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Abstract

Taxonomic uncertainty in the Arctic-alpine flowering plant genus Therorhodion (Maxim.) 

Small (Ericaceae) can be attributed to two distinctly different viewpoints representing the 

taxonomic diversity. Russian taxonomists recognize two species, one with two subspecies, 

whereas three distinct species are recognized in North America following a broader species 

concept. Therorhodion redowskianum  Hutch. is restricted to Asia, and is unambiguously 

recognized by both viewpoints. Therorhodion camtschaticum  Small and T. glandulosum  

Standl. ex Small have an amphiberingian distribution in eastern Asia and Alaska with T. 

glandulosum  sometimes recognized as a subspecies of T. camtschaticum. Investigating this 

taxonomic disagreement creates an opportunity to learn more about the diversification of 

Beringian taxa and how past glacial events have influenced speciation and the exchange of 

biota between the continents. I set out to unravel the taxonomic relationships within 

Therorhodion and the likely dispersal route/s of these amphiberingian taxa through the 

measurement of macromorphological characteristics from voucher specimens, 

phylogenetic analyses using plastid and nuclear DNA markers, and divergence time 

analyses. A comparison of age estimates was also performed based on secondary 

constraints versus fossil constraints. Although leaf length and width measurements were 

not reliable delimiting characters, there is strong molecular support for Therorhodion as 

the sister clade to Rhododendron, and within Therorhodion three strongly supported 

monophyletic clades representing three species were recovered. The use of secondary 

constraints in the divergence time analyses resulted in younger age estimates than when 

fossil constraints were applied, corroborating previous studies. Using fossil constraints I
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inferred a divergence of Therorhodion from Rhododendron in the late Paleocene with the 

Asian-restricted species diverging first from the T. cam tschaticum / T. glandulosum  clade 

during the middle Miocene, supporting an Asian origin for the genus. Subsequently, the 

remaining two species are inferred to have diverged in the middle to late Miocene and 

further dispersed throughout the Pliocene and Pleistocene as suitable habitat became 

available through a cooling climate.
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Chapter 1 General Introduction

The floristic disjunctions between Asia and North America have been examined by 

many studies, with much of the focus being on the disjunction between eastern Asia and 

eastern North America rather than western North America (Li, 1952; Thorne, 1972; Wen, 

1999; Donoghue & Smith, 2004; Wen et al., 2010, 2016). The majority of floristic exchanges 

between eastern Asia and North America documented an eastward dispersal from Asia to 

North America (Wen et al., 2010), with the Bering land bridge in many cases providing the 

migration route, but also in some cases serving as a barrier (Wen, 1999; Abbott & 

Brochmann, 2003; Ickert-Bond et al., 2009; Wen et al., 2010, 2016).

The genus Therorhodion (Maxim.) Small (Ericaceae) is disjunctly distributed 

between eastern Asia and Alaska and comprises three species (Hutchinson, 1921). 

Therorhodion camtschaticum  Small and T. glandulosum  Standl. ex Small have an 

amphiberingian distribution (Ickert-Bond et al., 2009) occurring in eastern Asia and 

Alaska, whereas the third species T. redowskianum  Hutch. is restricted to eastern Asia. The 

key to understanding disjunct distributions in Alaska concerns the time that lineages 

arrived in Alaska and how they attained their current biogeographic distribution.

1.1 Inferring the evolutionary history o f  lineages through divergence time estimation

Divergence time estimation is a tool for inferring when lineages have diverged from 

each other or when a particular lineage has arrived in an area. The molecular clock 

hypothesis posits that neutral DNA mutations are incorporated into populations at a 

regular rate, and has been used to date divergence among species (Zuckerkandl & Pauling, 

1965). Divergence time estimation starts with measuring the genetic distance between two
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sequences or taxa in an analysis. Traditionally, independent paleontological evidence (a 

fossil calibration) is used to assign a minimum age or age range to one of the nodes, but 

other means of calibration are also used (see Renner, 2005; Hipsley & Muller, 2014; Bell,

2015). Subsequently, a substitution rate is calculated by dividing the genetic distance by its 

known age, and lastly that rate is used to convert genetic distances between two taxa into 

estimates of absolute time (Fig. 0.1; Sanderson et al., 2002).

Genetic distances are calculated using nucleotide substitution models with the unit 

of distance being the number of nucleotide substitutions per site, which are generally 

correlated with time when changes are neutral (no selection; Kimura, 1983). However, 

many studies have demonstrated that clock-like evolution is largely absent and instead rate 

heterogeneity among lineages is most prevalent (Britten, 1986; Avise, 1994; Li, 1997). 

Incorporating rate heterogeneity into analyses has led to the development of the relaxed 

molecular clock approach for divergence time estimation (Sanderson, 1997; Thorne et al., 

1998; Thorne & Kishino, 2002; Lepage et al., 2007; Bell, 2015).

There are a few methods that assume that evolutionary rates are somewhat 

inherited from ancestral lineages and so limit how much they can change (rates are auto­

correlated in time). A couple of these are: non-parametric rate smoothing (NPRS; 

Sanderson, 1997), a Bayesian method using the Multidivtime software (Thorne et al.,

1998), and a penalized likelihood method (PL; Sanderson, 2002). A commonly used relaxed 

molecular clock approach (without rates being auto-correlated in time) is Bayesian 

evolutionary analysis by sampling trees (BEAST and BEAST2; Drummond et al., 2012; 

Bouckaert et al., 2014). The software BEAST (Drummond et al., 2012) uses a Bayesian 

Markov chain Monte Carlo (B/MCMC) approach to co-estimate the topology, the
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substitution rate, and node ages. It also enables for partitioning of the dataset, allowing for 

the ability to use separate substitution models and clock models for different partitions of 

the molecular dataset.

Converting genetic distances to absolute time requires a calibration method, which 

has often relied on fossils (Hipsley & Muller, 2014), which allow for applying a minimum 

age to the base of a clade but must be correctly assigned to a clade based on 

synapomorphies the fossil shares with either the crown group or the stem group (Forest, 

2009). The crown group is composed of extant taxa, the most recent common ancestor 

(MRCA), and all extinct taxa within the clade (Fig. 0.1E), whereas the stem group is 

composed of the crown group plus all of the extinct taxa since it split from the closest living 

relative (Fig. 0.1E; Forest, 2009). Being a primary source, fossils are often considered the 

most reliable form of calibration for age estimates, assuming that the most suitable fossil is 

applied correctly (Marshall, 1990; Sanderson, 1998; Magallon & Sanderson, 2001; Parham 

et al., 2012). Incorrectly assigning fossil calibrations to nodes or applying an inaccurate age 

can result in errors in divergence time estimates, but consistent protocols are beginning to 

be followed (see Parham et al., 2012).

Although fossils may be considered the most appropriate form of calibration not all 

taxonomic groups are well represented in the fossil record, and so other forms of 

calibration are often used. Secondary constraints are frequently used and are derived from 

node ages that were inferred by previous studies using one or more fossil constraints 

(Dorn et al., 2014). Substitution rates are another form of secondary constraint taken by 

measuring another dated phylogeny that used different calibrations (Milne, 2004). 

Geological events are sometimes used to date specific nodes (Herman et al., 2014), but have
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been criticized as using circular reasoning because they assume vicariance (Renner, 2005; 

Forest, 2009). Another constraint that is most often used with viruses and bacteria is the 

sampling date/ date of sequence isolation (Maree et al., 2015).

Hipsley & Muller (2014) conducted a review of the practices for calibrating trees for 

divergence time analyses between the years 2007 and 2013 in order to bring attention to 

methods that deserved more discussion and consensus on practices. They found that fossils 

were the most commonly used form of calibration, used in approximately 50% of the 

studies, followed by geological events and secondary calibrations, which were used about 

an equal amount of time. They also noted that the use of secondary constraints greatly 

increased between 2007 and 2013.

Following Hipsley & Muller's approach (2014), I reviewed calibration types used in 

published analyses from 2014 to 2016. In Web of Science (http: //webofknowledge.com/) I 

searched for the same topic terms [(molecular clock* OR divergence dat*) AND (calibrat*)], 

and followed the same protocols for identifying relevant analyses as Hipsley & Muller 

(2014). My search resulted in finding 484 papers, 315 of which met the requirements (see 

attached file Supplemental A). Fossils were the most commonly used method of calibration, 

followed by secondary calibrations, substitution rates, and geological events (Fig. 0.2). The 

use of a sampling date for calibration was only used in one published analysis. Shown as a 

percentage of all of the analyses published per year, the use of fossil calibrations has 

remained relatively stable since 2009, but dropped from 59 to 44%  in 2016 (Fig. 0.3). 

Secondary calibrations have continued to show an increase in use since 2013, despite 

concerns that have been expressed about their accuracy (Shaul & Graur, 2002; Graur &
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Martin, 2004; Schenk, 2016). The use of geological events as calibrations has continued a 

steady decline since 2007 (Hipsley & Muller, 2014).

1.2 Taxonomic uncertainty

In addition to being able to accurately date the tenure of a lineage in a particular 

region, species delineation and differing taxonomies need to be reconciled to accurately 

describe the floristic diversity of a region. There is some taxonomic uncertainty within 

Therorhodion between T. camtschaticum  and T. glandulosum  in Asian descriptions as well 

as those put forth by Swedish botanist Eric Hulten in Flora o f  Alaska and Neighboring 

Territories (1968). Nevertheless, the two taxa are considered distinct species in Alaska 

today, where they live in allopatry, in addition to being easily distinguished based on 

morphology. These different taxonomic viewpoints are due to different taxonomic 

traditions within Asia and North America, as well as incomplete knowledge of habitat 

preference for Therorhodion in the respective regions. Russian taxonomists are more likely 

to use the taxon rank of subspecies rather than the rank of species when the closely related 

taxa occur in sympatry and the taxa have a higher chance of hybridization (Elven et al.,

1999). This is the case for T. camtschaticum  and T. glandulosum, although there are 

currently no published data on whether hybridization commonly occurs.

Whereas the Asian T. redowskianum  is consistently recognized as a distinct species 

(Busch, 1915; He & Chamberlain, 2005), T. glandulosum  is often described as a subspecies 

of T. camtschaticum  in Asian descriptions (Yurtsev et al., 2010; Takahashi, 2015) and by 

Hulten (1968). In contrast, North American descriptions and the Panarctic Flora 

(http://nhm2.uio.no/paf/) separate T. camtschaticum  and T. glandulosum  at the species 

level (Viereck & Little, 2007; Kron & Judd, 2009; Elven et al., 2011). Herbarium specimens
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collected from Chukotka and Kamchatka deposited at the Herbarium, University of Alaska 

Museum of the North (ALA) can be separated into T. glandulosum  and T. camtschaticum  

based on their morphological characteristics.

