bp) NA No. 

Genotyped 

Ho He FST G’ST 

Lleu-A52 183-191 4 75 0.301 0.298 0.044 -0.002 

Lleu-A73 214-222 5 73 0.191 0.240 0.351 0.308 

Lleu-B27 211-223 5 84 0.188 0.354 0.176 0.122 

Lleu-B34 172-180 5 80 0.150 0.178 0.347 0.310 

Lleu-B72 206-222 5 69 0.096 0.205 0.228 0.157 

Loen-A31 214-216 2 74 0.017 0.016 0.042 -0.007 

Loen-C8 228-250 5 72 0.037 0.064 0.118 0.040 

Loen-E6 210-228 3 76 0.118 0.233 0.308 0.254 

Mean across all loci 4.3 75.4 0.137 0.199 0.235 0.148 
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Table 3.8: Chi-square tests for Hardy-Weinberg equilibrium (HWE) at 8 microsatellite loci genotyped in 84 female Lasioglossum 

zonulum specimens from 6 geographic regions. df = degrees of freedom, X2 = chi-square value, N.m = number of sequences with 

missing genotypes if any. Blank cells indicate that a locus was monomorphic in a particular region. Light grey shading indicates HWE 

and dark grey shading indicates significant deviation from HWE (p < 0.05). Total sample sizes are given in parentheses. 

Locus Region 

Southern   

Alberta (10) 

Indian Head (33) SW Ontario (6) Southcentral 

Ontario (15) 

SE Ontario (9) Europe (11) 

 

df X2 N.m df X2 N.m df X2 N.m df X2 N.m df X2 N.m df X2 N.m 

Lleu-A52 1 0.16 2 1 3.40 4 3 3.38  1 0.01  1 0.19 2 3 0.12 1 

Lleu-A73 3 8.44 1 3 60.00 3 1 6.00  3 5.54 1    6 2.88 3 

Lleu-B27 1 0.03  1 28.55     1 10.61  3 14.01  6 3.97  

Lleu-B34 3 0.12 0    1 6.00        3 0.61 1 

Lleu-B72 1 0.05 4 1 0.09 5 1 5.00 1       6 16.55 1 

Loen-A31                1 0.03 1 

Loen-C8                10 36.00 2 

Loen-E6 3 7.06 3 1 0.03 2 1 <0.01  1 14.00 1       
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Table 3.9: Collection regions and genetic characteristics for 84 female Lasioglossum zonulum 

collected and genotyped at 8 microsatellite loci. N = Number of individuals collected from that 

region. NAR = Allelic richness rarefied by the smallest sample size in the data set. Np= Number 

of private alleles, Ho = Observed heterozygosity, He = Expected heterozygosity, FIS = Inbreeding 

coefficient. 

Continent Region N NAR Np Ho He FIS 

North America Southern Alberta 10 1.78 2 0.135 0.162 0.167 

Indian Head 33 1.36 1 0.051 0.116 0.559 

Southwest Ontario 6 1.73 3 0.125 0.231 0.459 

Southcentral Ontario 15 1.51 - 0.076 0.194 0.608 

Southeast Ontario 9 1.34 1 0.050 0.104 0.523 

Europe 11 2.60 10 0.386 0.384 -0.007 
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Table 3.10: Pairwise measures of genetic differentiation (FST) of 84 Lasioglossum zonulum females genotyped at 8 microsatellite loci 

between localities show bees from localities within Europe are not differentiated from each other (blue), bees from European and 

North American localities are mostly differentiated from each other (green), and bees from localities within North America are mostly 

differentiated from each other (yellow). Pairwise FST values between localities are below the main diagonal and pairwise probability 

values based on 9999 permutations in GenAlEx are shown above the diagonal with all significant differences boldened. Number of 

individuals in each locality are given in parentheses. 

