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ABSTRACT

Conservation Genetics of a Declining Bumble Bee in Western North America; the

Influence of Geography, Dispersal Limitation, and Anthropogenic Activity

by

Ashley T. Rohde, Doctor of philosophy
Utah State University, 2022
Major Professors: Dr. Karen Mock
Department: Wildland Resources

Conservation biology addresses the problem of biological species loss and decline
by identifying species in need of protection or recovery. Conservation biology has
subfields to better address aspects of biodiversity loss, including conservation genetics,
phylogenomics, and sociology. In this dissertation, I used genetic and phylogenomic
approaches to assess the conservation status of a bumble bee species of concern, Bombus
occidentalis, and a sociological approach to measure conservationists’ interest in genetics
methods for conservation studies.

Bombus occidentalis is a widespread North American bumble bee species that is
decreasing in abundance in portions of its range. It is currently under consideration for
listing under the Endangered Species Act in the United States and is listed as endangered
in parts of its Canadian distribution through the Species At Risk Act. To complicate the
problem further, there is debate about whether Bombus occidentalis is one species or two.

Recent genetic analyses of the mitochondrial cytochrome oxidase I (COI) gene indicate
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that the group may consist of a northern species (B. mckayi) and a southern species (B.
occidentalis).

I used nuclear (ultraconserved elements, UCE) and mitochondrial (COI)
phylogenomic methods to infer maximum likelihood (ML) and Bayesian (BI)
phylogenies of the relationship between the two taxa. I used seven species delimitation
methods to conduct the most thorough test of the species status of these taxa yet
performed. The species delimitation analyses sometimes contradicted one another, but B.
occidentalis mckayi was consistently recovered as a monophyletic group in both UCE
and COI phylogenetic analyses. This analysis provided sufficient evidence to elevate B.
occidentalis mckayi to the level of species.

I used landscape genetic methods to measure patterns of genetic diversity and
structure in B. occidentalis and B. mckayi from 1960 through 2020, and tested
associations with potential environmental drivers of genetic diversity across the
landscape. B. occidentalis showed patterns of decreasing genetic diversity and increasing
genetic structure, but B. mckayi did not. The genetic diversity in both species were most
strongly influenced by springtime minimum temperatures and proximity to known
infections of the fungal parasite Vairimorpha bombi.

Finally, I surveyed 974 conservationists from diverse backgrounds to measure
their level of understanding, trust, and motivation from conservation genetic studies. The
results indicate that lack of understanding, but not trust, may inhibit increased use of
molecular methods in conservation.

(353 pages)



PUBLIC ABSTRACT

Conservation Genetics of a Declining Bumble Bee in Western North America; the
Influence of Geography, Dispersal Limitation, and Anthropogenic Activity

Ashley T. Rohde

Conservation biology addresses the problem of species loss by identifying species
in need of protection. Conservation biology has subfields to address different aspects of
biodiversity loss, including genetics and sociology. I used genetic approaches to assess
the conservation status of western bumble bees, a bumble bee species of conservation
concern.

The western bumble bee is a bumble bee species that ranges from Alaska to New
Mexico and as far east as Wyoming and Colorado. This species is disappearing in some
places. It may soon be listed as endangered in the United States and is already listed as
endangered in parts of its Canadian distribution. To complicate the problem further, the
western bumble bee might really be two cryptic species. Recent genetic analyses indicate
that there might be a northern species (Mckay’s bumble bee) and a southern species (the
western bumble bee).

I used DNA from specimens collected across the range and ran genetic analyses
to estimate the relationships between western bumble bees and Mckay’s bumble bees.
This study provided enough evidence to conclude that they are, in fact, two species.

Next, I compared patterns of genetic diversity in the two species to environmental
variables to determine how the environment influences how the bees to move across the

landscape. I compared patterns of genetic diversity in bees that were collected between
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1960 through 2020. Western bumble bees showed patterns of slightly decreasing genetic
diversity through time from 1960 to 2019, but Mckay’s bumble bee did not. For both
species, nighttime temperatures during the spring and proximity to a native fungal
parasite were important predictors of differences in genetic diversity among samples. The
distance from parasites is probably important because specimens that are near infections
are more likely to be infected themselves. Although we found decreases in genetic
diversity for western bumble bees, there is still enough genetic diversity in present-day
populations for the species to recover if the effects of the drivers of the declines are
managed.

Finally, I surveyed 974 conservationists from diverse backgrounds to measure
their understanding, trust, and motivation to action from conservation genetic studies.
This is important because molecular methods provide important insight into the
conservation status of at-risk species, but they are not used very often when land
managers make conservation decisions. The results indicate that lack of understanding,
but not trust, may be a barrier to increased use of molecular methods in conservation

actions.
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collection year, and the dashed red line is the cutoff of seven successfully amplified

loci that was determined to represent a useful genotype for downstream analyses.

The red n value is the number of specimens that had seven or more amplified loci....... 131
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Figure 3.3. Rarefied allelic richness of geographic clusters of Bombus occidentalis

and Bombus mckayi throughout time. A and B) samples from 1960 to 2020 included

in the linear regression. C and D) regressions from 1960 to 1994 (blue) and 1995 to
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Figure 3.4. The geographic distribution of genotyped specimens with seven or more
microsatellite loci amplified, grouped into clusters (populations). Each pie represents

a single cluster. Color divisions within pies represent the proportion of the clusters

that was derived from one of two identified likely lineages. Top: Bombus mckayi (blues)
and bottom: Bombus occidentalis (oranges). The B. occidentalis cluster framed in black
had an excess of heterozygotes. Sizes of the pies are scaled to the average rarefied
allelic richness across all loci within each cluster. Also included are bar graphs of the
lineage assignments of individuals, each bar represents the likely lineages of an
individual. Gray lines on the graphs demarcate clusters. Clusters were arranged from
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Figure 3.5. A and B) Fis values of clusters of Bombus occidentalis and Bombus mckayi
averaged across all loci and distributed throughout time from 1960 to 2020. C and D)
global Fst values of B. occidentalis and B. mckayi averaged across all loci among
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regressions of values throughout time for each statistic and species. Only populations
that were represented with samples greater than one individual were able to be
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CHAPTER I

INTRODUCTION

Biological species loss and decline have been documented in many taxonomic
groups around the world and rates of extinction continue to increase in most groups
(Spooner et al. 2018, Falaschi et al. 2019, Fisher and Garner 2020, Noske and Briggs
2020, Zattara and Aizen 2020, Bali and Kaleka 2021). Conservation biology addresses
this problem by identifying species in need of protection or recovery. Conservation
biology is a relatively new field that was formally developed in the mid 1980s,
combining resources from many previously established fields to address the apparent
world-wide loss of biodiversity in a systematic way (Meine et al. 2006). Of course, the
imperative to protect biodiversity is much older than that. In 1863 Alfred Russel Wallace
warned that if species were not protected, future generations would “charge us with
having culpably allowed the destruction of some of those records of Creation which we
had it in our power to preserve; and while professing to regard every living thing... with
a strange inconsistency, seeing many of them perish irrecoverably from the face of the
earth, uncared for and unknown.” (Wallace 1863).

Since its formal conception, conservation biology has developed subfields by
incorporating innovative methods and applications to improve the protection of
biodiversity. Notably, during the nascent years of conservation biology, genetic methods
were developed concurrently with traditional ecological approaches. In particular, the
invention of polymerase chain reaction in 1983 allowed for quick and relatively
inexpensive amplification of DNA samples (Mullis 1990), initiating an explosion in

methods development to quantify evolutionary relationships among species and



population dynamics within species. The co-occurring developments of molecular
genetics and conservation biology led to the formation of conservation genetics, a field
defined by the application of “genetic principles and methods to advance the preservation
of biodiversity” (Kardos 2021) which continues to develop with the increasing use of
genomic methods (Allendorf et al. 2010, Véron et al. 2019). Conservation biology also
benefited from recognition of the roles of sociology and psychology in conservation
actions (Machlis 1992, Saunders 2003, Dunlap 2018). The inherently political nature of
conservation decisions to protect biodiversity necessitates wide societal consent. Support
for biological conservation is increased by overcoming barriers to understanding and
motivation to action among stakeholders (Mascia et al. 2003, Schultz 2007).