1.3 Open access and an integrative study

Open access to molecular sequences and phylogenetic trees has increased with the 

creation of databases such as TreeBASE (http://treebase.org; Sanderson et al., 1994), 

Dryad (http://datadryad.org/), and GenBank (http://www.ncbi.nlm.nih.gov/genbank/; 

Benson et al., 2013), enabling users to expand their datasets and potentially answer more 

complex questions related to biogeography and evolutionary history of particular floristic 

regions. My study takes advantage of GenBank by using 205 sequences for the outgroup in 

order to reconstruct the phylogeny of the Ericaceae and confirm the position of 

Therorhodion. All of the newly generated sequences from this project will also be publicly 

available on GenBank.

This study is highly integrative by combining molecular sequencing and divergence 

time estimation with original field studies and examination of macromorphology from 

voucher specimens at the Herbarium, University of Alaska Museum of the North (ALA) and 

loaned specimens (NPS, SAPS, TNS, UBC, US; acronyms follow Index Herbariorum; Thiers, 

2016). It aims to clarify the taxonomic relationships within Therorhodion as well as to 

unravel aspects of the evolutionary and biogeographic origins of the amphiberingian flora 

using Therorhodion as a case study.
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Figure 1.1 Node calibration for a divergence time analysis. A) A Phylogram with branch 
lengths representing the number of nucleotide substitutions per site. B) A constraint with 
an approximate known age, such as a fossil, is applied to the appropriate node, which adds 
a temporal component and converts branch length and scale to absolute time, shown in C). 
D) The consensus chronogram includes 95%  confidence intervals as purple bars. E) Using 
the marked fossil (dashed lines represent extinct taxa), node 1 represents the crown group 
of clade A, and node 2 represents the stem group of clade A. Node 2 could also be the crown 
group of clade B if a different fossil constraint were used (adapted from Renner, 2005 and 
Forest, 2009).
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Figure 1.3 Trends in calibration methods used as percent of the total analyses published 
per year. Results are for the years 2007 to 2013 (years shaded in gray on the x-axis are 
adapted from Hipsley & Muller, 2014).
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Chapter 2 Across the Bering land bridge to the New World: The evolutionary history of

Therorhodion (Maxim.) Small (Ericaceae)1

2.1 Introduction

Our understanding of Arctic species and speciation was advanced by Swedish 

botanist Eric Hulten, who coined the term 'Beringia' (Hulten, 1937; Abbott & Brochmann,

2003) to refer to an unglaciated area during the Quaternary glaciations extending from the 

Lena River in Siberia (125° E. longitude) and the Mackenzie River in northwestern Canada 

(130 ° W. longitude), and from the Arctic Ocean (72° N. latitude) to as far south as the tip of 

Kamchatka (51° N. latitude; Hulten, 1937; Abbott & Brochmann, 2003). The role of Beringia 

as an unglaciated refuge for many plants and animals has been well studied (Hulten, 1937; 

Tremblay & Schoen, 1999; Abbott et al., 2000; Abbott & Brochmann, 2003; Tkach et al., 

2008; Hoffmann et al., 2010; Liu et al., 2014; Hou et al., 2016a, 2016b). In addition, the 

1000 km wide Bering land bridge acted as a dispersal corridor between eastern Asia and 

western North America for many now disjunct plant and animal taxa (Hopkins, 1967; 

Sanmartin et al., 2001; Donoghue & Smith, 2004; DeChaine, 2008; Ickert-Bond et al., 2009; 

Wen et al., 2016), with the majority of the floristic exchanges documented as being an 

eastward dispersal from Asia to North America (Wen et al., 2010).

1 M argaret G. Oliver, Jordan S. Metzgar, and Stefanie M. Ickert-Bond. A cross the Bering land bridge to the New 

W orld: The evolutionary history of Therorhodion  (Maxim.) Small (E ricaceae). Prepared for subm ission in the 

Journal of System atics and Evolution.
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Eastern Asia and Alaska are considered to be the center of distribution for 

heathland plants (Bliss, 1979), which includes the Ericaceae (heather family) and 

Diapensiaceae (Diapensia family). The Ericaceae are an important part of the Arctic flora, 

but with relatively low species richness (Stevens et al., 2004; Schwery et al., 2015). 

Although the Ericaceae does contain herbs and trees, all of the representatives in Alaska 

are shrubs with seventeen genera and thirty species (Hulten, 1968; Viereck & Little, 2007). 

This includes blueberries and cranberries (Vaccinium L.), and Labrador tea (Rhododendron 

L.; Flora of North America Editorial Committee, 2009).

The family Ericaceae has a worldwide distribution, but is especially abundant in 

temperate and montane habitats with 124 recognized genera and approximately 4100 

species (Stevens et al., 2004; Schwery et al., 2015). Rhododendron is a species-rich, mostly 

evergreen genus of Ericaceae with over 1000 species recognized worldwide (Stevens et al.,

2004), and is well studied due to the conspicuous flowers of many of the species and as a 

result the genus is commonly cultivated.

Maximowicz subdivided the genus Rhododendron into eight sections in 1870: 

Osmothamnus Maxim., Eurhododendron Maxim., Azalea Pl. emend., Tsusia Pl. emend., Keysia 

Th. Nutt., Rhodorastrum  Maxim., Azaleastrum  Pl., and Therorhodion Maxim. Subsequently, 

following the schema by Maximowicz, Gray (1878) elevated these eight sections to 

subgenera including subgenus Therorhodion (Maxim.) Gray, which is recognized based on 

one or two terminal leafy shoots, bud-scales that are deciduous with the leaves, and a 

rotate corolla that is deeply divided close to the base on the lower side. Small in 1914 

considered the morphological differences between Therorhodion and Rhododendron 

significant enough to raise subgenus Therorhodion to generic level. Hutchinson’s 1921
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treatment of the genus Therorhodion (Maxim.) Small was the first to include three species:

T. camtschaticum  Small, T. glandulosum  Standl. ex Small and T. redowskianum  Hutch (Fig. 

1.1).

The taxonomic history of Therorhodion dates back to the 1780's (Table 1.1). The 

first taxon to be described was T. redowskianum  by Maximowicz in 1859. He described 

Therorhodion as a section of Rhododendron (Maximowicz, 1870) with a distribution in the 

mountains of northeastern Asia. Gray (1878) expanded this distribution to include Alaska 

and the Aleutian Islands as well as northern Japan, where he recognized R kamtschaticum  

(=camtschaticum). Small (1914), in the North American Flora, raised section Therorhodion 

to generic rank and described T. glandulosum  from the Imuruk Basin of Alaska (Fig. 1.2).

Whereas the Asian T. redowskianum  is consistently recognized as a distinct species 

(Busch, 1915; He & Chamberlain, 2005), T. glandulosum  is often described as a subspecies 

of T. camtschaticum  in Asian descriptions (Yurtsev et al., 2010; Takahashi, 2015) and by 

Hulten (1968). In contrast, today's North American descriptions and the Panarctic Flora 

separate T. camtschaticum  and T. glandulosum  at the species level (Viereck & Little, 2007; 

Kron & Judd, 2009; Elven et al., 2011). Herbarium specimens collected from Chukotka and 

Kamchatka archived at the Herbarium, University of Alaska Museum of the North (ALA) can 

be separated into T. glandulosum  and T. camtschaticum  based on their morphological 

characteristics.

Although Therorhodion has often been treated as subgenus of Rhododendron (e.g. He 

& Chamberlain, 2005), more recent genetic work within the Ericaceae has provided further 

support for the distinctiveness of Therorhodion as a closely related clade to Rhododendron 

(Kron & Judd, 1990; Kron, 1997; Kurashige et al., 1998; Kurashige et al., 2001; Kron et al.,
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2002a; Gillespie & Kron, 2010). Yet we know little about the phylogenetic relationships of 

the taxa within Therorhodion and the tenure of these lineages in Beringia.

With the ubiquitous use of molecular methods for phylogeny reconstruction, and a 

better understanding of the fossil record of the Ericaceae (Collinson & Crane, 1978; Van der 

Burgh, 1978; Friis, 1979; Van der Burgh, 1987; Nixon & Crepet, 1993; Schwery et al., 2015) 

we are well situated to explore the evolutionary history of Therorhodion. Specifically we 

aim to test the following hypotheses (Fig. 1.3): (1) There are three reciprocally 

monophyletic lineages within Therorhodion; (2) arrival in the New World was via a 

northern route (Bering land bridge) to the Seward Peninsula and a southern route via the 

Aleutian Islands to southwest and southeast Alaska; and (3) within T. camtschaticum  and T. 

glandulosum  two distinct clades of western and eastern Beringian populations exist with an 

older divergence time estimation for the western Beringian population.

2.2 Materials and Methods

2.2.1 Morphological data

We reviewed 268 herbarium specimens from ALA, SAPS, TNS, UBC, and US (Thiers, 

continuously updated) to characterize leaf size in Therorhodion (Fig. 1.2). We measured 

leaf length (L), leaf width (W), trichome presence, and the type of trichomes (glandular or 

non-glandular) of herbarium specimens to better characterize the three Therorhodion 

species morphologically (see attached file Supplemental A). Ten entire leaves were 

randomly selected for measurements from each voucher specimen or the most leaves 

possible if fewer than ten leaves were available. We calculated the average leaf length, leaf 

width, and L:W ratio for all three taxa (Table 1.4). Analysis of Variance (ANOVA) and paired
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t-tests were performed using R version 3.1.3 (R Core Team, 2015) to compare leaf length 

and width between taxa. Box plots depicting log-transformed measurement data were 

produced using R v3.1.3.

Pollen of all three taxa of Therorhodion were obtained from herbarium specimens at 

ALA (Table 1.5), and acetolyzed (Erdtman, 1960; Takahashi, 1987). Pollen samples were 

subsequently dehydrated in 90%  ethanol, mounted on aluminum stubs with double-sided 

tape, sputter coated with palladium using a Ladd model 30800, and viewed with an ISI-SR- 

50 scanning electron microscope at approximately 20 kV at the Advanced Instrumentation 

Laboratory (AIL) at UAF. The diameter of pollen grains were measured using Adobe 

Photoshop version 13.0.4 and ANOVA was performed in R version 3.1.3 to compare the 

diameters among taxa.

2.2.2 Phylogeny, DNA extraction, PCR amplification, and sequencing

In order to reconstruct the phylogeny of Ericaceae and confirm the position of 

Therorhodion we assembled a large molecular dataset. We generated 80 new sequences 

from Therorhodion for four chloroplast loci (ndhF, rbcL, matK, and trnL-F) and two nuclear 

loci (waxy and nrlTS) and used 205 sequences from GenBank (Table 1.2; 

http://www.ncbi.nlm.nih.gov/genbank/). This final dataset included 46 outgroup species 

and three ingroup species, covering four of the eight subfamilies, six of the 20 tribes, and 23 

of the 124 genera in the Ericaceae (Stevens et al., 2004; Gillespie & Kron, 2010) as well as 

two genera from the Actinidiaceae. For the ingroup our dataset comprised 22 samples, 

including 20 from throughout the distributional range of T. camtschaticum  and T. 

glandulosum. Therorhodion redowskianum  was represented by two accessions from China 

(Fig 1.2; Table 1.2).
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We extracted DNA from approximately 20 milligrams of silica-dried or herbarium 

leaf tissue per sample using the Qiagen DNeasy Plant Mini Kit (Qiagen, Valencia, California, 

USA). We amplified the six DNA regions mentioned previously according to protocols used 

in Ericaceae (Taberlet et al., 1991; Brown et al., 2005, 2006; Taberlet et al., 2006; Gillespie 

& Kron, 2010; Table 1.3). Amplified DNA loci were purified and sequenced at the High 

Throughput Genomic Center in Seattle, WA. We cleaned and assembled the sequences 

using Sequencher version 5.1 (Gene Codes Corporation, Ann Arbor, MI USA). Due to 

difficulty assembling sequencing reads, the chloroplast loci matK  and ndhF were both 

amplified and sequenced in two parts (see Table 1.3 notes). The halves were then manually 

assembled into a single contig with the mindlessly join tool in Sequencher version 5.1 with 

a series of “N’s” inserted between the halves to distinguish the unsequenced region.