Country 

  

  
Estonia UK Canada 

 
Province / 

County 

 
Polva 

& Hiiu 

Saar E Sussex  Ontario Saskat-

chewan 

Alberta 

  
Locality ArM Saa   Rob   Bro  PoC  

  

Waf  SwO  InH   Arw   Mos   

Estonia Põlva 

 & Hiiu  

ArM (3)   0.449 0.474 0.016 0.270 0.001 0.002 0.000 0.021 0.002 

Saare   Saa (6) 

  

-0.010    0.205 0.000 0.000 0.000 0.000 0.000  0.000 0.000 

England E Sussex  Rob (2) 

  

-0.021  0.044   0.279 0.418 0.191 0.320 0.083  0.368 0.004 

Canada Ontario Bro (3) 

  

0.208 0.250 0.054   0.141 0.044 0.018 0.019 0.039 0.002 

PoC (6) 

  

0.035 0.199 -0.095 0.079 
 

0.002 0.041 0.000 0.346 0.132 

Waf (15) 

  

0.319 0.321 0.055 0.117 0.159 
 

0.407 0.006 0.157 0.000 

SwO (6) 

  

0.239 0.273 0.015 0.193 0.082 -0.012   0.001 0.314 0.004 

Saskat- 

chewan 

InH (33) 0.366 0.373 0.102 0.142 0.201 0.048 0.146   0.220 0.000 

Alberta  Arw (7) 

  

0.151 0.190 -0.103 0.145 0.008 0.026 0.012 0.013   0.001 

Mos (3) 

  

0.369 0.463 0.343 0.478 0.083 0.453 0.292 0.555 0.380   
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Table 3.11: Analysis of Molecular Variance (AMOVA) based on microsatellite genotypes among all 10 localities (A) demonstrates 

significant differentiation between continents and within them while analysis of the 7 North American localities (B) shows no 

difference between provinces, but differentiation within and between the localities. FRT = Fixation index between regions (continents 

(A) or provinces (B)). FSR = Fixation index among localities within regions. FST = Fixation index among localities within the total 

population. FIS = Fixation index among individuals within localities. FIT = Fixation index of individuals within the total population. 

Bold text signifies significant F-statistics at P < 0.0001. 

A) All localities 

Source of variation d.f. 

Sum of 

squares 

Mean 

squares 

Estimated 

variance 

Percent of 

Variation  F-Statistics Value 

Between continents 1 17.910 17.910 0.351 20%  FRT 0.196 

Among localities within continents 8 38.665 4.833 0.183 10%  FSR 0.127 

Among Individuals 74 155.646 2.103 0.846 47%  FST 0.298 

Within Individuals 84 34.500 0.411 0.411 23%  FIS 0.673 

Total 167 246.720  1.791 100%  FIT 0.771 

 

 

B) North American localities 

Source of variation d.f. 

Sum of 

squares 

Mean 

squares 

Estimated 

variance 

Percent of 

Variation  F-Statistics Value 

Between provinces 2 10.699 5.349 0.000 0%  FRT -0.067 

Among localities within provinces 5 24.458 4.892 0.270 19%  FSR 0.190 

Among Individuals 65 132.699 2.042 0.887 62%  FST 0.135 

Within Individuals 73 19.500 0.267 0.267 19%  FIS 0.769 

Total 145 187.356  1.424 100%  FIT 0.800 
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Table 3.12: The effect of latitude and longitude on the genetic structure of Lasioglossum 

zonulum populations using GESTE v2.0. (i) = posterior probabilities for latitude, longitude and 

the interaction term independently, (ii) = posterior probabilities for each model. Bold indicates 

the highest probability model. Note that Constant, longitude model in A) has nearly as high of a 

posterior probability as the Constant model on its own. 

A) All populations 

i) Factor Posterior probability 

 Latitude 0.153 

 Longitude 0.463 

 Latitude x Longitude 0.0147 

 

ii) 

 

Model 

 

 Constant 0.424 

 Constant, latitude 0.0985 

 Constant, longitude 0.408 

 Constant, latitude, longitude 0.0544 

 Constant, latitude, longitude, latitude x longitude 0.0147 

 

B) North American populations 

i) Factor Posterior probability 

 Latitude 0.147 

 Longitude 0.145 

 Latitude x Longitude 0.0337 

 

ii) 

 

Model 

 

 Constant 0.721 

 Constant, latitude 0.100 

 Constant, longitude 0.0986 

 Constant, latitude, longitude 0.0468 

 Constant, latitude, longitude, latitude x longitude 0.0337 
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FIGURES 

 

 

 

Figure 3.1: Map of the 11 geographic areas in which Lasioglossum zonulum populations were sampled for mtDNA and 8 

microsatellite loci. Only 5 of the areas were sampled for microsatellite analyses. The 10 localities used for microsatellite analysis are 

labeled in parentheses, with smaller maps showing the distribution of these localities in areas where more than one locality was 

sampled. 