Bees (Hymenoptera: Apoidea: Anthophila) pollinate more plant species than any
other taxa of pollinators (Ollerton 2017), including approximately 75% of the world’s
food crops (Klein et al. 2007). There are nearly 20,000 known bee species worldwide
(Michener 2000), and more yet to be described, especially in the Neotropics of Central
and South America (Freitas et al. 2009) and in parts of Asia (Teichroew et al. 2017).
However, bees worldwide are decreasing in abundance and range (Goulson et al. 2015).
Bumble bees (Bombus) are among the most studied bee genera, largely due to their use as
pollinators in agriculture, their relatively large size and characteristic appearance, and
their high abundance throughout their distribution. Bumble bees are often the dominant
pollinators in cold climate regions, especially early in the active season when nighttime
temperatures are relatively low (Goulson 2003). Decreases in abundance and range have
been observed in bumble bee species around the world (Goulson et al. 2008, Colla et al.

2012, Cameron and Sadd 2020, Graves et al. 2020).



There are approximately 260 described bumble bee species worldwide, one third
of which are under threat of extinction to some extent (Abertman et al. 2017). Bumble
bee species in North America are decreasing in abundance and genetic diversity at
alarming rates (Cameron et al. 2011, Colla et al. 2012, Abertman et al. 2017). Within the
United States several species have been petitioned for listing as endangered through the
Endangered Species Act (ESA). In 2016, Bombus affinis Cresson 1863 was listed as
endangered. This was the first bumble bee species to be listed as endangered in the
United States. Bombus franklini Frison 1921 was most recently listed as endangered by
the ESA in September of 2021 and may already be extinct
(https://www.federalregister.gov, accessed 11:05 a.m., 10/11/2019). Finally, Bombus
occidentalis Greene 1858 is currently under review for listing as endangered through the
ESA (https://ecos.fws.gov/ecp/, accessed 1:39 p.m., 8/13/2018), with a listing decision
expected in 2023. This species is also listed as threatened or endangered by the Species
At Risk Act (SARA) in portions of its Canadian distribution. Several additional species
have been identified as endangered or at risk of decline by SARA and the International
Union for Conservation of Nature and Natural Resources (IUCN, www.iucnredlist.org,
accessed 11:36 a.m., 8/13/18).

Species in the bumblebee subgenus Bombus sensu stricto (s.s.) are economically
important for crop pollination and are dominant native pollinators in many ecosystems
across the Holarctic region of the world (Goulson 2003, Hines 2008). There are up to 23
identified species in the subgenus worldwide, with as many as eight species native to
North America (Williams 2021). However, population distributions and abundances of

many Bombus s.s. species are decreasing. These species include B. affinis, B. occidentalis



and B. franklini (Cameron et al. 2011, Colla et al. 2012, Abertman et al. 2017). Bombus
occidentalis, in particular, is the focus of renewed interest among wildlife managers and
conservationists due to unresolved taxonomic questions that may influence the upcoming
ESA listing decision in the United States. Understanding the genetics and conservation
status of B. occidentalis are the focus of chapters 2 and 3 of my dissertation.

Bombus occidentalis has a large geographical range. It is found throughout
western North America from Alaska to New Mexico and as far east as Wyoming and
Colorado, with distributions restricted to high-elevation sites in the southern portion of
the range. Regional morphological variation in pyle color historically led to several
proposed delimitations of species and subspecies status within B. occidentalis, with some
taxonomists suggesting that it is conspecific with B. terricola Kirby 1837 (Milliron 1971,
Poole 1996) and others defining several subspecies (see Sheffiend et al. 2016 for a
thorough review). The most recent, and most widely accepted, delimitation indicates two
taxa (B. occidentalis occidentalis and B. occidentalis mckayi), broadly based on the
presence or absence of a yellow band of hairs on the abdominal terga. The “un-banded”
group extends from the southern edge of the species’ range to approximately 55 degrees
latitude (though specimens in some parts of this range do have a weak band), and the
“banded” group extends from 55 degrees latitude to the northern edge of the range.
Whether these taxa represent species or subspecies is a debated topic (Williams et al.
2012, Sheffield et al. 2016, Williams 2021). Identification of the morphotypes within the
taxon is challenging, because their definitions are mostly based on pyle color, which is
variable among and within geographical regions of the species range (Carolan et al. 2012,

Sheffield et al. 2016) and specimens often exhibit intermediate characteristics among the



morphotypes. Geographic collection locations are often used to help define subspecies
(Sheffield et al. 2016).

In this dissertation, I integrated methods from across conservation genetics and
sociology to contribute to a growing body of literature on the conservation status of
bumble bees in North America (Cameron et al. 2011, Colla et al. 2012, Abertman et al.
2017). I focused my genetic research on a widespread but imperiled species native to
western North America, Bombus occidentalis. In chapter 2 I used phylogenomic methods
to clarify the species status and distribution. In chapter 3 I used landscape genetic
methods to identify the environmental drivers of diversity loss among populations of the
species throughout its geographic range. Finally, in chapter 4 I assessed conservation
practitioners’ level of understanding and motivation to act on conservation issues in
response to the results of conservation genetics studies and conservation biology studies
based on more intuitive measurements, such as abundance or fecundity.

In chapter 2, I aimed to resolve the species status of B. occidentalis using an
integrative approach that combines morphological identification with phylogenetic
analysis of nuclear and mitochondrial markers, and automated species delimitation
methods. This was the first study to use nuclear markers to address this question. I greatly
expanded geographical sampling and used more species delimitation methods than any
previous analysis of these taxa. I concluded that these two taxa represent true species and,
therefore, recommend elevation of B. occidentalis mckayi to a species (from here forward
referred to as B. mckayi). This finding is in agreement with the findings of Williams

(2021).



In chapter 3, I used landscape genetic methods to ... Landscape genetics is an
interdisciplinary field that combines aspects of population genetics, landscape ecology,
and spatial statistics to measure genetic discontinuities and diversity patterns across
landscapes and to correlate them with environmental features (Manel et al. 2003, Storfer
et al. 2007). Landscape genetic techniques can provide insight into questions about
potential threats to bumble bees and identify actions that can be taken to protect
populations. Measurements of population structure, genetic diversity, and gene flow
among populations are important indicators of current conservation status for species.
Landscape genetic studies that measure environmental variables as well as gene flow,
genetic structure and diversity can indicate which environmental changes have negative
effects on bumble bees.

Genetic data and occupancy data are complementary tools for assessing the
conservation status of B. occidentalis and B. mckayi. While patterns of occupancy may
indicate where gene flow barriers exist, these patterns are insufficient to predict the
causes of gene flow barriers (Roffler et al. 2016). The relationship between occupancy
and gene flow could be particularly messy for bumble bees because of their eusocial life
history, which dictates that most individuals in the census populations are not
reproductive, so they do not contribute directly to gene movement across the
landscape.The higher likelihood of observing sterile workers skews occupancy models to
identify sites that are adequate or inadequate for colony establishment, rather than gene
flow. Therefore, measures of occupancy alone are not enough to determine if gene flow is

restricted.



I used microsatellite genetic data from museum specimens to predict current and
past genetic structure (samples were collected between 1960 and 2020), genetic diversity,
and gene flow patterns in B. occidentalis and B. mckayi. I used observation data and
spatial environmental predictors to predict the influence of environmental variables on
occupancy in the two species and to make associations between potential environmental
barriers to gene flow and genetic isolation. This is the first landscape genetic study to
measure the influence of environmental predictors on occupancy likelihood of B. mckayi
separately from B. occidentalis. This is the first study to identify environmental
predictors to gene flow patterns in either species. I detected clear patterns of decreasing
genetic diversity and increasing genetic structure in B. occidentalis. Patterns of decline
were not as strong in B. mckayi, but indicate that this species may also be at risk.
Springtime minimum temperatures were the most important predictors of occupancy for
both species. Proximity to known infections of the fungal parasite Vairimorpha bombi
was a reliable predictor of genetic differentiation (restricted gene flow). Although
decreases in allelic diversity and increases in inbreeding and population structure have
been documented in these species, substantial genetic diversity remains in extant
populations, which indicates a good opportunity for recovery of the species if the effects
of the drivers of the declines are mitigated.