2.2.3 Phylogenetic analysis

Sequence alignment was performed manually using MacClade version 4.08 

(Maddison & Maddison, 2005). The chloroplast alignment was 5322 bp long (1488 bp in 

ndhF, 1431 bp in rbcL, 1787 bp in matK, and 616 bp in trnL-F) and the nuclear alignment 

was 1383 bp (651 in waxy and 732 bp in the nrlTS). We excluded 451 bp out of the 

combined total of 6705 bp due to ambiguously aligned portions of the data matrix.

All analyses were performed on either the UAF Life Science Informatics Portal 

(http://biotech.inbre.alaska.edu/) or the Cipres Science Gateway (Miller et al., 2010). We 

used MrModeltest v2.3 to determine the best model of sequence evolution for each locus 

using the Akaike information criterion scores (Nylander et al., 2004). Maximum parsimony 

analyses with 1000 heuristic replicates were first performed using PAUP* v4.0b10 

(Swofford, 2003) on all individual loci to compare topologies followed by maximum
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parsimony bootstrap (MPBS) analyses with 50 heuristic replicates, to obtain bootstrap 

support for the most parsimonious trees. All loci were also analyzed separately using a 

Bayesian Markov chain Monte Carlo (B/MCMC) approach in MrBayes v 3.2 (Huelsenbeck & 

Ronquist, 2001; Ronquist & Huelsenbeck, 2003; Ronquist et al., 2012). To test for 

incongruence before combining our sequence matrices into a single, concatenated dataset 

we performed an incongruence length difference (ILD) test (Farris et al., 1995) in PAUP* 

v4.0b10 (Swofford, 2003) on our nuclear and plastid datasets using 100 heuristic 

replicates, three random additions per replicate, TBR swapping, and stepwise addition of 

taxa.

A B/MCMC approach was used to reconstruct the optimal phylogenetic tree for both 

the combined plastid and combined nuclear datasets in MrBayes v3.2 (Huelsenbeck & 

Ronquist, 2001; Ronquist & Huelsenbeck, 2003; Ronquist et al., 2012). The B/MCMC 

analysis used four runs, each with four chains that ran for ten million generations, sampling 

the trees every one thousand generations. Checks for stationarity were done using Tracer 

v1.6 (Drummond et al., 2012). We discarded a conservative burn-in of 2.5 million 

generations. The remaining 30,000 trees were pooled to calculate a 50% majority-rule 

consensus tree in MrBayes using the sumP and sumT commands (Drummond et al., 2012). 

A single combined dataset of all plastid and nuclear loci was then analyzed using a 

B/MCMC approach in MrBayes v3.2 (Huelsenbeck & Ronquist, 2001; Ronquist & 

Huelsenbeck, 2003; Ronquist et al., 2012), using settings as indicated above.

2.2.4 Divergence time analyses

In order to determine the temporal component of diversification in Therorhodion, 

divergence times were calculated in three separate analyses using different constraints
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(Table 1.6). Analysis I used three secondary constraints from Schenk & Hufford (2010), 

analysis II used six fossil constraints (Collinson & Crane, 1978; Van der Burgh, 1978; Friis, 

1979; Axelrod, 1987; Nixon & Crepet, 1993; Mai, 2001), and analysis III used a combination 

of secondary and fossil constraints (Table 1.6). Fossils were selected based on Schwery et 

al. (2015), who used the criteria set forth by Parham et al. (2012). All of the analyses were 

performed with the combined dataset using an uncorrelated lognormal clock in BEAST 

v1.7.5 (Drummond et al., 2012). We performed multiple analyses using secondary and 

fossil constraints because Schenk (2016) found that using secondary constraints 

exclusively resulted in younger divergence time estimates with narrower confidence 

intervals. We were interested in comparing our divergence times from analysis I to analysis 

II (Table 1.6) and whether a combination of the two (analysis III) would yield much 

different estimates from either one.

The input files for BEAST were generated using BEAUti v1.8.1 (Drummond et al., 

2012). During analysis we treated each locus as a separate partition and the subsititution 

model and the clock model were unlinked across partitions. The HKY model (Hasegawa et 

al., 1985) was chosen to avoid over parameterization of the analyses associated with the 

more complex GTR (General Time Reversal) model (Bryson et al., 2014). Four chains were 

run for 50 million generations each with a 10% burn-in. Convergence between runs was 

assessed using Tracer v1.6 (Drummond et al., 2012). After discarding the burn-in the trees 

and parameters were combined in LogCombiner v1.8.1 (Drummond et al., 2012). Trees 

were visualized using FigTree v1.4.0 (Rambaut,

http://tree.bio.ed.ac.uk/software/figtree/). The mean and 95% highest posterior densities 

(HPD) of age estimates were obtained from Tracer 1.6 (Drummond et al., 2012).
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2.3 Results

2.3.1 Morphological measurements

We found that the average leaf length (F(2, 2003)=164.3, p=2.2x10-16) and leaf width 

(F(2, 2003)=3 68.07, p=2.2x10-16) were significantly different among taxa. Paired t-tests also 

revealed that all of the taxa were significantly different from each other for leaf length and 

leaf width (T. cam tschaticum / T. glandulosum: t(12.3)=5.3, p=1.7x10-4; T. cam tschaticum / T. 

redowskianum: t(i2.8)=9.8, p=2.7x10-7; T. glandulosum / T. redowskianum: t(76.5)=22.0, 

p=2.2x10-16). Pollen morphology appears uniform between the three taxa examined, with 

pollen grains found in tetrahedral tetrads, a verrucate to rugulate ornamentation, and 

viscin threads present in all three species (Fig. 1.5). The pollen diameter was not 

significantly different among taxa (F(2,17)=0.65, p=0.53). Therorhodion redowskianum  pollen 

had a mean diameter of 40.25 (±1.63) [im as compared to 43.8 (±2.21) [im and 37.02 

(±1.26) [im for T. glandulosum  and T. camtschaticum  respectively (Table 1.5).

2.3.2 Phylogeny

The average pairwise divergence and number of parsimony informative characters 

(PIC) show that although matK  has the highest number of PIC, ndhF has higher variability 

between Therorhodion and Rhododendron, and waxy has the highest variability between 

Therorhodion and the rest of the Ericaceae (Table 1.7). The inferred phylogeny of the 

plastid dataset is well resolved with 41 out of 48 nodes supported by a posterior 

probability (PP) >0.95 and 20 nodes with bootstrap support (MPBS) >95% (Fig. 1.6). All of 

the backbone nodes were supported by a PP >0.99. Subfamily Ericoideae is very well 

supported (PP 1.0 and MPBS 100%). There are four monophyletic clades within Ericoideae
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with strong PP and MPBS support. The first clade represents tribe Phyllodoceae (PP 1.0, 

MPBS 96.7%) with the genera Bejaria Mutis, Elliottia Muhl. ex Elliott, Epigaea L., Kalmiopsis 

Rehder, Phyllodoce Salisb., Rhodothamnus Rchb., and Kalmia L. The second clade is strongly 

supported (PP 0.99, MPBS 83.4%) and contains the genera Bryanthus J.G. Gmel. and 

Ledothamnus Meisn., representing tribe Bryantheae. The third clade is also strongly 

supported (PP 1.0, MPBS 95.5%) and contains Calluna Salisb. and Erica L., making up tribe 

Ericeae, but Daboecia D. Don. is inferred to be basal to the rest of subfamily Ericoideae (PP 

1.0, MPBS 100%). The fourth clade is well supported (PP 1.0, MPBS 89.5%) and comprises 

tribe Empetreae (PP 1.0, MPBS 100%) with the genera Ceratiola Michx., Corema D. Don, 

and Empetrum  L., sister to tribe Rhodoreae (PP 1.0, MPBS 70.5%) that is composed of two 

subclades, the first consisting of a paraphyletic Rhododendron (with Menziesia Sm. nested 

within) and the genus Diplarche Hook. & Thomson as the earliest diverging lineage; this 

subclade is in turn sister to the Therorhodion subclade.

The inferred phylogeny of the nuclear dataset was not as well resolved and 

supported as the plastid phylogeny particulary at the backbone, but has 19 out of 28 nodes 

with PP >0.95 and seven nodes with MPBS >95% (Fig. 1.7). One of the backbone nodes was 

supported by PP 1.0 whereas the others have support of PP <0.85. Tribe Empetreae is a 

well-supported monophyletic clade (PP 0.99, MPBS 93.8), but there is poor resolution for 

the remaining tribes or they are not monophyletic. Within tribe Empetreae, Diplarche 

multiflora Hook.f. & Thomson was inferred on a much longer branch than any of the other 

taxa and so it was shortened for clarity indicated by hash marks on the figure (Fig. 1.7). The 

ILD test found that the nuclear and plastid datasets are not congruent (p = 0.01). However,
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it has been proposed that a p-value between 0.01-0.001 would be a more appropriate 

threshold for the ILD test (Cunningham, 1997).

The inferred phylogeny of the combined nuclear and plastid dataset was well 

resolved with 38 out of 43 nodes supported by PP >0.95 and 20 nodes with MPBS >95% 

(Fig. 1.8). All backbone nodes were supported with PP >0.99. The subfamily Ericoideae is 

well supported by PP 1.0, but has weak MPBS support of 53.2%. Within Ericoideae there 

are four monophyletic clades with high PP, but not all with strong MPBS. The first clade has 

strong PP, but weak MPBS (PP 1.0, MPBS 59.6%) and contains the same genera within tribe 

Phyllodoceae as the plastid dataset phylogeny (Fig. 1.8). The second clade also has strong 

PP, but weak MPBS (PP 0.99, MPBS 71%) and contains Bryanthus and Ledothamnus, 

representative of tribe Bryantheae. The third clade contains Calluna and Erica, making up 

tribe Ericeae and has very strong PP and good MPBS support (PP 1.0, MPBS 86%). The last 

clade contains tribe Empetreae with moderate PP and strong MPBS support (PP 0.76, MPBS 

99%) and tribe Rhodoreae is moderately suported by PP and MPBS (PP 0.76, MPBS 87.6%).