 

101 

 

 

 

Figure 3.2: Haplotype network of Lasioglossum zonulum based on 588 bp of the mitochondrial 

COI gene. Colours indicate the sample regions; dashes indicate the number of single nucleotide 

substitutions between haplotypes. Note that haplotypes 2-5 are only found in North America, and 

haplotypes 6-8 are only found in Europe. 
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Figure 3.3: Map of Lasioglossum zonulum haplotype frequencies based on COI sequences among different sampling regions in North 

America and Europe. Size of pie charts are relative to the sample size of each region. Note that 3 of the 5 North American haplotypes 

(haplotypes 3-5) are only found in western North America. 
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Figure 3.4: Neighbour joining tree of 95 Lasioglossum zonulum specimens inferred from COI sequences under a Kimura 2 parameter 

distance model. Node A) separates the tree into two major branches, a small branch composed of 3 North American sequences, and a 

large branch composed of both European and North American sequences. Nodes B) and C) split the tree into 4 major branches, 3 

small North American branches, and 1 large branch containing both North American and European sequences. Lasioglossum scitulum 

was used as the outgroup (black). Haplotype numbers are listed at the tips of the tree, with ambiguity codes in some sequences causing 

differentiation in Haplotype 1. 
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Figure 3.5: Group membership of 84 Lasioglossum zonulum as computed by STRUCTURE for values of K between 2-5 using data 

from 8 microsatellite loci. Each vertical bar represents the probability of an individual’s genome belonging to a particular group, with 

each group denoted by a colour. Probabilities were calculated as means over 10 runs for each level of K using STRUCTURE and were 

visualized with Clumpak. The number of groups inferred using the Evanno et al. (2005) method suggested K = 2, whereas K = 4 was 

inferred with the Pritchard et al. (2000) method.
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Figure 3.6: Group membership of 73 North American Lasioglossum zonulum as computed by STRUCTURE for values of K between 

2-5 using data from 8 microsatellite loci. Each vertical bar represents the probability of an individual’s genome belonging to a 

particular group, with each group denoted by a colour. Probabilities were calculated as means over 10 runs for each level of K using 

STRUCTURE and were visualized with Clumpak. K = 3 was inferred using the Evanno et al. (2005), whereas K = 4 was more likely 

through analysis using the Pritchard et al. (2000) method. 
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Chapter 4 : General Discussion 

 This thesis aimed to describe the social behaviour, demography and population structure 

of Lasioglossum zonulum, a sweat bee from the family Halictidae. I showed that L. zonulum is 

solitary and partially bivoltine as well as demographically polymorphic. I also reaffirmed that the 

closely related and more ancestral species Lasioglossum leucozonium is solitary and univoltine. 

These findings support that L. zonulum represents a transition from solitary to eusocial behaviour 

as described by Seger (1983), as it has a solitary ancestor and is also a solitary and partially 

bivoltine halictid. The strictly demographic polymorphism between univoltine and bivoltine 

states in different environments has yet to be documented in temperate halictines. North 

American L. zonulum populations are also the product of at least three successful biological 

invasions, with a minimum of one being from Europe. While most of the North American 

specimens shared close genetic relationships in mitochondrial DNA with those analysed from 

Europe, a minority from western Canada varied substantially. Bayesian analysis using 

microsatellite markers demonstrated that most North American specimens differed from 

European specimens, with 3 groupings of specimens spread across North America without 

regional clustering. These results suggest multiple introductions, with multiple origins most 

likely occurring in the last 500 years. 