Lastly, in chapter 4 I focus on conservation sociology and use survey methods to
determine how different stakeholders feel about molecular methods and results in
conservation. Molecular techniques are being used increasingly commonly and to great
effect in conservation studies (Abdul-Muneer 2014, Kress 2015, Shafer et al. 2015,

Thomsen and Willerslev 2015, Corlett 2017, Holdregger et al. 2019, chapter 1 and 2).



However, these studies are not intuitively easy to understand for practitioners and
stakeholders who are not specifically trained to interpret their results. As such, many
conservation partners are left out of conversations about these types of studies and the
appropriate conservation actions that their results indicate (Keller et al. 2015, Taylor et al.
2017, Sandstrom et al. 2019, Kliitsch and Laikre 2021). A lack of detailed understanding
of the results of genetic conservation studies may lead to a sense of helplessness that
undermines motivation for action in some groups. The results of traditional studies more
easily overcome the barriers to conservation action than the results of molecular studies
(Hoban et al. 2013a, Keller et al. 2015, Shafer et al. 2015, Hoffman et al. 2015,
Richardson et al. 2016, Taylor et al. 2017). As a result, the insights provided by genetic
studies into distribution and population structure of the target species are not often used
to inform conservation decisions (Keller et al. 2015, Shafer et al. 2015, Hoffman et al.
2015, Taylor et al. 2017). This phenomenon is widely known as the conservation genetics
gap (Taylor et al. 2017, Britt et al. 2018, Sandstrom et al. 2019, Kliitsch and Laikre
2021). The conservation genetics gap is widely acknowledged and discussed (Cook et al.
2013, Hoban et al. 2013a, Hoban et al. 2013b, McMahon et al. 2014, Hoffman et al.
2015, Keller et al. 2015, Shafer et al. 2015, Haig 2016, Taylor et al. 2017, Aurelle et al.
2018, Britt et al. 2018, Funk et al 2019, Mazel et al. 2019, Sandstrom et al. 2019, Kliitsch
and Laikre 2021), but few studies have directly measured the differences in perception of
conservationists between genetic and traditional types of conservation surveys (However
see Taylor et al. 2017 and Sandstrom et al. 2019).

I used a survey to measure the relative understanding, trust, and motivation to

action of conservationists from multiple demographics in response to the results of



molecular and traditional conservation studies. I received responses from 974
conservationists from diverse backgrounds. This is the largest and most diverse sample of
conservationists ever surveyed to assess attitudes toward conservation genetics. The
results indicate that lack of understanding, but not trust, may be a barrier to increased use
of molecular methods in conservation actions. However, comparisons of the data
presented here to previous studies (Taylor et al. 2017, Sandstrom et al. 2019) are hopeful
that a shift in perception and increased use of molecular studies may be underway.
Previous studies have indicated that increased and improved outreach events among
conservation geneticists and other conservation practitioners help to improve
understanding of conservation genetics studies among all demographics of
conservationists. Also, inclusion of authors who are not genetics experts on publications
that include genetics increases the likelihood that those studies will be used to support
conservation policy or action, presumably because they ensure the publications contain
language that is accessible to a broad audience (Britt et al. 2018).

Taken as a whole, the research presented in this dissertation contributes new
information to scientists’ growing understanding of the conservation needs of B.
occidentalis and B. mckayi by applying novel methods to the question. I present the first
analysis of species status using the nuclear genome of the species, as well as a more
robust analysis of the mitochondrial COI barcoding gene than has ever been conducted,
and a greater variety of automated speciation methods than has ever been applied. I
conducted the first population genetics study of the taxa that treats the two species
separately, and used novel methods to associate changes in genetic diversity to changes in

environmental conditions. Although my analysis of conservation practitioners’
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perceptions of conservation genetics does not directly address the problem of the
conservation status of B. occidentalis and B.mckayi, it does inform the choices
researchers, policy-makers and conservationists of any background should make to be

most effective in communicating the conservation needs of these and any other species.
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CHAPTER II
GENOME-WIDE MARKERS TEST THE STATUS OF TWO PUTATIVE SPECIES

OF NORTH AMERICAN BUMBLE BEES

Abstract

Bombus occidentalis Greene is one of at least three North American bumble bee
species within the genus Bombus that is decreasing in abundance and range. The
historical range of this species extends through western North America from Alaska to
New Mexico and as far east as South Dakota (Black Hills) and western Nebraska, with
populations restricted to high-elevation sites in the southern portion of the range. Two
recent studies used mitochondrial cyfochrome oxidase I (COI) barcode sequencing and
automated species delimitation methods to identify two evolutionarily unique taxa, B.
occidentalis occidentalis and B. occidentalis mckayi within B. occidentalis, but the
species delimitation used in the studies disagreed on the species status of B. occidentalis
mckayi. We used nuclear (ultraconserved elements) and mitochondrial (COI) markers to
infer maximum likelihood (ML) and Bayesian phylogenies of the relationship between B.
occidentalis occidentalis and B. occidentalis mckayi. We used seven species delimitation
methods to conduct the most thorough test of the species status of these taxa yet
performed. The phylogenies from our analyses agree that B. occidentalis mckayi is a
monophyletic clade, but our ML phylogenies (UCE and COI) placed that clade within B.
occidentalis while our Bayesian phylogeny (COI) resolved the taxa as reciprocally
monophyletic. Similarly, the automated species delimitation analyses disagreed between
ML and Bayesian phylogenies, with ML analyses lumping the taxa together and Bayesian

analyses separating them. Species delimitation analyses based on diversity gaps among
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sequences, rather than phylogenies, grouped B. occidentalis occidentalis and B.
occidentalis mckayi together with their sister species B. terricola. Despite mixed results
from species delimitation methods, we believe that the consistent monophyletic
assignment of B. occidentalis mckayi specimens represents sufficient evolutionary

divergence to elevate B. occidentalis mckayi to the level of species.

Introduction

Species in the bumblebee subgenus Bombus sensu stricto (s.s.) are economically
important for crop pollination and are dominant native pollinators in many ecosystems
across the Holarctic region of the world (Goulson 2003; Hines 2008). There are up to 23
identified species in the subgenus worldwide, with as many as eight species native to
North America (Williams 2021). However, population distributions and abundances of
many Bombus s.s. species are decreasing, including at least three species in North
America: Bombus affinis Cresson 1863, Bombus franklini Frison 1921, and Bombus
occidentalis Greene 1858 (Cameron et al. 2011; Colla et al. 2012; Abertman et al. 2017).
Bombus affinis was the first bumble bee species to be listed as endangered by the
Endangered Species Act (ESA) in the United States. Bombus franklini has not been
observed since 2006, is listed as endangered throughout its range in northern California
and southern Oregon (Thorp 2005), and is suspected to be extinct. Bombus occidentalis is
listed as threatened or endangered by the Species At Risk Act (SARA) in portions of its
Canadian distribution and is under consideration for listing by the ESA in the United
States. Bombus occidentalis, in particular, is the focus of renewed interest among wildlife
managers and conservationists due to unresolved taxonomic questions that may influence

the upcoming ESA listing decision in the United States. Resolution of the taxonomic
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status of B. occidentalis could influence the listing decision in the United States by
altering the definition of the species boundary, which would influence where land-use
restrictions with potential economic repercussions could be enforced (Haig et al. 2006).