The phylogenetic results show Therorhodion moderately supported as a sister clade 

to Rhododendron and Menziesia with 87.6% MPBS support, but 0.76 PP support, and within 

Therorhodion three monophyletic clades are recovered (Fig. 1.9). The earliest diverging 

species is T. redowskianum, which is well supported (PP 1.0, MPBS 99.2%) and is sister to 

an unambiguously supported clade (PP 1.0, MPBS 93.9%) composed of T. camtschaticum  

and T. glandulosum. Therorhodion camtschaticum  and T. glandulosum  are each reciprocally 

monophyletic (both with PP 0.99). Within T. camtschaticum  and T. glandulosum  we cannot 

see distinct western and eastern Beringian clades due to poor resolution.
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2.3.3 Divergence time estimation

The results of all three divergences time analyses (I, II, and III) found 

unambiguously supported monophyletic clades for Therorhodion representing the three 

species (Figs. 1.10, 1.11, and 1.12). Analysis I (Fig. 1.10) inferred the divergence of 

Therorhodion from Rhododendron during the late Oligocene to early Miocene (21.40 mya) 

(see Table 1.8 for 95%  HPD) with T. redowskianum  diverging first from the clade of T. 

camtschaticum  and T. glandulosum  in the late Miocene (7.49 mya). Speciation in the later 

clade occurred during the transition between the Miocene and Pliocene, and within-species 

divergences were estimated during the Pleistocene (<1.0 mya). Analysis II (Fig. 1.11) 

inferred Therorhodion and Rhododendron diverging in the late Paleocene (57.68 mya; Table

1.8) and T. redowskianum  diverging from the T. camtschaticum-T. glandulosum  clade 

during the Miocene (14.14 mya). Therorhodion camtschaticum  and T. glandulosum  are 

inferred to have diverged from one another in the late Miocene (9.78 mya), and further 

within-species divergences occurring during the Pleistocene (<0.1 mya). In analysis III (Fig. 

1.12) Rhododendron and Therorhodion are inferred to have diverged from each other 

during the Paleocene (57.51 mya; Table 1.8) and T. redowskianum  diverged from the T. 

camtschaticum-T. glandulosum  clade during the Miocene (13.90 mya). Therorhodion 

camtschaticum  and T. glandulosum  are inferred to have diverged from each other later in 

the Miocene (9.58 mya) with further intraspecific divergences during the Pleistocene (<0.1 

mya).
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2.4 Discussion

Considering speciation is a continuous evolutionary process resulting in taxa that 

are found along the evolutionary spectrum of being ecologically distinct (Simpson, 1961), 

geographically isolated, or reproductively isolated (Dobzhansky, 1935; Mayr, 1942), it is 

not surprising that there has been little consensus on a single species concept. The 

traditional methods to delineate species have relied upon morphology, but today there are 

numerous species concepts taking advantage of a wider variety of available data (Mayden, 

1997; Wheeler & Meier, 2000). Increasing emphasis has been placed on combining 

different lines of evidence for a more fully informed and powerful method for species 

delimitation, which has been coined the unified species concept or integrative taxonomy (see 

de Queiroz, 2007; Carstens et al., 2013; Andujar et al., 2014; Huang & Knowles, 2016). We 

have tried to follow this approach while assessing Therorhodion diversity.

2.4.1 Phylogenetic relationships within Ericaceae.

Our combined Bayesian phylogenetic analysis of molecular data found five well- 

supported tribes within Ericaceae subfamily Ericoideae, corroborating the results of Kron 

et al. (2002a) and Gillespie & Kron (2010) (Fig. 1.8). There have been a few taxa of 

contention in analyses of Ericaceae at the tribal level. Although Kron et al. (2002a), using a 

combination of molecular (matK  and rbcL) and morphological evidence, found support for 

the placement of Daboecia cantabrica (Huds.) K.Koch in tribe Ericeae and Diplarche 

multiflora in tribe Rhodoreae, our analysis based on the combined chloroplast matrix (Fig. 

1.6) and the nuclear/ chloroplast combined matrix (Fig. 1.8) found strong PP support and 

moderate MPBS support for Daboecia cantabrica  as sister to the rest of subfamily
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Ericoideae (PP 1.0, MPBS 59.9%; PP1.0, MPBS 53.2% respectively). Overall, our phylogeny 

based on the nuclear dataset was less well-resolved at deeper nodes, but Daboecia 

cantabrica  fell within subfamily Ericoideae (Fig. 1.7). We found strong support for 

Diplarche multiflora belonging in tribe Empetreae both in the analysis based on the nuclear 

dataset as well as when analysing the combined dataset (PP 0.99, MPBS 97.9%; PP 0.76, 

MPBS 99% respectively; Figs. 1.7, 1.8). This corroborates results by Gillespie & Kron 

(2010), who also found strong support for Diplarche multiflora in tribe Empetreae, but 

inferred Daboecia cantabrica  to belong in tribe Ericeae in agreement with Kron et al. 

(2002a).

2.4.2 Therorhodion sister to Rhododendron and species delineation.

Our Bayesian analysis of the combined dataset supports Therorhodion as a sister 

clade to Rhododendron and in turn Rhododendron forms a monophyletic clade together 

with Menziesia pilosa (Fig. 1.8). These results corroborate earlier findings of Therorhodion 

as a sister genus to Rhododendron based on analysis of morphological characters (Kron & 

Judd, 1990; Kron et al., 2002a) and molecular sequencing (Kron, 1997 [matK]; Kurashige et 

al., 1998 [matK, trnK]; Gao et al., 2002 [ITS region]; Kron et al., 2002a [rbcL, matK]; Goetsch 

et al., 2005 [six regions of the RPB2-I gene]; Gillespie & Kron, 2010 [rbcL, matK, ndhF, trnS- 

G-G, waxy, nrlTS]). The difference in base chromosome number of n=12 in Therorhodion 

versus n=13 in the rest of tribe Rhodoreae provides further support for the recognition of 

Therorhodion as a distinct genus (Stevens, 1969; Kurashige et al., 1998). Similarly, the 

differences of the flowers of Therorhodion in comparison to those of Rhododendron (Fig. 

1.5) support the recognition of Therorhodion distinct from Rhododgendron, as reflected in a
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morphological analysis by Kron & Judd (1990), as well as the reasoning put forth by 

Hutchinson (1921) and Seithe (1960).

Within Therorhodion we recovered three distinct lineages representing T. 

camtschaticum  (PP 0.99, MPBS 84.6%), T. glandulosum  (PP 0.99, MPBS 75%), and T. 

redowskianum  (PP 1.0, MPBS 95.6%) forming well-supported monophyletic clades (Fig.

1.9). This supports our first hypothesis that there are three monophyletic lineages within 

the genus. Therorhodion redowskianum, which is restricted to eastern Asia (Fig. 1.2), is the 

first lineage to diverge and we interpret this as support for an Asian origin of Therorhodion 

and subsequent eastward migration across Beringia.

Traditionally, characters of taxonomic importance in Therorhodion include the 

length of corolla lobes in relation to the corolla tube, whether the corolla is glabrous or 

pubescent, and the presence of glandular or non-glandular trichomes on the leaf margin, 

(Hutchinson, 1921; Rhododendron Society, 1930; Seithe, 1960; Hulten, 1968; Kron & Judd, 

2009). Floristic descriptions have provided a range of leaf lengths and widths for 

Therorhodion since Small (1914) raised it to the generic level. Therorhodion redowskianum  

is consistently described as having leaves that are 0.5-1.5 cm long and 0.3-0.6 cm wide 

(Hutchinson, 1921; Rhododendron Society, 1930; He & Chamberlain, 2005). Because T. 

redowskianum  is smaller morphologically and easily delineated, we will focus instead on T. 

camtschaticum  and T. glandulosum  in subsequent comparisons.

Historically, T. camtschaticum  has been described as having larger leaves (~ 2-5  cm) 

than T. glandulosum  (~ 1-2  cm; Hutchinson, 1921; Rhododendron Society, 1930; Ohwi, 

1965; Shishkin & Bobrov, 1967). Yet newer North American descriptions have described T. 

camtschaticum  and T. glandulosum  leaves as being relatively similar in both length and
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width (Viereck & Little, 2007; Kron & Judd, 2009; Fig. 1.1). Based on our leaf measurements 

(Table 1.4; Fig. 1.4) T. camtschaticum  and T. glandulosum  are significantly different in leaf 

length and width, although we would not consider this to be a reliable trait to distinguish 

the two in the field. However, the presence or absence of glandular-tipped trichomes on the 

leaves is a clear species delineator for T. camtschaticum  and T. glandulosum  (Fig. 1.1) 

commonly used in taxonomic keys (Small, 1914; Hutchinson, 1921; Hulten, 1968; Viereck & 

Little, 2007; Kron & Judd, 2009) along with differences in corolla pubescence.

The length of the corolla lobes in relation to the corolla tube has been described as a 

small differentiating character between T. camtschaticum  and T. glandulosum  (Hutchinson, 

1921; Rhododendron Society, 1930). When Small (1914) described T. glandulosum  as a 

new species he used the length of the corolla lobes and corolla tube of T. camtschaticum  

and T. glandulosum  as a distinguishing character. Subsequent authors have de-emphasized 

this character (Kron & Judd, 2009) following Stevens' statement, “it is clear that the fusion 

of the corolla in the Ericaceae is not of fundamental significance” (1969, p 39). Instead, the 

corolla character of importance is the pubescence on the abaxial petal surface and the 

margin of the lobes in T. camtschaticum  as compared to glabrous petals in T. glandulosum.

Pollen in Therorhodion is shed in tetrads held together in clumps by viscin threads 

(Fig. 1.5), this character is restricted to the Rhododendroideae within Ericaceae (Stevens, 

1969). Sarwar & Takahashi (2013) found that the palynological similarities between 

Rhododendron and Therorhodion might support their sister relationship. Although they did 

include samples of T. camtschaticum  and T. redowskianum  in their study, they only 

reported the average pollen measurements for T. camtschaticum  (equatorial diameter: 

35.0±3.6 [im), which is comparable to our average measurement of 37.02±1.26 [im, 43.8
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(±2.21) [im and 40.25 (±1.63) [im for T. glandulosum  and T. redowskianum  respectively 

(Table 1.5; Fig. 1.5). In addition, exine ornamentation is also uniform within Therorhodion 

and thus pollen morphology is of low taxonomic utility.

In addition to vegetative and reproductive characters, geographic distribution of 

taxa is often considered when delimiting species, particularly when categorizing a taxon at 

the specific or subspecific level (Nordal & Razzhivin, 1999; Stuessy, 2009). The amount of 

geographic overlap in addition to morphological differences is often taken into 

consideration when delimiting species (Stuessy, 2009). For example, Rose & Freudenstein

(2014) found that an integrative approach including distributional data for the genus 

Monotropsis Schwein. (Ericaceae) strongly supports two distinct species rather than 

subspecies because they are geographically isolated from each other.

The distributional range of the three monophyletic lineages of Therorhodion is one 

of the main reasons why T. glandulosum  is often considered a subspecies of T. 

camtschaticum, particularly where their ranges overlap in the Russian Far East (Fig. 1.2). 