The existence of univoltine and bivoltine phenotypes of L. zonulum in North America 

may be caused by differing genotypes. The behaviour of L. zonulum was previously only 

described in Kiev, Russia (Golubnichaya and Moskalenko 1992), with the species labeled 

univoltine. While this may reflect the behavioural plasticity of L. zonulum with univoltine 

behaviours expressed in more northern populations, this may also be caused by separate 

genotypes associated with univoltinism. This is the case in European populations of L. 
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calceatum, in which transplant experiments showed that females from Northern populations still 

produced univoltine nests in areas in which conspecifics are eusocial (Davison and Field 2018). 

As our analysis indicated multiple introductions of L. zonulum to North America, it could mean 

that populations carrying the univoltine and bivoltine genotypes were separately introduced from 

different populations. In the sweat bee Halictus rubicundus, separate genetic lineages in North 

America were found in populations which expressed univoltine versus bivoltine demographies 

(Soucy and Danforth 2002). It is believed both a univoltine and a bivoltine lineage of H. 

rubicundus migrated from Europe to North America (Soucy and Danforth 2002). My research 

does not provide evidence that there is a latitudinal relationship in genetic differentiation in 

North America to suggest this, however it is possible that univoltine populations of L. zonulum 

live alongside bivoltine populations. In H. rubicundus, it is well known that some Brood 1 

offspring in bivoltine populations behave like univoltine populations and enter diapause without 

becoming workers, in a form of brood divalency (Yanega 1988, 1989, 1990). The presence of 

univoltine nests living in tandem with bivoltine nests could have been missed by my analysis. If 

univoltine nests are genetically distinct from bivoltine nests but similar to northern populations, 

this may mask a latitudinal relationship with genetic differentiation. Our analysis with 

STRUCTURE showed distinct groups of L. zonulum living in the same regions, however the 

nature of my research does not allow for direct connections of nest specific behaviour and 

genotypes. 

 

Impact of research 

 My research on the behaviour of L. zonulum has helped to fill knowledge gaps in 

behavioural data of Halictidae. Unfortunately, behavioural data for many species of sweat bee 
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are missing (Packer 1998; Onuferko et al. 2015). This is especially true for the Leuchalictus 

subgenus, with relatively few studies examining the social behaviours within the subgenus 

(Packer 1998; Miyanaga et al. 2000; Boesi et al. 2009). Finding another solitary and bivoltine 

species within this subgenus has only made analysing the behaviours of the other species more 

important. By mapping behavioural data to the phylogeny of these species, we can better 

understand how eusociality is evolving in the subgenus, as has been done on a larger scale with 

bee subfamilies and tribes (Richards 2019). My research also suggests that analysis of social 

behaviour of halictids in multiple environments should be conducted before they are classified as 

solitary or eusocial. 

My study of L. zonulum has provided insight and revealed a model species for future 

studies on the origin of eusociality. We reasoned that the demographic polymorphism of L. 

zonulum represents an adaptive shift from a single brood generation per breeding season to two 

generations per breeding season, a vital component to most theories for the evolution of 

eusociality that is often glossed over (Wheeler 1923; Wilson 1971). Lasioglossum zonulum also 

exhibits two phenotypic shifts in demographic polymorphism. The first is the shift of foundresses 

from producing a single brood to multiple broods in a breeding season, while the second is a shift 

from Brood 1 daughters mating and entering diapause to forgoing diapause and producing a 

brood immediately. The bivoltine ground plan hypothesis introduced by Hunt and Amdam 

(2005) explains how bivoltinism leads to the evolution of eusociality in Polistes wasps, and it is 

said to apply to halctines as well. In this hypothesis, it is posited that either the diapause destined 

phenotype or the foraging and reproductive destined phenotype is determined by nutrition and 

physiological changes (Hunt 2012). This would reflect maternal manipulation, as foundresses 

could change the food quality they supply their offspring to initiate a reproductive first brood 
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versus a diapausing first brood (Kapheim et al. 2011). Alternatively, Brood 1 offspring could 

take environmental cues upon eclosion to determine if entering diapause or leaving to reproduce 

is a strategy that will result in better fitness. Mating quickly in the sweat bee Halictus rubicundus 

played a role in whether females entered diapause, since being mated is essential to diapausing 

behaviour in halictids (Yanega 1988). This aligns with what is found in Niagara L. zonulum, in 

which newly eclosed females were collected before males appeared. Regardless, by identifying 

L. zonulum as a solitary and bivoltine halictid, we can further test how well the bivoltine ground 

plan hypothesis applies to it. 