Bombus occidentalis currently has a large geographical range. It is found
throughout western North America from Alaska to New Mexico and as far east as the
Black hills in South Dakota and western Nebraska, with distributions restricted to high-
elevation sites in the southern portion of the range. Regional morphological variation in
pyle color historically led to several proposed delimitations of species and subspecies
status within B. occidentalis, with some taxonomists suggesting that it is conspecific with
B. terricola Kirby 1837 (Milliron 1971; Poole 1996) and others defining several
subspecies (see Sheffield et al. 2016 for a thorough review). The most recent, and most
widely accepted, delimitation indicates two taxa (B. Occidentalis occidentalis and B.
occidentalis mckayi, Williams et al. 2012), broadly based on the presence or absence of a
yellow band of hairs on the abdominal terga. The “un-banded” group extends from the
southern edge of the species’ range to approximately 55 degrees latitude (though
specimens in some parts of this range do have a weak band), and the “banded” group
extends from 55 degrees latitude to the northern edge of the range. Whether these taxa
represent species or subspecies is still unclear (Williams et al. 2012; Sheffield et al. 2016;
Williams 2021). Identification of the morphotypes within the taxon is challenging,
because their definitions are mostly based on pyle color, which is variable among and
within geographical regions of the taxa’s ranges (Carolan et al. 2012; Sheffield et al.

2016) and specimens often exhibit intermediate characteristics among the morphotypes.
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Geographic collection locations are often used to help define subspecies (Sheffield et al.
2016).

Given that morphology has proven unreliable to delimit species in Bombus s.s.,
molecular data are needed to test and refine species boundaries. Molecular data have
helped resolve boundaries in a variety of Bombus species groups (Lecocq et al. 2015;
Lecocq et al. 2019; Williams et al. 2012; Williams et al. 2019; Williams et al. 2020;
Ghisbain et al. 2020; Williams 2021), but few studies to date have examined species in
Bombus s.s. and all have relied upon the single mitochondrial marker cytochrome oxidase
1 (COI), the barcoding gene (Williams et al. 2012; Williams 2021). Using COI data,
Williams et al. (2012) found support that B. occidentalis is a separate species from B.
Terricola and that B. occidentalis comprises two subspecies, B. occidentalis occidentalis
in the southern portion of the range and B. occidentalis mckayi in the northern portion of
the range, possibly with an overlapping distribution between 55 and 60 degrees latitude.
Most recently, re-analysis of the same COI barcoding dataset using an alternate
molecular delimitation method found support for raising B. occidentalis mckayi to species
status (Williams 2021). Sharp decreases in geographic range and abundance have been
observed primarily in the southern portion of the species range of B. occidentalis
occidentalis (Evans et al. 2008; Cameron et al. 2011; Graves et al. 2020), with no
evidence that populations of B. occidentalis mckayi in the northern portion of the range
are unstable (Koch and Strange 2012; Pampell et al. 2015). In this case, the species status
of B. occidentalis mckayi could have a strong influence on policy decisions regarding the

conservation of B. occidentalis into the future.
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Although COI data can be useful for differentiating and identifying species

(Williams et al. 2012; Williams et al. 2019; Williams et al. 2020; Nneji et al. 2020;
Williams 2021), there are some cases in which the evolution of the mitochondrial COI
gene does not concur with the multi-locus nuclear phylogeny (i.e. mito-nuclear
discordance, Toews and Brelsford, 2012; Achurra and Eréus 2013; Guening et al. 2020),
including some examples in bumble bees (Williams 2021). Reasons for this discordance
include incomplete lineage sorting caused by the dramatically smaller effective
population sizes of mitochondrial than nuclear genomes within census populations (Funk
and Omland 2003; Després 2019), asymmetrical introgression of the two types of
genomes across a geographic range after a period of isolation among groups of
populations (Després 2019), cytoplasmic bacterial infections (e.g. Wolbachia) that may
drive fixation of mitotypes in populations (Hurst and Jiggins, 2005), and dissimilarities in
how the mitochondrial and nuclear markers are dispersed across the landscape due to sex-
based dispersal (mitochondrial genomes are often maternally inherited while nuclear
genomes are biparental, Rheind and Edwards 2011). Due to the challenge presented by
mito-nuclear discordance, use of multiple nuclear and mitochondrial markers along with
multiple species delimitation methods (each with their own strengths and weaknesses),
and morphological analysis for species delimitation are necessary to confidently delimit
potentially cryptic species (Dupuis et al. 2012; Fujita et al. 2012; Carstens et al. 2013;
Hurtado-Burillo et al. 2016; Lukhtanov 2019; Després 2019), with the final delimitation
informed by the majority consensus of the markers (Pedraza-Marron et al. 2019; Després

2019; Gueuning et al. 2020).
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Bombus sensu stricto, and the species status of B. occidentalis in particular, has
proven a difficult group to disentangle using mitochondrial barcoding (Williams 2012),
though the recent re-analysis of available mitochondrial data has added some clarity
(Williams 2021). The particular difficulties of resolving these species emphasizes the
need for both mitochondrial and nuclear markers for species delimitation in this group.
The addition of phylogenies based on nuclear markers will greatly improve the
confidence of species or subspecies delimitations between B. occidentalis occidentalis
and B. occidentalis mckayi and will contribute substantially to future conservation
decisions (Hines et al. 2006; Cameron et al. 2007; Gueuning et al. 2020; Sun et al. 2021).

In this study we tested the taxonomic status of B. occidentalis occidentalis and B.
occidentalis mckayi by analyzing a genome-scale dataset composed of thousands of
nuclear ultraconserved element markers and a complementary COI dataset. For both, we
tested species boundaries using a variety of species delimitation methods. Ultraconserved
elements (UCESs) are highly conserved regions of nuclear DNA found throughout the
genome of most eukaryotic species, and many recent studies have used these markers to
successfully resolve phylogeny and test species boundaries (Musher and Cracraft 2018;
Prebus 2020, Guening et al. 2020; Branstetter and Longino 2022), including in bees and
other Hymenoptera. We used next generation sequencing and phylogenomic analyses to
build phylogenomic trees representing the relationships among sampled individuals.
Additionally, we were able to extract full COI barcodes from our UCE sequences. We
used these samples and publicly available COI barcode sequences from the Barcode of
Life Database (BOLD) (https://www.boldsystems.org/index.php) to build a gene tree that

expands on the geographic sampling of the tree presented in Williams (2012, 2021). We



22
used the UCE and COI datasets to assess the current species status of B. occidentalis

occidentalis and B. occidentalis mckayi.

Materials and Methods

Acquisition and management of Bombus occidentalis tissue samples

We obtained tissue samples from 102 specimens from across the range of B.
occidentalis occidentalis and B. occidentalis mckayi (Fig. 2.1). Samples were provided
by six institutions: the U.S. National Pollinating Insect Collection, the Royal Museum of
British Columbia, the University of Alaska Museum of the North, the Essig Museum of
Entomology, the University of Calgary Zoology Museum, and the Canadian National
Collection. All tissue samples collected for this study were frozen and stored at USDA-
ARS Pollinating Insect-Biology, Management, Systematics Research Laboratory (PIRU)
in Logan, Utah, USA. DNA extracts were frozen and stored at USDA-ARS PIRU.
Specimens owned by each of the respective collections were assigned unique identifiers
by those institutions and are permanently stored in those collections (Tables A1, A2, A3,

Ad).

DNA extraction, UCE enrichment, and sequencing

Methods generally followed those in Branstetter et al. 2021. We extracted DNA
from the mid and hind legs of specimens using a Zymo Quick-DNA Miniprep Plus
extraction kit and stored extracts in -80°C freezers at the PIRU. Specimens were
collected between 1956 and 2017, with one specimen from 1920.