This creates the possibility for hybridization, although there is no documented record of 

this taking place. There is a difference in taxonomic tradition between Asia and North 

America in regards to the use of geographical distribution for classification (Elven et al.,

2011). Russian descriptions typically use the subspecific concept for taxa with partially 

overlapping distributions (Elven et al., 2011), describing T. camtschaticum  subsp. 

camtschaticum  and subsp.glandulosum  (Yurtsev et al., 2010; Takahashi, 2015); American 

botanists instead recognize two distinct species (Viereck & Little, 2007; Kron & Judd,

2009). However, the extent that these ranges overlap in Asia is not entirely clear. The Asian 

range of T. camtschaticum  is often simply described as the Kamchatka Peninsula and the
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Kurile Islands (Pallas, 1784; Small, 1914; Hutchinson, 1921; Voroshilov, 1982), and that of 

T. glandulosum  as the Kamchatka and Chukotka peninsulas (Busch, 1915; Komarov, 1929), 

which suggests that the entire Kamchatka Peninsula is an area of sympatry. Hulten (1930, 

1937), as well as Phillipson & Phillipson (1986), described T. camtschaticum  as occurring in 

southern and eastern Kamchatka and T. glandulosum  in northern Kamchatka, so perhaps 

the area of sympatry is much smaller than typically described and thus less opportunity 

exists for hybridization. In North America T. camtschaticum  and T. glandulosum  are 

allopatric (Fig. 1.2) and are commonly described as distinct species (Viereck & Little, 2007; 

Kron & Judd, 2009).

Based on the three strongly supported monophyletic clades within Therorhodion, 

we recognize three species: T. camtschaticum  (PP 0.99. MPBS 84.6%), T. glandulosum  (PP 

0.99, MPBS 75%), and T. redowskianum  (PP 1.0, MPBS 95.6%; Fig. 1.9). This is consistent 

with other studies using strong molecular support to assist in species delimitation. The 

circumboreal fern genus Cryptogramma R.Br. has been recognized as containing as few as 

two species (Hulten, 1968; Tryon & Tryon, 1990) to as many as ten (Lellinger, 1985; 

Vaganov et al., 2010). Based on the significantly supported monophyletic clades obtained 

for Cryptogramma using six plastid loci and one nuclear locus, Metzgar et al. (2013) 

recognize eight species that reflect mostly allopatric reciprocally monophyletic lineages 

that are on independent evolutionary trajectories. Al-Shehbaz et al. (2007) recognize four 

North American species in the flowering genus Parrya R.Br. (Brassicaceae) instead of one, 

based on a combination of molecular and morphological support, including the 

amphiberingian P. nudicaulis (L.) Regel. In contrast to these examples, Carlsen et al. (2010)
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used microsatellites, ITS, and a combined plastid dataset to merge three Smelowskia 

C.A.Mey. species into one, the amphiberingian S. porsildii (W.H.Drury & Rollins) Jurtzev.

2.4.3 Comparison o f  divergence times and use o f  constraints

The effects of applying multiple calibrations on different nodes have been tested 

several times using simulated and empirical datasets (Meredith et al., 2011; Sauquet et al., 

2012; Paradis, 2013; Duchene et al., 2014). Placing fossil constraints unevenly throughout 

the phylognetic tree (e.g. mostly on shallower or deeper nodes) can result in divergence 

times that are inconsistent between analyses or directly in conflict with the fossil record, 

whereas more evenly distributed constraints can result in more consistent age estimates 

(Meredith et al., 2011). Misplacing fossils as calibrations can also lead to biased divergence 

times. When it is unclear whether a fossil should be placed within the crown or stem group 

the practice is to treat it as a stem fossil, which can lead to an underestimation of 

divergence times (Bell & Donoghue, 2005). Parham et al. (2012) argue for the use of a 

specimen-based approach when applying fossil calibrations to the correct nodes. Sauquet 

et al. (2012) suggest that if the study group does not have appropriate fossils to use as 

constraints, then it would be more beneficial to expand the outgroup in order to use a 

single fossil calibration rather than apply a single secondary calibration to the ingroup.

Using an empirical dataset for the genus Nothofagus Blume (Nothofagaceae), 

Sauquet et al. (2012) compared the effects of different scenarios of fossil calibrations to 

only using secondary constraints. They found that secondary constraints resulted in much 

younger age estimates (age of crown group Nothofagus 16.7-39.5 mya), whereas fossil 

calibrations typically led to older estimates (age of crown group Nothofagus 53.4-93.2
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mya). Using simulated data Schenk (2016) also showed differences in divergence 

estimation from analyses using fossil or secondary constraints.

When we applied only secondary constraints (analysis I), our analysis inferred 

younger divergence times and mostly narrower confidence intervals for all nodes 

compared to analysis II (fossil constraints only) and analysis III (secondary and fossil 

constraints) (Table 1.8). This corroborates results in Schenk (2016) from an analysis of 

simulated data as well as results from Sauquet et al. (2012) for an empirical dataset. 

Despite this overall congruence of inferring younger node ages when using only secondary 

constraints, the node divergence between Rhododendron and Therorhodion that was 

calibrated with the fossil Paleoenkianthus sayrevillensis Nixon & Crepet from the Late 

Turonian (~90 mya; Table 1.6; Nixon & Crepet, 1993) in analyses II and III was inferrred to 

be older in both analyses II and III than in analysis I. We observed confidence intervals that 

were narrower when using fossil constraints as compared to using secondary constraints.

Previous studies have included Therorhodion in divergence time analyses, 

sometimes under Rhododendron (Table 1.8), using different calibration methods. The 

oldest known estimated divergence time for Therorhodion from Rhododendron was 

inferred by Milne (2004) to be approximately 51.5 to 76.5 mya, spanning the Cretaceous- 

Paleogene extinction event. Milne's study predates the release of BEAST (Drummond et al.,

2012) and he predicted divergence times using the synonymous substitution rate for the 

plastid locus matK. Liu et al. (2014), who conducted their analyses with BEAST, only used 

fossil constraints and found the estimated divergence time for Therorhodion from 

Rhododendron to be 58.33 mya (HPD 56.48-61.20). Both of these estimates span the same 

divergence times that analysis III (using a combination of fossil and secondary constraints)
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inferred for Therorhodion and Rhododendron (57.51 mya, HPD 56.52-58.63). Merckx et al.

(2015) used a substitution rate for the nuclear ITS and a secondary constraint at the root of 

their phylogenetic tree to infer the divergence time of Therorhodion and Rhododendron to 

be 36.25 mya (HPD 26.65-40.50), which is younger than our inferred times from analysis 

III and more comparable to our inferred times from analysis I (Fig 1.13, Table 1.8). In 

addition, Merckx et al. (2015) also inferred a divergence time of 11.72 mya (HPD 2.30­

19.61) for T. redowskianum  from T. camtschaticum, which overlaps with the age estimates 

we inferred in all three analyses (Table 1.8). The different types of constraints used in these 

different studies likely have a great deal to do with the variation in divergence time 

estimation. Because the use of only secondary constraints in divergence time analyses has 

been criticized and our age estimates between analyses II and III are so similar, we will 

focus our subsequent discussion on the results of analysis III.

2.4.4 Biogeographic relations between the Arctic and southern high mountains—Out o f  Asia?

The similarity of the Arctic flora with the flora of the southern high mountains of 

central Asia, Europe, and North America has led many to hypothesize that the Arctic flora 

has been largely recruited from high mountains in the south (Hulten, 1937; Tomalchev, 

1960; Weber, 1965; Hedberg, 1992) including taxa that were pre-adapted to cooler 

climates (Murray, 1992, 1997; Hoffmann & Roser, 2009; Hoffmann et al., 2010). Evidence 

for this northward migration and origin in southerly high mountains has been shown in 

Ranunculusglacialis L. by Schonswetter et al. (2003). In situ diversification in the Arctic 

was put forth for several lineages of Arctic Artemisia, which diversified contemporaneously 

with the Arctic biome that originated approximately 2-3  mya (Murray, 1995; Abbott et al.,
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2000; Abbott & Brochmann, 2003), whereas other lineages in Artemisia were inferred to be 

much older (Tkach et al., 2008).

In Asia, the Himalaya and Hengduan Mountains (HHM) and the Qinghai-Tibetan 

Plateau are often inferred to be a major source of Arctic taxa (Hedberg, 1992; Hou et al., 

2016a). Contrary to prevailing hypotheses that a northward movement of those taxa 

coincided with the formation of the tundra biome some 2-3 mya (Murray, 1995; Abbott et 

al., 2000; Abbott & Brochmann, 2003), evidence is mounting that a split between Arctic 

species and those in the HHM is much more ancient, dating back to the middle Miocene to 

early Pleistocene as shown for Silene acaulis L. (Caryophyllaceae; Gussarova et al., 2015), 

Cassiope D.Don (Ericaceae; Hou et al., 2016b), and Diapensia L. (Diapensiaceae; Hou et al., 

2016a). All three taxa are common in Beringia.

The southern Rocky Mountains in the United States are likewise thought of as a 

source of Arctic taxa (Weber, 1965) and Hoffmann et al. (2010) showed that Ranunculus 

glacialis/R . chamissonis Schltdl. diverged from each other in the early Miocene and became 

specialized on screes and glacial moraines in Arctic and high-alpine biomes. There is also 

fossil evidence for the adaptation of some taxa in situ in the Arctic (Murray, 1992), and a 

Beringian origin has been supported by molecular studies for some taxa (Eidesen et al., 

2007; Abbott et al., 2000; Tkach et al., 2008; Godfrey & Gillespie, 2015).

The Bering land bridge (BLB) has often been inferred as the mode of dispersal for 

plant taxa between eastern Asia and North America, particularly for Arctic-alpine species 

(Hedberg, 1992; Wen, 1999; Donoghue & Smith, 2004; Nie et al., 2006; Eidesen et al., 2007; 

DeChaine, 2008; Ickert-Bond et al., 2009; Xie et al., 2009; Carlsen et al., 2010; Wen et al., 

2010, 2016). Based on different climatic and floristic conditions of the BLB, Sanmartin et al.
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(2001) discussed three time periods when the BLB is believed to have acted as a corridor 

for dispersal. BLB I extended from the early Paleogene (approximately 56.0 mya) to 

approximately 35 mya and was characterized by warm-temperate groups associated with 

the boreotropical-mixed mesophytic forest (Tiffney, 1985). BLB II extended from 10-14 

mya to about 3.5 mya, and was characterized by boreal groups associated with taiga- 

coniferous forests. BLB III extended, on and off, from about 1.5 mya to around the end of 

the Pleistocene (approximately 0.01 mya) and was characterized by Arctic groups 

associated with steppe-like treeless tundra vegetation. Even during periods of warmer 

climate the northern latitude of the BLB would have acted as a barrier to some taxa, 

especially evergreen species, due to shortened daylight during the winter months (Tiffney 

& Manchester, 2001). By the Neogene (23.0 mya), deciduous plants are believed to have 

dominated Beringia along with conifers (Wen, 1999; Sanmartin et al., 2001; Tiffney & 

Manchester, 2001; Wen et al., 2016).