 By demonstrating that L. zonulum was introduced to North America, I have provided 

another example of an invasive bee species that has become well established in its new 

environment. Few studies have been conducted on the introduction of solitary halictids to North 

America (Zayed et al. 2007), and my analysis demonstrates that accidental introductions were 

common enough that L. zonulum had multiple. This suggests that there may be more “Holarctic” 

species of sweat bee in North America that were introduced during the colonization of the New 

World. 

 

Proposed future projects 

 Studies of the behaviour of L. zonulum which involve nest observation and excavation 

would help to better understand the nature of how and why this species behaves solitary and 

partially bivoltine. Studies modeled after Richards (2000) and Awde and Richards (2018), in 

which foragers were individually marked and observed to confirm their identities as foundresses 
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and Brood 1 offspring are vital. This is because they would aid in determining how much both 

old foundresses and Brood 1 offspring contributed to Brood 2.  

 Transplant experiments as well as analysing the genetic variation between univoltine and 

bivoltine nests of L. zonulum would help to elucidate the relationship of genotype and behaviour. 

By moving univoltine nests to environments which support bivoltine nests as in the study 

conducted by Davison and Field (2018), and by comparing the genotypes of nests which express 

different levels of voltinism as was conducted in Soro et al. (2010), we can better understand the 

relationship between the environment, genotype and behavioural phenotype of L. zonulum. 

 Finally, more vigorous sampling of genetic data from L. zonulum populations in Asia, 

Europe and western Canada would answer questions raised in chapter 3 concerning genetic 

differentiation in western Canada. By evaluating genetic data from other possible origins of the 

invasion of L. zonulum to North America, we can better understand how it became so well 

established as to be considered native prior to the current study. 

 

Conclusions  

 In conclusion, Lasioglossum zonulum is a solitary and partially bivoltine bee which was 

introduced to North America in the last 500 years. It represents an evolutionary transition from 

solitary to eusocial behaviour and warrants further investigation to determine how and why this 

shift occurs.  
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APPENDIX 

 

Table A1: Total collections per week in the Niagara region from 2003-2018 and Calgary in 2016. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Month Week  Niagara 

Collections 

Calgary Collections 

(2016) 

March 

 

-4 1 0 

-3 0 0 

April 

 

-2 0 0 

-1 0 0 

0 5 0 

1 12 0 

May 2 22 0 

3 37 0 

4 36 0 

5 43 0 

6 50 0 

June 7 44 0 

8 43 0 

9 47 6 

10 35 20 

11 46 10 

July 12 39 48 

13 44 91 

14 50 91 

15 42 103 

August 16 43 75 

17 52 84 

18 39 66 

19 52 83 

20 38 0 

September 21 40 0 

22 23 0 

23 35 0 

24 4 0 

25 6 0 
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Table A2: List of Cytochrome oxidase subunit 1 sequences used for phylogenetic analysis. 

Identification codes differ based on the research institute which utilizes them (e.g. accession 

numbers from NCBI). Specimens with two codes were donated to the Brock Bee Lab for DNA 

extraction, the donor code and institution name are supplied in parentheses.  

ID Species Institution 

LZ112 Lasioglossum zonulum Brock Bee Lab 

LZ134 Lasioglossum zonulum Brock Bee Lab 

LZ173 Lasioglossum zonulum Brock Bee Lab 

LZ203 Lasioglossum zonulum Brock Bee Lab 

LZ205 Lasioglossum zonulum Brock Bee Lab 

LZ206 Lasioglossum zonulum Brock Bee Lab 

LZ209 Lasioglossum zonulum Brock Bee Lab 

LZ210 Lasioglossum zonulum Brock Bee Lab 

LZ217 Lasioglossum zonulum Brock Bee Lab 

LZ227 Lasioglossum zonulum Brock Bee Lab 

LZ253 Lasioglossum zonulum Brock Bee Lab 

LZ255 Lasioglossum zonulum Brock Bee Lab 

LZ256 Lasioglossum zonulum Brock Bee Lab 

LZ257 Lasioglossum zonulum Brock Bee Lab 

LZ258 Lasioglossum zonulum Brock Bee Lab 

LZ259 Lasioglossum zonulum Brock Bee Lab 

LZ261 Lasioglossum zonulum Brock Bee Lab 

LZ300 

(1166234) 