We used a Tapestation 4150 automated electrophoresis system (Agilent, 5301

Stevens Creek Blvd. Santa Clara, CA 95051, USA) to measure the size of DNA
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fragments extracted from the specimens and Qubit 3.0 to quantify DNA concentrations.
The size of fragments varied among specimens due to their variable ages, collection
methods, and storage histories. We sheared the DNA fragments to target fragment sizes
of 400 to 600 base pairs using a Q800R2 acoustic sonicator (Qsonica, Newtown, CT,
U.S.A.). We varied shearing times from 0 seconds to 120 seconds with a 10 seconds on,
10 seconds off pulsing pattern. Samples with small fragment sizes were sheared for less
time and samples with large fragment sizes were sheared for more time. Once sonicated,
we purified the DNA samples using a homemade paramagnetic bead solution (Rohland
and Reich 2012).

We captured and sequenced UCE loci from our sample specimens following the
methods described in Branstetter et al. (2021). We prepared Illumina sequencing libraries
using Kapa Hyper prep kits and custom 8 bp dual indexing adapters (Glenn et al. 2019).
We amplified the libraries using 12 cycles of PCR, cleaned the amplified DNA using 1.0
to 1.2x SPRI beads to remove contaminants and fragments smaller than 200 bp, and
quantified the DNA using Qubit. Samples with low measured volumes of DNA were re-
amplified for 14 to 16 PCR cycles from an aliquot of the pre-PCR library.

We enriched the samples using an existing UCE bee-ant specific baitset (bee-ant-
specific Hym-v2, Branstetter et al. 2017; Grab et al. 2019) identified and optimized for
use in the order Hymenoptera. The baitset was developed using seven genomes from
hymenopteran species, including two species from the bee families Apidae and
Halictidae. We enriched the pooled libraries following a combination of the Arbor
Biosciences v3.02 protocol (enrichment day 1) and a protocol based on Blumenstiel et al.

(2010, available at ultraconserved.org). We pooled up to ten samples per library at
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equimolar concentrations for enrichment. Finally, we repeated the PCR amplification,
purification, and quantification steps previously described for the pooled enriched
samples. Enriched pools were combined into a final sequencing pool and sent to

Novogene Inc. for sequencing on an [llumina HiSeq X instrument (PE150).

UCE processing and analysis

We demultiplexed and converted the raw sequences to fasta files using
BCL2FASTQ (Illumina, San Diego, CA, USA). In addition to the B. occidentalis
samples we included one B. terricola sequence as an outlier that was extracted and
sequenced using the same methods for a previous study. B. ferricola is the sister species
to B. occidentalis. We used PHYLUCE version 1.7.1 software (Faircloth 2016) and the
associated programs to process the UCE dataset and to generate sequence alignments
using the method described by Branstetter et al. (2021). Within the PHYLUCE
environment, we used ILLUMIPROCESSOR (Faircloth 2013) to batch process
sequences and trim for adaptor contamination using TRIMMOMATIC (Bolger et al.
2014), and assembled contigs de novo using SPADES (Bankevich et al. 2012). We used
PHYLUCE programs to extract, clean, and align the sequences. We used the
match_contigs to probes program, which uses LASTZ (Harris 2007), to match the
contig sequences to probe sequences and create a database of the fasta files. Finally, we
used the get fastas from match_counts program to create a monolithic fasta file. Per the
recommendation of Branstetter et al. (2021), we set the min-identity and min-coverage to
70 and 75, respectively, to recover the highest number of UCE loci possible. We aligned
the UCE loci using MAFFT within the PHYUCE program align seqcap_align. We

removed poorly aligned regions using GBLOCKS (Talavera and Castresana 2007) within
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the PHYLUCE program align_get gblocks trimmed alignments from untrimmed with
settings of bl = 0.5, b2 =0.5, b3 = 12, and b4 = 7. Finally, we filtered the alignments to
include only those alignments that contained at least 75% of the samples using the
PHYLUCE program align _get only loci with min taxa program and concatenated the
alignments into one phylip file using the align _concatenate alignments.

A preliminary UCE tree was inferred using IQ-TREE version 2.0 (Nguyen et al.
2015) and visualized using FIGTREE version 1.4.4
(http://tree.bio.ed.ac.uk/software/figtree/). This tree showed that many of the older
samples had terminal branches that were longer than expected, potentially skewing their
positions in the tree. This is likely due to alignment issues caused by aligning smaller
DNA fragments to longer ones. To remove poorly aligned sequences, we used the
program SPRUCEUP version 2020.2.19, which is designed to remove outlier sequences
from multiple sequence alignments (Borowiec 2019) by removing base pairs on a per
sample basis, rather than entire alignment columns. We used an uncorrected distance
method with a window size of 20 and an overlap of 15. We iteratively trimmed sequences
using user-defined cutoffs for individual samples and compiled intermediate trees until
most samples had appropriate branch lengths. Samples that still had exaggerated branch
lengths after trimming with SPRUCEUP had relatively short average fragment sizes
(<1000 bp), and were removed from the analysis.

After poorly aligned sequences were removed, the concatenated loci were
separated back into genes using AMAS (Borowiec 2016) and empty columns were
removed from each gene matrix using the custom script remove empty columns.py

(https://github.com/marekborowiec/remove empty columns). The loci were filtered for
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taxon completeness at 75%, 90%, 95%, and 100% using the
get fastas from match_counts program in PHYLUCE. The matrix that required 75%
completeness was selected for further analysis. The taxa included in the analysis are very
closely related, so there were many loci that were uninformative (had no site differences).
The required level of completeness was kept relatively low to include more informative
loci. Assessments of the influence of missing data on phylogenomic analyses have
produced conflicting results (Phillippe et al. 2004; Thomson and Shaffer 2010; Roure et
al. 2012; Sayyari et al. 2017), but careful selection of evolutionary models and inclusion
of thousands of genes in analyses likely help to mitigate incorrect taxon placement on
phylogenetic trees caused by missing data (Roure et al. 2012; Sayyari et al. 2017) and
datasets that contained 30% or less of missing data have been shown to resolve
phylogenies correctly (Shah et al. 2021).

We ran a partitioned analysis in IQTREE to produce a final maximum likelihood
(ML) species tree. Partitioning creates an analysis that accommodates different
substitution patterns in DNA based on the site. We used the general time reversible
substitution model with the rate of variation across sites incorporated (GTR + G, Tavaré
1986; Yang 1994). The partitions were derived from the directory of aligned nexus files
(one for each locus) produced in PHYLUCE and the best-fit partition scheme was
determined using the TESTMERGE option, which uses the greedy algorithm of
PartitionFinder (Lanfear et al. 2012) and immediately reconstructs the tree using the best
partitioning scheme. We optimized our analysis (sped it up) by choosing some model
parameters a priori, in place of the model default which runs multiple analyses for each

parameter and chooses the best fit. We used the fast relaxed clustering algorithm in place
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of the slow greedy algorithm with ten percent of the partition pairs to find the best-fit
partitions (Lanfear et al. 2017). We also specified AICc (corrected Akaike information
criterion) as our optimality criterion, in place of the default of also considering AIC and
BIC (Bayesian information criterion). AICc corrects for bias in AIC when sample sizes
are small. The correction disappears when sample sizes are large (Hurvich and Tsai 1989;
Susko and Roger 2020). We used 1000 replicates of ultrafast bootstrapping (UFB)
optimized with nearest neighbor interchange to generate bootstrap supports for the final
tree. Additionally, we used 1000 replicates of an approximate likelihood ratio test
(Guindon et al. 2010) to provide supports for single branches. We used FigTree to
visualize the final species tree.

We used IQTREE to infer gene trees for each locus within the directory of aligned
nexus files, which were used in downstream species delineation analyses. We used model
testing to select the best substitution model and the -S option in IQTREE to loop through
the aligned locus sequences and used 1000 replicates of ultrafast bootstrapping over trees

to generate bootstrap support values for the nodes on the gene trees.

COI processing and analysis

We extracted COI barcodes from the B. occidentalis and B. terricola UCE
targeted sequences using the PHYLUCE program assembly match_contigs to barcodes
and a sequence downloaded from BOLD as a bait sequence (BBHYL247).We aligned the
COI sequences using MAFFT within the PHYLUCE program and visually inspected the
alignments using the program Mesquite version 3.7.0.