The Ericaceae has been shown to be particularly rich near the upper margin of the 

montane zone worldwide (Schwery et al., 2015). Our results indicate that Therorhodion 

diverged from Rhododendron 57.51 mya (HPD 56.52-58.63) during the Paleocene and this 

split likely represents a divergence from more warm temperate ancestors with a Tertiary 

relictual distribution (Tiffney, 1985; Wen, 1999; Milne & Abbott, 2002). The earliest 

diverging lineage of Therorhodion, T. redowskianum, is restricted to the alpine-tundra of the 

high Changbai mountains in Jilin Province, China (2000-2600 m; He & Chamberlain, 2005), 

and the surrounding Manchurian region as well as central Sakhalin. A divergence age of 

13.90 mya (HPD 7.57-21.54) was inferred for the split between T. redowskianum  and the 

T. cam tschaticum / T. glandulosum  clade during the middle Miocene (Table 1.8, Fig. 1.13)
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when persistent sea ice was present (Krylov et al., 2008) and temperatures were cooling 

from the warmer Paleogene. Both the spatial and temporal extent of this divergence point 

to an out-of-Asia origin for Therorhodion from the treeless mountaintops in Asia as 

promoted by Tolmachev (1960) for many Arctic-alpine species. Then a suitable habitat in 

Beringia facilitated the expansion of the ranges of the T. cam tschaticum / T. glandulosum  

clade to form a classic Beringian endemic distribution (Tolmachev, 1960; Murray et al., 

1994).

Although the divergence of T. camtschaticum  and T. glandulosum  from each other 

corresponds with the time that the BLB II would have been available (5.07-14.50 mya; Fig. 

1.13; Table 1.8), the boreotropical-mixed mesophytic forest present during this period 

would not have been conducive to dispersal. However, the environment of the BLB III 

would have been more favorable for Therorhodion, which commonly occurs in an alpine- 

tundra environment, as T. camtschaticum  and T. glandulosum  continued to expand their 

range. The radiation of T. glandulosum  is inferred to have begun 1.73 mya (HPD 0.35-3.62; 

Table 1.8), when the BLB III would have been open, and coincided with the emergence of 

the Arctic tundra biome, more precisely the mid-Pleistocene transition (Clark et al., 2006). 

Long-term sea ice volume increased during this interval and global temperatures 

decreased. The intraspecific diversification in T. glandulosum  was more recent than Hulten 

(1937) proposed for many Arctic plants. Therorhodion camtschaticum  began radiating 6.39 

mya ago (analysis III; Table 1.8) when the BLB II would have been open. However, although 

the BLB III would have been a favorable environment for T. glandulosum  to migrate from 

western Beringia (Chukotka) to eastern Beringia (Seward Peninsula), T. camtschaticum
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does not occur as far north on either side of the Bering Strait today and the BLB II likely 

had a less suitable habitat for its eastern migration.

It has been suggested that the Aleutian Islands may have once formed a more 

southerly land bridge compared to the BLB (McKenna, 1983). However, there is little 

evidence, besides some geological, to support an Aleutian land bridge and this southerly 

land bridge would have likely been open from about 42-15  mya (DeLong et al., 1978; 

McKenna, 1983), long before T. camtschaticum  would have been using it for dispersal. The 

Aleutian Islands are considered a good example of a two-way filter  bridge (Carlquist, 1965) 

with some species being more prevalent in the eastern or western part of the island chain 

depending on their continent of origin, but it did not act as a filter for T. camtschaticum, 

which is known to occur equally across all of the Aleutians. The southern region of the BLB 

could have been used for dispersal by T. camtschaticum, but Hulten (1937) considered the 

flora of the Aleutian Islands to belong to the same floral region as Kamchatka rather than 

the Alaska Peninsula, further supporting its Asian origin. However, glaciers covered the 

Alaska Peninsula and much of the Aleutian Islands throughout the Quaternary, although 

much of the Aleutians were free of ice greater than 9000 years ago (Detterman, 1986; 

Thorson & Hamilton, 1986). There is also sparse evidence for glaciation on the Alaska 

Peninsula and the Aleutian Islands predating the Quaternary due to weathering and 

erosion (Detterman, 1986; Thorson & Hamilton, 1986). This makes it difficult to tell 

whether T. camtschaticum  first migrated eastward across the southern region of the BLB 

before expanding westward across the Aleutians as glaciers retreated, or made an 

eastward migration across the Aleutians from Kamchatka to Alaska.
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Both the spatial and temporal extent of the inferred divergences in Therorhodion 

point to an out-of-Asia origin, a pattern that has been shown for the majority of eastern 

Asian-North American disjunct plants (Wen 1999, 2001; Wen et al., 2016). The genus 

Lysichiton Schott (Araceae) contains two species: L. camtschatcensis (L.) Schott restricted to 

Japan and the Russian Far East, and L. americanus Hulten & H.St.John distributed in 

western and northwestern North America (Nie et al., 2006). Divergence time estimation 

infers the age of the split between Asia and North America to approximately 3-11 mya, 

when the BLB II would have been available (Nie et al., 2006). Based on a dispersal- 

vicariance analysis, Nie et al. (2006) found strong support for an Asian origin of Lysichiton 

and subsequent migration to North America via the BLB.

Although the BLB may have acted as a corridor for dispersal, several studies have 

commented on the asymmetry of the dispersal in an eastward direction (Waltari et al., 

2007; Wen et al., 2010, 2016), but the New World has also been inferred as the ancestral 

area for several East Asian-North American disjuncts (Wen, 1999, 2001; Wen et al., 2016). 

Xie et al. (2009) used phylogenetic and divergence time analyses to confirm a New World 

origin for the flowering genus Circaea L. (Onagraceae). Their analyses inferred three 

separate dispersals from North America to Eurasia at 7.69-24.53 mya spanning the 

availability of BLB II, and two times from Eurasia to North America at 2 .99-9.68 mya and 

0.66-3.53 mya during periods that BLB II and III would have been open (Xie et al., 2009; 

Sanmartin et al., 2001).
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2.4.5 Lack o f  sufficient sequence divergence prevents analysis o f  geographic structuring 

within Beringia

Geographic structuring in Beringia has been documented in small mammals 

(Eddingsaas et al., 2004; Hope et al., 2011; Kohli et al., 2015), birds (Zink et al., 1995; Pruett 

& Winker, 2005), and Arctic plants (Eidesen et al., 2007; Carlsen et al., 2010). However, 

intraspecific geographic structure was lacking in our analyses and accessions of T. 

glandulosum  form a polytomy and thus do not support distinct western and eastern 

Beringian clades (Fig. 1.9). Within T. camtschaticum  there are a few moderately supported 

subclades, but these also do not represent distinct western and eastern Beringian clades. 

Five out of seven of the Aleutian Island samples form a subclade with one of the samples 

from Kodiak Island. Of the two remaining Aleutian Island samples, one forms a subclade 

with one sample from Kamchatka and the other forms a polytomy with the second sample 

from Kamchatka. The three remaining samples, from Kodiak Island and Sakhalin, form 

another subclade (Fig. 1.9). This lack of intraspecific resolution could be a result of too little 

time of separation between western and eastern Beringian populations, too few samples 

representing populations, or perhaps enough gene flow continues to occur to prevent 

genetic differentiation. Additional gene regions with higher resolving power may also need 

to be targeted in order to decipher population divergence and infer geographic structure of 

Therorhodion within Beringia.

2.4.6 Conclusions

Our results provide further support that Therorhodion contains three species: T. 

redowskianum, T. camtschaticum, and T. glandulosum. Furthermore, they are easy to 

distinguish morphologically. Therorhodion redowskianum  is easily recognized through its
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smaller size in addition to the glandular trichomes on the margin of the leaves. 

Therorhodion camtschaticum  has non-glandular trichomes on the margin and abaxial side 

of the leaves, whereas T. glandulosum  has glandular trichomes. Leaf trichomes in addition 

to the described differences in pubesence on the corolla lobes of T. camtschaticum  as 

compared to the glabrous corolla lobes of T. glandulosum  make distinguishing between 

these two species easy. The areas of sympatry between these two species in Asia is one of 

the leading causes for their subspecies classification in Asian floras. It would be helpful to 

get a clearer picture of their distributions in the Russian Far East and whether there are 

clear ecological differences between the species.

Additionally, our divergence time analyses corroborated previous findings that 

generally showed younger age estimates when using secondary constraints exclusively 

(Shaul & Graur, 2002; Morrison, 2010; Schenk, 2016). When we used fossil constraints our 

age estimates support the out-of-Asia hypothesis and we are able to infer the BLB as the 

most likely route of dispersal for Therorhodion glandulosum  during the Pleistocene (~ 0.35- 

3.74) and the strong possiblity of the Aleutians being the route of dispersal for T. 

camtschaticum, expanding current knowledge on floristic exchange between Asia and 

North America during periods of climatic fluctuation. However, our results did not have the 

resolving power to distinguish between eastern and western Beringian populations within 

T. camtschaticum  and T. glandulosum. Targeting more variable DNA regions could help 

resolve these intraspecific relationships and potentially offer further support for an Asian 

origin and diversification within Beringia. Brown et al. (2006) were able to successfully 

resolve relationships at lower taxonomic levels within Rhododendron using the cpDNA 

regions psbA-trnH and trnT-trnL. Continued investigation into the habitat preferences of T.
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camtschaticum  and T. glandulosum  throughout Beringia may also reveal what has driven 

the divergence.
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Figure 2.1 Morphological comparison of Therorhodion. (A) T. glandulosum  on the Seward 
Peninsula, Alaska. (B) T. camtschaticum  on Unalaska Island. (C) T. redowskianum  on Mount 
Paektu, China (photo by Seung Chul Kim). (D and E) Corolla comparison of glabrous T. 
glandulosum  (D) and pubescent T. camtschaticum  (E). (F) Leaf comparison from left to right 
of T. redowskianum, T. glandulosum, and T. camtschaticum. The insets show the glandular 
trichomes of T. redowskianum  and T. glandulosum  and the non-glandular trichomes of T. 
camtschaticum  respectively. Scale bars: A,B,C,F = 2 cm; D,E = 1 mm.
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Figure 2.2 Distribution of Therorhodion and voucher specimen localities. The Imuruk Basin 
(a) is indicated on the Seward Peninsula in Alaska, Sakhalin (b) north of Japan, and the 
Sikhote-Alin mountain range (c) in southeast Russia. Stars indicate collection localities of 
DNA extractions and circles indicate collection localities of voucher specimens used for leaf 
measurements.
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Figure 2.3 Hypothesis testing and topology expectations. A, Hypothesis 1: Three 
reciprocally monophyletic lineages; B, Hypothesis 2: Two distinct clades of W and 
E Beringian populations; C, Hypothesis 3: Lineages in eastern Beringia are younger 
than those in western Beringia. Arrival was via a northern route (Bering Land 
Bridge) to the Seward Peninsula and a southern route to the Aleutian Islands and 
southeast Alaska.
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Figure 2.4 Comparison of leaf length (A) and leaf width (B) measurements of 
Therorhodion. Box plots are using log-transformed leaf measurement data.
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Figure 2.5 Comparison of flower and pollen morphology of Therorhodion. (A) 
T. redowskianum  flower and (B) tetrahedral tetrad with prominent viscin 
threads (asterisk) and interradial colpi (arrow). (C) Flower of T. glandulosum  
and (D) T. glandulosum  tetrahedral tetrad with interradial colpi (arrows) and 
remnant of viscin threads (asterisk). (E) T. camtschaticum  flower and (F) 
tetrahedral tetrad with viscin threads (arrows). Scale bars: A,C,E = 1 cm; B,D,F 
= 10 |im.
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Figure 2.6 Phylogeny based on the sequencing results of the plastid dataset (ndhF, rbcL, 
matK, and trnL-F; 5322 bp). Thickened branches denote posterior probability (PP) of 0.95 
and higher and all branches are labeled with PP/MPBS support, f  Daboecia cantabrica  is 
supported as a sister to subfamily Ericoideae.
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Figure 2.7 Phylogeny based on the sequencing results of the nuclear dataset 
(waxy and nrlTS; 1383 bp). Thickened branches denote posterior probability 
(PP) of 0.95 and higher and all branches are labeled with PP/MPBS support.