Lasioglossum zonulum Brock Bee Lab 

(University of Calgary) 

LZ301 

(1166221) 

Lasioglossum zonulum Brock Bee Lab 

(University of Calgary) 

LZ302 

(1166214) 

Lasioglossum zonulum Brock Bee Lab 

(University of Calgary) 

LZ303 

(1166234) 

Lasioglossum zonulum Brock Bee Lab 

(University of Calgary) 

LZ304 

(1166233) 

Lasioglossum zonulum Brock Bee Lab 

(University of Calgary) 

LZ311 

(11664847) 

Lasioglossum zonulum Brock Bee Lab 

(University of Calgary) 

LZ320 

(1165012) 

Lasioglossum zonulum Brock Bee Lab 

(University of Calgary) 

LZ323 

(1166213) 

Lasioglossum zonulum Brock Bee Lab 

(University of Calgary) 

LZ326 

(1164627) 

Lasioglossum zonulum Brock Bee Lab 

(University of Calgary) 

LZ380 

(1166467) 

Lasioglossum zonulum Brock Bee Lab 

(University of Calgary)  

LZ442  

(TUZ024704) 

Lasioglossum zonulum Brock Bee Lab  

(University of Tartu) 

LZ448 Lasioglossum zonulum 
Brock Bee Lab 

(Royal Saskatchewan Museum) 

LZ449 Lasioglossum zonulum 
Brock Bee Lab 

(Royal Saskatchewan Museum) 
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ID Species Institution 

LZ450 Lasioglossum zonulum 
Brock Bee Lab 

(Royal Saskatchewan Museum) 

LZ451 Lasioglossum zonulum 
Brock Bee Lab 

(Royal Saskatchewan Museum) 

LZ452 Lasioglossum zonulum 
Brock Bee Lab 

(Royal Saskatchewan Museum) 

LZ453 Lasioglossum zonulum 
Brock Bee Lab 

(Royal Saskatchewan Museum) 

LZ454 Lasioglossum zonulum 
Brock Bee Lab 

(Royal Saskatchewan Museum) 

LZ456 Lasioglossum zonulum 
Brock Bee Lab 

(Royal Saskatchewan Museum) 

LZ457 Lasioglossum zonulum 
Brock Bee Lab 

(Royal Saskatchewan Museum) 

LZ463 Lasioglossum zonulum 
Brock Bee Lab 

(Royal Saskatchewan Museum) 

LZ464 Lasioglossum zonulum 
Brock Bee Lab 

(Royal Saskatchewan Museum) 