The species delimitation method we used with the COI data (see below) requires

equivalent sampling of multiple closely-related species (Taravera et al. 2013) and a less
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closely related outgroup species to train the model (as well as the unresolved taxa) to
perform reliably. We downloaded all publicly available COI barcode sequences from
genbank (Sayers et al. 2022) for B. occidentalis, B. terricola, B. hypocrita Pérez 1905,
and B. jacobsoni Skorikov 1912, which are closely related, and B. lucorum Linnaeus
1761, which is not as closely related but still within the sub-genus, as an outgroup. We
combined the sequences with the complete COI barcodes extracted from our samples and
re-aligned the entire dataset using PHYLUCE tools as described above.

We performed a partitioned analysis in IQTREE to produce a preliminary ML
COI barcoding tree. We used all available B. occidentalis occidentalis and B. occidentalis
mckayi specimens from our sequences and from publicly available sequences in BOLD,
plus all publicly available sequences from the closely-related species in BOLD. We used
the ModelFinder substitution model (Lanfear et al. 2012) to automatically determine the
best-fit model for the data. We used 1000 ultrafast bootstrap replicates and 1000
replicates of an approximate likelihood ratio test to generate bootstrap supports for the
tree. We removed all but one specimen that shared the same haplotypes from the B.
occidentalis occidentalis and B. occidentalis mckayi groups and reran the analysis to
produce a final ML gene tree. We visualized the final gene tree using FigTree.

We created a Bayesian gene tree using the COI barcoding dataset for use with a
downstream species delimitation analysis. We used BEAUti version 1.10.4 (Drummond
et al. 2012) to prepare an input file and BEAST version 1.10.4 (Drummond et al. 2012) to
infer the tree. We defined taxon sets a priori as the previously described species,
including B. occidentalis occidentalis and B. occidentalis mckayi separately. We used the

GTR + G substitution model (Hasegawa et al. 1985) with three partitions and a strict
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clock (Drummond and Suchard 2010). We set the tree prior to a Yule Process
(Drummond et al. 2010). We ran the analysis for 70,000,000 MCMC steps and visualized
the resulting traces in TRACER version 1.7.2 (Rambaut et al. 2018) to ensure that the
model coalesced. We used TreeAnnotator version 1.10.4 (Drummond et al. 2012) to
summarize the data from the replicated trees onto a single target tree. We used 10% of
the dataset (2,500 trees) as burn-in, calculated the median of the support values, and

mapped them onto the target tree. We visualized the final gene tree in FigTree.

Species delimitation

We tested species boundaries in Bombus occidentalis using seven molecular
delimitation approaches applied to ML and Bayesian estimates (Table 2.1). These
included consideration of species monophyly within phylogenetic reconstructions,
Species bOundary Delimitation using ASTRAL (SODA, Rabiee and Mirarab 2020), the
Poisson Tree processes (PTP, Zhang et al. 2013), multi-rate PTP (mPTP, Kapli et al.
2017), generalized mixed Yule-coalescent models (GMYC, Pons et al. 2006), Automatic
Barcode Gap Discovery (ABGD, Puillandre et al. 2012), and Automated simultaneous
analysis phylogenetics (ASAP, Sarkar et al. 2008). PTP, mPTP, ABGD, and ASAP are
methods based on the phylogenetic species concept (Baum and Shaw 1995) while SODA
analyses are based on the multi-species coalescent model (MSC), which uses the
discordance among gene trees to estimate the species tree (Pamilo and Nei 1988; Rannala
et al. 2020).

SODA (Rabiee and and Mirarab 2020, https://github.com/maryamrabiee/SODA)
was used to delimit species for the UCE dataset. This method is based on the multispecies

coalescent model and is similar to the popular program BPP (Yang 2015). It compares
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discordance among gene trees which is useful with datasets that contain information from
many genes. Genes with no informative sites were removed from species delimitation
analyses.

PTP and mPTP use gene or species trees (based directly on sequence substitutions
rather than time since divergence) to estimate the number of species in the tree based on
branch lengths (Zhang et al. 2013). mPTP is a modification of PTP which incorporates a
new algorithm and model to accommodate varying levels of intraspecific genetic
diversity among closely related species and sampling bias. PTP was used with COI
datasets by Williams (2021) to delimit bumble bee species within the subgenus Bombus
sensu stricto and by Williams et al. (2020) to delimit bumble bee species within the
subgenus Melanobombus. We applied both PTP and mPTP to our COI barcode dataset in
this study. We did not apply these methods to the UCE dataset because they require a
minimum of five well-sampled, related species to train their algorithms (similar to
GMYC as described by Taravers et al. 2013). COI sequences for species closely related
to our taxa of interest were publicly available via BOLD, but we did not have a
comparable dataset for our UCE analyses (UCE data for closely related but non-target
species). We filtered haplotypes of the COI barcodes of our target taxa (B. ocidentalis
occidentalis and B. occidentalis mckayi) per the recommendation of Williams et al.
(2020), to avoid uneven sampling. One sample from groups with identical haplotypes was
chosen to represent that group in the tree based on the length of the haplotypes. If all
haplotypes were full barcodes (658 bp), representative samples were chosen to maximize
the geographic sampling of the dataset. COI barcodes from the closely-related but non-

target taxa were not filtered for haplotypes. Instead, we selected sequences based on
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length and included equivalent numbers of sequences from each species where possible.
In the case of B. jacobsoni, only three COI barcode sequences were available. PTP
species delineations were analyzed using the online PTP web server (https://species.h-
its.org/ptp/, Zhang et al. 2013) with 500,000 MCMC generations thinned by 100 with a
burn-in of 0.1. mPTP species delineations were analyzed using the program mPTP (Kapli
et al. 2017, https://github.com/Pas-Kapli/mptp).

GMYC classifies the branches of an ultrametric gene or species phylogenetic tree
by maximizing the likelihood of a GMYC model; speciation rates held constant among
species without extinction, and panmixia within species (Taravers et al. 2013). GMYC is
the only analysis included in this study that requires an ultrametric phylogenetic tree in
which the branches represent time, rather than nucleotide substitutions. Due to this
requirement, this analysis was only performed on the Bayesian COI barcoding tree. The
GMYC analysis was performed using the splits version 1.0-20 package.

ABGD sorts aligned barcode sequences (not appropriate for datasets that include
multiple genes) into groups based on the ratio of divergence within and among groups.
This analysis assumes that genetic divergence among species is greater than genetic
divergence within species. The difference between the within-group and among-group
diversity is called the ‘barcode gap’. It requires two user inputs: P, the prior limit to the
expected intraspecific diversity, and X, the minimum gap size between sequence clusters
to identify a group (the sensitivity of the analysis). We did not have a priori knowledge
of the range of intraspecies diversity or gap size among species, so we ran the analysis

with a minimum P of 0.001 and a maximum P of 0.1 with steps of 10 at each of four gap
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widths, 1, 1.5, 2, 2.5, and compared the results. We used a simple distance measurement
for each analysis.

ASAP is similar to ABGD in that it uses a clustering method to sort aligned
barcode sequences into groups based on intra- and interspecies diversity and does not
build a phylogeny to identify those groups. However, it is different from ABGD in that it
uses an updated scoring system that does not require any user defined input estimating

the intraspecific diversity. We used a simple distance measurement with this analysis.

Results

We sequenced 102 samples that ranged in age from 3 to 65 years with one sample
that was 101 years old. We removed 57 samples because the mean alignment length was
below 1,000 bp. The final UCE dataset contained 23 B. occidentalis occidentalis
specimens and 32 B. occidentalis mckayi specimens (Figure 2, Table A5 and A6). The
final 75% taxon matrix included 2233 UCE loci (mean sequence length: 1346 + 334.7),
of which 1683 had at least one informative site. Loci with 0 informative sites were
removed from the analysis (Table S2). There was a large gap in the geographical
coverage of sampling for our UCE dataset in the southern half of British Columbia,
Canada. This is partially due to an actual paucity of sampling in that region of the range,
but also because the samples we did have for that area had low mean alignment lengths
and, therefore, were removed from the analysis.