72



- Actinidia chinensis 

 Actinidia rufa
— Enkianthus campanulatus
-  Enkianthus chinensis

Arctostaphylos uva-ursi
Vaccinium tenellum

Daboecia cantabrica 1
 *— Bejaria aestuans

Bejaria resinosa  
Bejaria racemosa  
icteata  

Elliottia paniculata
Elliottia racemosa

Elliottia pyroliflora
Epigaea repens

1/98.01— 7TTZ----------Kalmiopsis leachiana
Phyllodoce caerulea

00

Phyllodoce nipponica  
Phyllodoce empetriformis

Rhodothamnus chamaecistus

■ Kalmia polifolia

Kalmia latifolia
Bryanthus gmelinii

Ledothamnus guyanensis 
Ledothamnus sessiliflorus 

Calluna vulgaris 
Erica arborea 

Erica sicula 
Erica spiculifolia  

Erica tetralix
Ceratiola ericoides

Corema conradii 
Empetrum atropurpureum
--------------------- Empetrum nigrum
Empetrum rubrum  +

Diplarche multiflora

i s

0 .0 2  nucleotide 
substitutions/site

Rhododendron calendulaceum  
Rhododendron grande  

Rhododendron hippophaeoides 
Therorhodion redowskianum  (China, 609)
Therorhodion redowskianum  (China, 650)
Therorhodion camtschaticum  (Kodiak Isl., 612)
■ Therorhodion camtschaticum  (Agattu Isl., 620) 
Therorhodion camtschaticum  (Gareloi Isl., 622) 
Therorhodion camtschaticum  (Gareloi Isl., 623) 
■Therorhodion camtschaticum  (Gareloi Isl., 624) 

k I Therorhodion camtschaticum  (Buldir Isl., 626) 
\rTherorhodion  camtschaticum  (Kamchatka, 615)
L  Therorhodion camtschaticum  (Gareloi Isl., 625) 
-Therorhodion camtschaticum  (Kamchatka, 619) 
Therorhodion camtschaticum  (Kiska Isl., 621)

0.53/ 0 .78/8461— Therorhodion camtschaticum  (Kodiak Isl., 648  
L Therorhodion camtschaticum  (Kodiak Isl., 649) 

Therorhodion camtschaticum  (Sakhalin, 674) 
Therorhodion glandulosum  (Chukotka, 611)

■Therorhodion glandulosum  (Chukotka, 614)
Therorhodion glandulosum  (Kamchatka, 616)

t Therorhodion glandulosum  (Kamchatka, 617)
Therorhodion glandulosum  (Kamchatka, 618)
Therorhodion glandulosum  (Seward Pen., 630)
Therorhodion glandulosum  (Chukotka, 638)

Figure 2.8 Phytogeny based on sequencing results of the combined plastid and nuclear dataset (6705 bp). The 
thickest branches show posterior probability (PP) of 0.95 and higher and labels show PP/MPBS support, 
t  Daboecia cantabrica  is supported as a sister to subfamily Ericoideae. $ Diplarche multiflora is supported as 
being in tribe Empetreae.



0.99/57.1

1/100

0.76/87.6

1/63.4
Al—

0.79/55.1
Vi—

0.99/55.1

 Menziesia pilosa
— Rhododendron kawakamii
— Rhododendron tsusiophyllum 
Rhododendron calendulaceum

—  Rhododendron grande 
Rhododendron hippophaeoides

1/99.2

0.99/84.6

1/95.6r  Therorhodion redowskianum (China, 609) 
-Therorhodion redowskianum (China, 650)

Therorhodion camtschaticum (Kodiak Isl., 612) 
Therorhodion camtschaticum (Agattu Isl., 620) 
Therorhodion camtschaticum (Gareloi Isl., 622) 
Therorhodion camtschaticum (Gareloi Isl., 623) 
Therorhodion camtschaticum (Gareloi Isl., 624) 
Therorhodion camtschaticum (Buldir Isl., 626) 
Therorhodion camtschaticum (Kamchatka, 615) 

-Therorhodion camtschaticum (Gareloi Isl., 625)
L Therorhodion camtschaticum (Kamchatka, 619) 
Therorhodion camtschaticum (Kiska Isl., 621)

Therorhodion camtschaticum (Kodiak Isl., 648) 
Therorhodion camtschaticum (Kodiak Isl., 649)

0.51/84.6

0 .66/
72.2

0.54/
84.6

PP> 0.95

0.02 nucleotide 
substitutions/site

1/93.9

0.99/75.0

0.53/
84.6

0.78/84.6
r T,

Therorhodion camtschaticum (Sakhalin, 674) 
Therorhodion glandulosum (Chukotka, 611) 
■Therorhodion glandulosum (Chukotka, 614) 
Therorhodion glandulosum (Kamchatka, 616) 
Therorhodion glandulosum (Kamchatka, 617) 
Therorhodion glandulosum (Kamchatka, 618) 
Therorhodion glandulosum (Seward Pen., 630) 
Therorhodion glandulosum (Chukotka, 638)

Figure 2.9 Details of tribe Rhodoreae. A close-up of the monophyletic clade containing 
the genus Therorhodion from the Bayesian analysis of the combined plastid and 
nuclear loci (6705 bp). The thickened branches show posterior probability (PP) of 0.95 
probability and higher and node labels show PP/MPBS.
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Figure 2.10 Chronogram from analysis I using secondary constraints. Chronogram based 
on the combined plastid and nuclear DNA matrix (6705 bp) with the secondary constraints 
numbered: (1) Phyllodoce nipponica + Rhododendron macrophyllum, (2) Cassiope 
mertensiana + P. nipponica/R. macrophyllum, (3) Enkianthus campanulatus + C. 
mertensiana/P. nipponica/R. macrophyllum. Gray bars mark every other geologic epoch.
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Figure 2.11 Chronogram from analysis II using fossil constraints. A chronogram based on 
the combined plastid and nuclear DNA matrix (6705 bp) with the fossil constraints 
lettered: (a) Calluna vulgaris, (b) Empetrum  sp., (c) Kalmia saxonica, (d) Vaccinium 
creedensis, (e) Rhododendron newburyanum, (f) Paleoenkianthus sayrevillensis. Gray bars 
mark every other geologic epoch.
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Erica spiculifolia  
Erica sicula 
Erica arborea  
Erica tetralix 
Calluna vulgaris 
Bejaria aestuans 
Bejaria resinosa  
Bejaria racemosa  
Epigaea repens 
Phyllodoce nipponica  
Phyllodoce caerulea  
Phyllodoce empetriform is 
Kalmiopsis leachiana  
Rhodothamnus chamaecistus 
Kalmia polifolia  
Kalmia angustifolia  
Kalmia buxifolia 
Kalmia hirsuta 
Kalmia latifolia  
Elliottia pyroliflora  
Elliottia racemosa  
Elliottia paniculata  
Elliottia bracteata  
Diplarche multiflora  
Corema conradii 
Ceratiola ehcoides 
Empetrum rubrum  
Empetrum nigrum  
Empetrum atropurpureum  
Menziesia pilosa  
Rhododendron kawakamii 
Rhododendron tsusiophyllum  
Rhododendron grande  
Rhododendron hippophaeoides 
Rhododendron calendulaceum  
Therorhodion redowskianum  (China, 650) 
Therorhodion redowskianum  (China, 609) 
Therorhodion camtschaticum  (Kodiak Isl., 648) 
Therorhodion camtschaticum  (Kodiak Isl., 649) 
Therorhodion camtschaticum  (Kamchatka, 619) 
Therorhodion camtschaticum  (Kamchatka, 615) 
Therorhodion camtschaticum  (Gareloi Isl., 625) 
Therorhodion camtschaticum  (Kiska Isl., 621) 
Therorhodion camtschaticum  (Gareloi Isl., 624) 
Therorhodion camtschaticum  (Buldir Isl., 626) 
Therorhodion camtschaticum  (Agattu Isl., 620) 
Therorhodion camtschaticum  (Kodiak Isl., 612) 
Therorhodion camtschaticum  (Gareloi Isl., 622) 
Therorhodion camtschaticum  (Gareloi Isl., 623)

 Therorhodion camtschaticum  (Sakhalin, 674)
Therorhodion g landulosum  (Chukotka, 638) 
Therorhodion glandulosum  (Kamchatka, 617) 
Therorhodion glandulosum  (Chukotka, 611) 
Therorhodion glandulosum  (Kamchatka, 616) 
Therorhodion g landulosum  (Seward Pen., 630) 
Therorhodion glandulosum  (Kamchatka, 618) 
Therorhodion g landulosum  (Chukotka, 614)

Early ~r~
75.0

Paleocene[~
Paleogene

~T
50.0

Eocene ~ | OligoceTje-
Neogene Qu.

Figure 2.12 Chronogram from analysis III using a combination of secondary and fossil 
constraints. A chronogram based on the combined plastid and nuclear DNA matrix 
(6705 bp) with the secondary and fossil constraints numbered and lettered 
respectively: (1) Cassiope mertensiana + P. nipponica/R. macrophyllum, (2) Enkianthus 
campanulatus + C. m ertensiana/ P. nipponica/R. macrophyllum; (a) Empetrum  sp. (b) 
Kalmia saxonica, (c) Rhododendron newburyanum, (d) Paleoenkianthus sayrevillensis. 
Gray bars mark every other geologic epoch.
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12 ­

9  ' 

¥  8

Rhododendron + Menziesia

Therorhodion redowskianum

Therorhodion camtschaticum

8.0 nucleotide 
substitutions/site

6.56 (3 .44 -10.28)"

5.37 (3.50-7.83)

1.75 (0.39-3.74)" Therorhodion glandulosum

B
21.01 (12.72-30.15)

57.68 (56.55-59.03)

14.14 (7.83-21

20.0 nucleotide substitutions/site

20.38(12 .06 -29 .74)

57.51 (56.52-58.63)

20.0 nucleotide substitutions/site

13.90 (7 .57-21.54)

Rhododendron + Menziesia 

^  Therorhodion redowskianum

Therorhodion camtschaticum

i^J  Therorhodion glandulosum

Rhododendron + Menziesia 

Therorhodion redowskianum

Therorhodion camtschaticum

9.58 (5 .07-14.50)

1 .7 3 (0 .3 5 -3 J 2 )^ |
b b  Therorhodion glandulosum

Paleogene Neogene Qu.
Paleocene | Eocene Oligocene Miocene | Ho. Plei.