ASGCB096-13 Lasioglossum zonulum Barcode of Life 

ASGCB128-13 Lasioglossum zonulum Barcode of Life 

ASGCB145-13 Lasioglossum zonulum Barcode of Life 

ASGCB153-13 Lasioglossum zonulum Barcode of Life 

ASGLF019-11 Lasioglossum zonulum Barcode of Life 

ASGLF033-11 Lasioglossum zonulum Barcode of Life 

BBHEC463-09 Lasioglossum zonulum Barcode of Life 

BBHYI334-10 Lasioglossum zonulum Barcode of Life 

BBHYL331-10 Lasioglossum zonulum Barcode of Life 

BBHYL335-10 Lasioglossum zonulum Barcode of Life 

BBHYL340-10 Lasioglossum zonulum Barcode of Life 

BBHYL382-10 Lasioglossum zonulum Barcode of Life 

BEEEE256-15 Lasioglossum zonulum Barcode of Life 

DLII1208-08 Lasioglossum zonulum Barcode of Life 

DSHYP210-08 Lasioglossum zonulum Barcode of Life 

DSHYP211-08 Lasioglossum zonulum Barcode of Life 

DSHYP212-08 Lasioglossum zonulum Barcode of Life 

DSHYP213-08 Lasioglossum zonulum Barcode of Life 

DSHYP214-08 Lasioglossum zonulum Barcode of Life 

DSHYP215-08 Lasioglossum zonulum Barcode of Life 

DSHYP216-08 Lasioglossum zonulum Barcode of Life 

DSHYP217-08 Lasioglossum zonulum Barcode of Life 

DSHYP314-08 Lasioglossum zonulum Barcode of Life 

DSHYP376-08 Lasioglossum zonulum Barcode of Life 

FBAPC414-10 Lasioglossum zonulum Barcode of Life 

GBCHA002-13 Lasioglossum zonulum Barcode of Life 

FBAPC415-10 Lasioglossum zonulum Barcode of Life 

FBAPC416-10 Lasioglossum zonulum Barcode of Life 

FBHAP759-09 Lasioglossum zonulum Barcode of Life 

GBCHA001-13 Lasioglossum zonulum Barcode of Life 
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ID Species Institution 

GBCHA004-13 Lasioglossum zonulum Barcode of Life 

GBCHA1140-13 Lasioglossum zonulum Barcode of Life 

HCBNS074-03 Lasioglossum zonulum Barcode of Life 

HCBNS075-03 Lasioglossum zonulum Barcode of Life 

HCBNS076-03 Lasioglossum zonulum Barcode of Life 

JSJUL1799-11 Lasioglossum zonulum Barcode of Life 

LASNA299-08 Lasioglossum zonulum Barcode of Life 

OPPOE365-17 Lasioglossum zonulum Barcode of Life 

FJ582301.1 Lasioglossum zonulum National center for Biotechnology Information 

FJ582302.1 Lasioglossum zonulum National center for Biotechnology Information 

FJ582303.1 Lasioglossum zonulum National center for Biotechnology Information 

GU705887.1 Lasioglossum zonulum National center for Biotechnology Information 

HM414169.1 Lasioglossum zonulum National center for Biotechnology Information 

JN292391.1 Lasioglossum zonulum National center for Biotechnology Information 

JN293780.1 Lasioglossum zonulum National center for Biotechnology Information 

JN293815.1 Lasioglossum zonulum National center for Biotechnology Information 

KJ836787.1 Lasioglossum zonulum National center for Biotechnology Information 

KJ837736.1 Lasioglossum zonulum National center for Biotechnology Information 

KJ837752.1 Lasioglossum zonulum National center for Biotechnology Information 

KJ838322.1 Lasioglossum zonulum National center for Biotechnology Information 

KJ838634.1 Lasioglossum zonulum National center for Biotechnology Information 

KJ838645.1 Lasioglossum zonulum National center for Biotechnology Information 

KJ839414.1 Lasioglossum zonulum National center for Biotechnology Information 

KR787506.1 Lasioglossum zonulum National center for Biotechnology Information 

KR787704.1 Lasioglossum zonulum National center for Biotechnology Information 

KR808912.1 Lasioglossum zonulum National center for Biotechnology Information 

LC477283.1 Lasioglossum scitulum National center for Biotechnology Information 
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Table A3: List of Lasioglossum zonulum specimens used for microsatellite analysis. All 

specimens were given a 5-digit ID (LZ###), while some donated specimens also have an original 

Identification code from their original institution. Blank cells indicate no prior code. 