We mined 34 B. occidentalis occidentalis COI barcodes that represented 14
unique haplotypes and 32 B. occidentalis mckayi COI barcodes that represented 12

unique haplotypes from our sequences. We also included 12 B. occidentalis occidentalis
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COI barcode sequences and nine B. occidentalis mckayi COI barcode sequences from

BOLD that represented unique haplotypes.

Phylogenetic reconstruction

The UCE-based phylogenetic tree inferred with IQ-Tree recovered B.
occidentalis mckayi as reciprocally monophyletic to B. occidentalis occidentalis (Table
2.1, Fig. 2.2). However, the support for this relationship was very low, indicating that B.
occidentalis mckayi is likely a subclade within B. occidentalis. Within each group, we
examined the results for any evidence of geographic clustering that might indicate
phylogeographic structure and did not find any clear patterns. Except for the monophyly
of B. occidentalis mckayi, samples were generally randomly placed within clades.

The final ML COI barcoding tree indicated that B. jacobsoni and B. hypocrita
were sister species and B. ferricola was sister to B. occidentalis (Table 2.1, Fig. 2.3). All
of these relationships were strongly supported, and agree with previous analyses
(Cameron et al. 2007; Williams et al. 2012). We found strong support for B. occidentalis
mckayi as a monophyletic clade, nested within a paraphyletic clade that also included
multiple clades of B. occidentalis occidentalis, matching the UCE results above (Fig.
2.3).

The topology of the Bayesian COI barcoding tree agreed with the ML tree for all
relationships except for B. occidentalis occidentalis and B. occidentalis mckayi, which it

resolved as reciprocally monophyletic with strong support (Table 2.1, Fig. 2.4).
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SODA analysis
SODA analyses identified 22 species using the UCE phylogeny (Fig. 2.2, Table
AT7). The analysis correctly identified the B. terricola specimen as a separate species and
the potential species that it identified were always composed of either B. occidentalis

occidentalis or B. occidentalis mckayi, never mixed (Table 2.1, Table A4).

PTP and mPTP analysis

PTP and mPTP analyses both agreed that the ML COI phylogeny contained five
species, with B. occidentalis occidentalis and B. occidentalis mckayi grouped as a single
species and all other previously identified species separated (Table A8, Fig. 2.3).
However, mPTP found 7 species using the Bayesian COI phylogeny (Table A9). It split
one specimen of B. hypocrita into a separate species, but otherwise grouped the species
into monophyletic clades and separated B occidentalis and B. mckayi (Table A8, Fig. 2.2,

Fig. 2.4).

ABGD analysis

ABGD analyses were fairly consistent across the four sensitivity levels. Analyses
with X (the minimum gap size that identifies a group) = land 1.5 organized the samples
into sets of one, four, five, or seven potential species, depending on the assigned
intraspecies diversity, and analyses with X =2 and 2.5 found organized samples into sets
of four, five, and seven potential species (Table 2.2, Table A8). Analyses that delimited
four species grouped B. terricola with B. occidentlalis occidentalis and B. occidentalis
mckayi (Table 2.1, Fig. 2.2), but identified B. lucorum, B. hypocrita, and B. jacobsoni as

separate groups. Analyses that delimited five species separated B. terricola from B.
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occidentalis and B. occidentalis mckayi, but left the latter two taxa as a single species.
Analyses that delimited seven species separated B. occidentalis occidentalis and
B.occidentalis mckayi, but they also identified one specimen of B. occidentalis

occidentalis from Idaho, USA (BLX2160) as a separate species.

ASAP analysis

ASAP analysis grouped the taxa in the COI barcoding dataset into groups of four,
five, six, and seven species. The group of five species agreed with ABGD, PTP, and
mPTP (Table A8). The groups of four and seven species agreed with those described by
ABGD (Table 2.3, Table A8). The group of six species was identical to the group of
seven species except for the specimen B. occidentalis occidentalis BLX2160, which was
placed into the species with the other B. occidentalis occidentalis specimens (it was
identified as its own species in the ABGD analysis, Table A8). The support ranking
indicated that the four species solution was the most likely (Fig. 2.2), followed by the five
species solution, seven species solution, and six species solution. The P value for the
partition that includes four species is by far the lowest, which can be interpreted to
indicate that it is favored as the most likely number of species. Note that P in the ABGD

analysis and p in the ASAP analysis are different metrics.

GMYC analysis
GMYC analyses identified six species using the Bayesian COI barcoding
phylogeny. It grouped all of the species as monophyletic groups, including B.

occidentalis occidentalis and B. occidentalis mckayi (Fig. 2.2, Table 2.1, Table A9).
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Discussion

Our analysis of the relationship between B. occidentalis occidentalis and B.
occidentalis mckayi is the most thorough yet produced. We conducted the first analyses
of nuclear markers to address this question. We expanded geographical sampling and
applied more species delimitation methods than any previous analysis of the taxonomic
status of the group (Williams et al. 2012; Williams 2021). We compared methods based
on the phenic (Michener 1970), monophyletic (Donoghue 1985), diagnosable (Cracroft
1983), diagnosable phylogenetic (Nixon and Wheeler 1990), and multi-species coalescent
(Pamilo and Nei 1988) concepts.
Species delimitation methods disagree on the species status of Bombus occidentalis
mckayi

Our ML and Bayesian analyses did not agree on the phylogenetic relationship
between B. occidentalis occidentalis and B. occidentalis mckayi. The ML UCE
phylogeny found weak support for reciprocal monophyly between B. occidentalis
occidentalis and B. occidentalis mckayi, indicating that B. occidentalsi mckayi is
probably a subclade within the larger group. SODA analysis of the ML UCE phylogeny
split the two taxa into 22 species, which is far more than have been previously suggested
(Sheffield et al. 2016). The ML COI phylogeny and the automated species delimitation
analyses associated with it agree that B. occidentalis mckayi is a monophyletic clade
within B. occidentalis occidentalis. However, the Bayesian COI phylogeny and the
automated species delimitation analyses performed on that dataset strongly support
reciprocal monophyly between the taxa. Although reciprocal monophyly is strong

evidence for speciation, it is not required (Rieseberg and Brouillet 1994; Knowles 2001;
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Horandl and Stuessy 2010). If B. occidentalis mckayi is accepted as a monophyletic
species, our ML analyses indicate this would create a paraphyletic species in B.
occidentalis occidentalis.

The most likely solutions from ABGD and ASAP (not dependent on any
phylogeny) not only grouped B. occidentalis occidentalis and B. occidentalis mckayi
together, but also included B. terricola as the same species. This is a relationship which
has been previously analyzed and discounted (Williams et al. 2012; Williams et al. 2012)
and which is not supported by any other analyses in this study. ABGD and ASAP both
ranked a five species solution in which B. terricola is recognized as a separate species as

second-most likely, but they ranked it far below the first-choice four species solution.

Comparison of results among methods and to previous studies

The topology of our ML UCE species tree and the ML COI barcode tree agreed
that B. occidentalis mckayi is a well-supported monophyletic subclade within B.
occidentalis occidentalis. However, SODA analysis of the ML UCE data based on the
gene trees split the samples into over 20 species, very likely over splitting them. An
important aspect of MSC is that individuals of the same species are assumed to have no
structure within the species, so their alleles coalesce randomly (Rabiee and Mirarab
2020). SODA exploits this feature by creating a species tree in its sister program
ASTRAL (Mirarab et al. 2014) and uses heuristic patterns of quartet trees (unrooted trees
that include four taxa, Reaz et al. 2014) to identify areas of the species tree where there is
complete coalescence (Rabiee and Mirarab 2020). However, if species do contain
substantial structure, SODA may identify that intraspecies structure as species

delimitations. UCEs are, as advertised, highly conserved, so one might expect to detect



38
little within-species genetic diversity using these markers. However, our ML phylogeny
of the dataset indicates many highly supported bifurcating nodes within the clades that
define B. occidentalis occidentalis and B. occidentalis mckayi, which is indicative of
genetic structure within the taxa, though no geographic pattern of that structure was
detected. Although more computationally intensive, Bayesian methods that use an
MCMC chain to assign species based on gene trees may be more appropriate for datasets
in which intraspecies genetic structure is detected or suspected because plausible species
membership can be incorporated into the model based on previous work, geographic
distribution, or morphology (e.g. Bayesian Phylogenetics and Phylogeography, Yang and
Rannala 2010, Yang 2015).

The results of our Bayesian analyses disagree with the findings of Williams et al.
(2012), who found that B. occidentalis mckayi is likely an evolutionarily unique taxon
within B. occidentalis using GMY C modeling. This contradiction is likely due to
characteristics inherent to GMYC modeling and the respective datasets. An increase in
the number of specimens or haplotypes included in GMYC models is likely to increase
the proportion of lineage splits detected (Pentinsaari et al. 2016). Our analysis included
14 haplotypes of B. occidentalis occidentalis and 12 haplotypes of B. occidentalis mckayi
while Williams et al. (2012) included five haplotypes of B. occidentalis occidentalis and
four haplotypes of B. occidentalis mckayi. Also, previous studies indicate that the
performance of GMYC increases with the number of species and depth of subclade
(Taravers et al. 2013). Our analysis included only six species from the subgenus Bombus
s.s. (separating B. occidentalis occidentalis and B. occidentalis mckayi), while Williams

et al. (2012) included many more morphologically identified taxa from among the entire
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genus Bombus. Likely for these reasons, GMY C was not consistent between the two
studies. The sensitivity of GMYC to differences in model parameters and input has
contributed to its less frequent use in recent years, with PTP succeeding it in popularity
for single gene tree and species tree analyses (Zhang et al. 2013; Simon 2020).

In a follow-up analysis, Williams (2021) re-analyzed the same Bayesian COI
barcoding phylogeny using PTP analysis, which does not require dating for an ultrametric
tree, and determined B. occidentalis occidentalis and B. occidentalis mckayi to represent
two good species. This result agrees with the results of our Bayesian GMYC and mPTP
analyses, but contradicts our ML analyses. Bayesian methods have been alternately
praised for the easily interpreted support values of posterior probabilities, which describe
the proportion of trees that return a clade in an MCMC chain, and criticized for inflated
support values and sensitivity to the evolutionary models selected for the analyses
(Suzuki et al. 2002; Simon 2020). Likewise, the bootstrap supports associated with ML
analyses have been criticized for their unclear definition. They have been described as
measures of “precision not accuracy” (Page and Holmes 1998) among other suggested
interpretations (Simon 2020). Berry and Gascuel (1996) suggested that 1 minus the
bootstrap value is the equivalent to a p-value associated with the test of the null
hypothesis that a split (branching event) is not really present. The differences in the
topology of our ML and Bayesian COI barcode phylogenies may be attributable to
relatively inflated support for a split in the Bayesian analysis that was not supported in
the ML analysis. As such, the ML and Bayesian analyses may be considered as
conservative and liberal estimations respectively of the species status of B. occidentalsi

mckayi.
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Species status

Although our analyses provided some mixed support for the independence of B.
occidentalis mckayi as a separate species, we conclude that the consistent monophyly of
the taxa and the support of the species delimitation analyses of the Bayesian phylogeny
are adequate to acknowledge B. occidentalis mckayi as a distinct species from Bombus
occidentalis, Bombus mckayi. This result is in agreement with the conclusions of
Williams (2021), and will encourage continued research into the conservation status of

both species.

Conservation implications

The rank of subspecies is not as clearly defined as higher taxonomic levels, and
has been applied inconsistently in the past (Haig et al. 2006; Phillimore and Owens
2006). Subspecies within B. occidentalis have previously been described based on
morphology (Sheffield et al. 2016) and phylogenies (Williams et al. 2012; Williams
2021), with variable results. Our study confirms the monophyletic status of B. mckayi
with a robust analysis of the COI barcoding gene and 1683 nuclear genes, though it is
still unclear if that clade is within B. occidentalis (thereby rendering B. occidentalis a
paraphyletic species) or if it represents a reciprocally monophyletic sister clade to B.
occidentalis.

Recognition of these two well-defined taxa has implications for conservation
policy in the United States and Canada. Within the bounds of the United States, B.
occidentalis is found within the contiguous western states and is decreasing dramatically
in abundance and range (Graves et al. 2020). B. mckayi is found in Alaska where

populations appear to be stable at this time (Koch and Strange 2012; Pampell et al. 2015).
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The Endangered Species Act of the United States allows listing of subspecies (Haig et al.
2006; Waples et al. 2018), which makes it possible to list B. occidentalis as endangered
without listing B. mckayi regardless of species status. Endangered species listings are
contentious in the United States, as the restrictions placed on habitat often limit use of
public and private lands (Haig et al. 2006; Sims and Palikhe 2019). Flexibility to list only
the taxa of concern, regardless of species status, eases the burden of such restrictions at
the national level. However, protections at the state and municipal level are variable in
their taxonomic requirements and subspecies of conservation concern may not garner the
attention or resources granted to species. Identification of evolutionarily distinct taxa as
species provides a clear and easily understood delimitation for which to create
conservation policy.

Both taxa exist within the bounds of Canada and the cryptic morphology and
geographical overlap of the taxa make monitoring of population abundances tricky in
some regions (Sheffield et al. 2016). Legislation under the Species at Risk Act varies
among provinces and territories, which provides flexibility to protect populations in
regions where they are in decline. However, this political structure for species protection
has also been criticized for inconsistency in standards for listing and compliance with
required actions for listed species among provinces and territories (Turcotte et al. 2021).
Treatment of the taxa as a single species where their boundaries overlap would provide
misleading information about the abundance of the separate taxa and add to confusion
about conservation needs for the species. Species delimitation for B. occidentalis and B.
mckayi will help to clarify the need for monitoring of the taxa separately. Continued

sampling to monitor abundance and genetic viability of populations at risk is critical to
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maintain the species in the Canadian portion of their ranges where they may be
confounded.

Future work - genetic differentiation of Bombus occidentalis within a biogeographical
context

All of our phylogenies agree that B. mckayi is at least a monophyletic group.
Historical biogeography may help to explain this observed pattern of differentiation.

The ancestors to extant species of Bombus sensu stricto in North America likely
entered the continent by crossing the Bering Land Bridge less than five million years ago
(Hines 2008). Due to their evolutionary history, these taxa were likely to have been
adapted to cold or temperate climates and could have migrated south along the coastal
mountain ranges of western North America relatively quickly (Hines 2008). However,
approximately 2.6 mya the Cordilleran ice sheet began to form in the Alaskan Range and
grew southward (Hidy et al. 2013). At its maximum, this ice sheet stretched as far south
as the North Cascades (Seguinot et al. 2016).

Genomic signals within B. occidentalis and B. mckayi may provide more
information about how the two taxa evolved during the development and recession of this
ice sheet across their ranges. If the current distributions of B. occidentalis and B. mckayi
are predictive of the range of the most recent common ancestor before the formation of
the Cordilleran ice sheet, that range likely would have been affected by the development
of the ice sheet in one of two ways: first, by splitting and reducing the distribution of the
ancestor species into isolated northern and southern distributions, or second, by reducing
the range completely to a relatively small southern distribution. The ice sheet advanced

and receded several times over the course of its existence, likely only receding
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sufficiently to allow migration to resume along the pacific coast of North America 20,000
to 17,000 years ago (Pitulko and Pavlova 2020). If there were northern and southern relict
populations, such a long separation would have permitted genetic divergence between
them. Time since divergence could be estimated using single nucleotide polymorphisms
(SNPs) called from the UCE dataset presented in this study (Gutenkunst et al. 2009;
Everson et al. 2019) to estimate if the taxa diverged before or after the maximum extent
of the ice sheet was established. Additionally, patterns o