ID Original ID Source 

LZ126  Brock Bee Lab 

LZ178  Brock Bee Lab 

LZ179  Brock Bee Lab 

LZ203  Brock Bee Lab 

LZ205  Brock Bee Lab 

LZ209  Brock Bee Lab 

LZ210  Brock Bee Lab 

LZ217  Brock Bee Lab 

LZ253  Brock Bee Lab 

LZ254  Brock Bee Lab 

LZ255  Brock Bee Lab 

LZ256  Brock Bee Lab 

LZ257  Brock Bee Lab 

LZ258  Brock Bee Lab 

LZ259  Brock Bee Lab 

LZ260  Brock Bee Lab 

LZ261  Brock Bee Lab 

LZ262  Brock Bee Lab 

LZ276  Brock Bee Lab 

LZ277  Brock Bee Lab 

LZ278  Brock Bee Lab 

LZ279  Brock Bee Lab 

LZ280  Brock Bee Lab 

LZ282  Brock Bee Lab 

LZ289  Personal Collection 

LZ290  Personal Collection 

LZ291  Personal Collection 

LZ292  Personal Collection 

LZ293  Personal Collection 

LZ298  Personal Collection 

LZ299 1166223 University of Calgary 

LZ300 1166222 University of Calgary 

LZ301 1166551 University of Calgary 

LZ311 1164847 University of Calgary 

LZ312 1164848 University of Calgary 

LZ313 1164423 University of Calgary 

LZ316 1164422 University of Calgary 

LZ319 1165013 University of Calgary 

LZ320 1165012 University of Calgary 

LZ324 1164989 University of Calgary 

LZ437 TUZ024668 University of Tartu 

LZ438 TUZ042229 University of Tartu 

LZ439 TUZ042226 University of Tartu 

LZ440 TUZ024698 University of Tartu 
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ID Original ID Source 

LZ441 TUZ024708 University of Tartu 

LZ442 TUZ024704 University of Tartu 

LZ443 TUZ024701 University of Tartu 

LZ444 TUZ024705 University of Tartu 

LZ445 TUZ270471 University of Tartu 

LZ446 TQ7322 Dr. Steven Falk’s personal collection  

LZ447 TQ7323 Dr. Steven Falk’s personal collection  

LZ448  Royal Saskatchewan Museum 

LZ449  Royal Saskatchewan Museum 

LZ450  Royal Saskatchewan Museum 

LZ451  Royal Saskatchewan Museum 

LZ452  Royal Saskatchewan Museum 

LZ453  Royal Saskatchewan Museum 

LZ454  Royal Saskatchewan Museum 

LZ455  Royal Saskatchewan Museum 

LZ456  Royal Saskatchewan Museum 

LZ457  Royal Saskatchewan Museum 

LZ458  Royal Saskatchewan Museum 

LZ459  Royal Saskatchewan Museum 

LZ460  Royal Saskatchewan Museum 

LZ461  Royal Saskatchewan Museum 

LZ462  Royal Saskatchewan Museum 

LZ463  Royal Saskatchewan Museum 

LZ464  Royal Saskatchewan Museum 

LZ465  Royal Saskatchewan Museum 

LZ466  Royal Saskatchewan Museum 

LZ467  Royal Saskatchewan Museum 

LZ468  Royal Saskatchewan Museum 

LZ469  Royal Saskatchewan Museum 

LZ470  Royal Saskatchewan Museum 

LZ471  Royal Saskatchewan Museum 

LZ472  Royal Saskatchewan Museum 

LZ473  Royal Saskatchewan Museum 

LZ474  Royal Saskatchewan Museum 

LZ475  Royal Saskatchewan Museum 

LZ476  Royal Saskatchewan Museum 

LZ477  Royal Saskatchewan Museum 

LZ478  Royal Saskatchewan Museum 

LZ479  Royal Saskatchewan Museum 

LZ480  Royal Saskatchewan Museum 
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Figure A1: Yearly L. leucozonium female specimens collected by week in Niagara. Bees were 

not captured in large enough numbers to make foraging peaks easily discernable in most years. 

Years 2016 and 2018 are not shown as they each had a sample size of 0.
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Figure A2: Yearly L. zonulum female specimens collected by week in Niagara. Bees were not 

captured in large enough numbers to make foraging peaks easily discernable in most years. 

Years 2015 and 2017 are not shown as they each had a sample size of 0.
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Figure A3: Niagara L. zonulum head width (HW) was consistent across the flight season, while both total wear (TW) and ovarian 

development (OD) scores were low in the beginning of phase 1 (P1; grey), with increasing scores until phase 2 (P2; white) in which 

there were both high and low scores present in each week for each measure. Sample sizes per week are indicated at the top of the 

figure, and a dotted line indicates the separation of P1 and P2.
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Figure A4: Calgary L. zonulum collected from 2015-2016. Collections ranged from late May (week 5) to late August (week 19). 

Around half of all bees collected per year were collected on a single week each year (59% on week 11 in 2015, 47% on week 10 in 

2016 and 55% on week 9 in 2017). Data on the number of collection events was only available from the year 2016 (Table A1), so it is 

the focus of the present study. 

 