1 1 1 1 1 1 1 1 ' T 1 'T
60.0 50.0 40.0 30.0 2 0 .0 1 10 .0

I
2

I
0

II

Holo.

BLB II BLB I

Figure 2.13 A comparison of Therorhodion and Rhododendron divergence times. A) 
analysis I; B) analysis II; and C) analysis III. Global temperature change is shown at the top 
(adapted from Zachos et al., 2001) and the green bars and brackets at the bottom mark the 
periods that the Bering land bridge (BLB) was available (Sanmartin et al., 2001). Arrows 
mark important climatological events: 1) persistent sea ice present (Krylov et al., 2008) 
and 2) first Arctic biomes begin to appear (Hoffmann et al., 2010).
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Table 2.1 Taxonomic history of Therorhodion. This includes the original classification under 
Rhododendron, with morphological descriptions and geographic distribution.

Taxon Reference Distribution

Rhododendron kam tschaticum  Pall.^ Pallas, 1 7 8 4
Russia: on coast of Bering Sea and Sea of 
Okhotsk, Kamchatka Peninsula.

Rhododendron redow skianum  Maxim. Maximowicz, 1 8 5 9
Eastern region of Siberia in alpine habitats, 
around the mountain range Jablonnoi Chrebet.

In the mountains of northeastern Asia.
Rhododendron  sect. Therorhodion

Maximowicz, 1 8 7 0
Maxim. Hab. in Siberia in the east, especially in the 

mountains.

Rhododendron  subgen. Therorhodion  
[Maxim.] Gray

Gray, 1 8 7 8 Alaska and Aleutian Islands to northern Japan.

Therorhodion  Small Small, 1 9 1 4
See distribution for T. cam tschaticum  and T. 
glandulosum

Therorhodion cam tschaticum  [Pall.] 
Small

Distributed from Alaska, along the Aleutian
Small, 1 9 1 4 Islands, to Japan. The type specimen was

collected on the shore of the Sea of Okhotsk.

Found at Imuruk Basin on the Seward Peninsula.

Therorhodion glandulosum  Standi. Small, 1 9 1 4
The type specimen was collected at the foot of 
the Kigluaik Mountains near Oogluk Bay east of 
Port Clarence, Alaska.



Table 2.1 continued

ooo

Rhododendron kam tschaticum  var. 
pum ilum  Busch

Busch, 1 9 1 5

Found on Kamchatka and Sakhalin and 
described as growing in harsher habitats 
such as rocky tundra and mountain summits  
up to 64°N.

Rhododendron glandulosum  [Standi, ex  
Small] Millais

Millais, 1 9 1 7 See distribution for T. glandulosum .

Therorhodion redow skianum  [Maxim.] 
Hutch.

Hutchinson, 1 9 2 1

Manchuria, and cites Komarov [1 9 0 7 ]  as 
describing it on Kamchatka extending into 
Alaska [the distribution of T. glandulosum  
was likely lumped in]

Rhododendron cam tschaticum  subsp. 
glandulosum  [Standi.ex Small] Hulten

Hulten, 1 9 3 0
In northern and eastern Kamchatka, on the 
coast of the Sea of Okhotsk down to Ayan, on 
Chukotka, and northern Alaska.

Therorhodion cam tschaticum  var. 
pum ilum  [Busch] T. Yamaz.

Iwatsuki etal.,  1 9 9 3
See distribution for R. cam tschaticum  var. 
pumilum.

f  Rhododendron kam tschaticum  = R. cam tschaticum



Table 2.2 Voucher information with sampling localities and GenBank accession numbers. Herbarium acronyms 
in "Collector/No.” field follow Index Herbariorum (Thiers, continuously updated). Vouchers are deposited at ALA 
unless otherwise indicated. Previous GenBank sequences are based on Albert et al. (1992), Kron & Chase (1993), 
Kron & King (1996), Kron (1997), Markos et al. (1998), Freudenstein (1999), Albach et al. (2001), Floyd (2002), 
Kron et al. (2002a), Kron et al. (2002b), Li et al. (2002), Powell & Kron (2002), Gao et al. (2003), Grant et al. 
(2004), Milne (2004), McGuire & Kron (2005), Fuji & Senni (2006), Ikeda & Setoguchi (2007), Bush & Kron 
(2008), Soininen et al. (2009), Gillespie & Kron (2010), Milne et al. (2010), Liu et al. (2014), and Lofstrand & 
Schonenberger (2015).

DNA
Ext. Taxon Locality Collector/No. trnh-F rbcL m atK ndhF n r ITS waxy
No.

6 1 2
T.
cam tschaticum

USA:
Alaska,
Kodiak

Studebaker
1 2 - 2 3 6

M F 31 79 22 M F 3 17 90 2 M F 3 1 7 8 8 4 M F 1 92 85 9 M F 3 7 7 4 9 0 M F 3 7 7 4 6 6

6 1 5
T.
cam tschaticum

Russia:
Kamchatka

Yakubov 9 M F 3 1 7 9 2 3 M F 3 1 7 9 0 4 M F 31 78 85 M F 19 28 61 M F 3 7 7 4 9 1 M F 3 7 7 4 6 7

6 1 9
T.
cam tschaticum

Russia:
Kamchatka

Strecker
20 1 3 _ 0 8 _ 0 2

M F 3 1 7 9 2 5 M F 3 1 7 9 0 8 M F 3 17 88 9 M F 1 92 86 5 M F 3 7 7 4 9 4 —

6 2 0
T.
cam tschaticum

US: Alaska,
Agattu
Island

Kenny & 
Kaler 0 2 6

— M F 3 1 7 9 0 9 M F 3 1 7 8 9 0 M F 1 9 2 8 6 6 M F 3 7 7 4 9 5 M F 3 7 7 4 6 8

T.
camtschaticum.

US: Alaska, Jones
6 2 1 Kiska

Island
Kiska2010ILI-
1 8

M F 3 1 7 9 2 6 M F 3 1 7 9 1 0 M F 3 17 89 1 M F 1 9 2 8 6 7 M F 3 7 7 4 9 6 M F 3 7 7 4 6 9

T.
cam tschaticum

US: Alaska,
6 2 2 Gareloi

Island
Buxton 3 M F 3 1 7 9 2 7 M F 3 1 7 9 1 1 M F 3 17 89 2 M F 1 9 2 8 6 8 M F 3 7 7 4 9 7 M F 3 7 7 4 7 0

T.
cam tschaticum

US: Alaska,
6 2 3 Gareloi

Island
Buxton 4 M F 3 1 7 9 2 8 M F 3 17 91 2 M F 3 17 89 3 M F 1 92 86 9 M F 3 7 7 4 9 8 M F 3 7 7 4 7 1



Table 2.2 continued

6 2 4
T.
cam tschaticum

US: Alaska,
Gareloi
Island

Major & 
Alvey 1 1 6

M F 3 1 7 9 2 9 M F 3 1 7 9 1 3 M F 3 1 7 8 9 4 M F 1 9 2 8 7 0 M F 3 7 7 4 9 9 M F 37 74 72

6 2 5
T.
cam tschaticum

US: Alaska,
Gareloi
Island

Major & 
Alvey 1 4 6

— M F 3 1 7 9 1 4 M F 3 1 7 8 9 5 M F 1 9 2 8 7 1 M F 3 7 7 5 0 0 M F 37 74 73

T.
cam tschaticum

US: Alaska,
6 2 6 Buldir

Island
Freeman 2 7 — — M F 3 1 7 8 9 6 M F 1 92 87 2 M F 3 7 7 5 0 1 M F 3 7 7 4 7 4

6 4 8
T.
cam tschaticum

US: Alaska, 
Kodiak

Studebaker
2 0 1 4 - 0 2 8

— M F 3 1 7 9 1 7 M F 3 1 7 8 9 8 M F 1 9 2 8 7 5 M F 3 7 7 5 0 4 —

6 4 9
T.
cam tschaticum

US: Alaska, 
Kodiak

Studebaker
2 0 1 4 - 0 7 8

— M F 3 1 7 9 1 8 — M F 1 9 2 8 7 6 M F 3 7 7 5 0 5 M F 37 74 75

Hyosig Won,

T.
cam tschaticum

Russia:
Sakhalin

Bombi Jin,
6 7 4 Vitaliy

Teslenko
8 0 8 5

M F 3 7 7 5 0 6

6 1 1 T. glandulosum
Russia:
Chukotka

Ickert-Bond
1 9 4 9

M F 3 1 7 9 2 1 M F 3 1 7 9 0 1 M F 3 1 7 8 8 3 M F 1 9 2 8 5 8 M F 3 7 7 4 8 9 M F 37 74 65

6 1 4 T. glandulosum
Russia:
Chukotka

Ickert-Bond
1 9 0 2

— M F 3 1 7 9 0 3 — M F 1 9 2 8 6 0 — —

6 1 6 T. glandulosum
Russia:
Kamchatka

Yakubov 2 — M F 3 1 7 9 0 5 M F 3 1 7 8 8 6 M F 1 92 86 2 M F 3 77 49 2 —



Table 2.2 continued

6 1 7 T. glandulosum
Russia:
Kamchatka

Cherniagina
5

— M F 3 1 7 9 0 6 M F 3 1 7 8 8 7 M F 19 28 63 M F 3 7 7 4 9 3  —

6 1 8 T. glandulosum
Russia:
Kamchatka

Yakubov 8 M F 3 1 7 9 2 4 M F 3 1 7 9 0 7 M F 3 1 7 8 8 8 M F 1 9 2 8 6 4 —  —

US: Alaska,
Ickert-Bond
1 7 0 2

6 3 0 T. glandulosum Seward — M F 3 1 7 9 1 5 M F 3 1 7 8 9 7 M F 19 28 73 M F 3 7 7 5 0 2  —
Peninsula

6 3 8 T. glandulosum
Russia:
Chukotka

Ickert-Bond
1 7 5 4

— M F 3 1 7 9 1 6 — M F 1 9 2 8 7 4 M F 3 7 7 5 0 3  —

6 0 9
T.
redow skianum

China: Mt. 
Jang-Baek

Seung-Chul 
Kim 1 4 4

M F 3 1 7 9 2 0 M F 3 1 7 9 0 0 M F 3 17 88 2 M F 1 9 2 8 5 7 M F 3 7 7 4 8 8  —

6 5 0
T.
redow skianum

China: Mt. 
Jang-Baek

Sanhoon 
Baek, Yon-In 
BSH38

— M F 3 1 7 9 1 9 M F 3 1 7 8 9 9 M F 1 9 2 8 7 7 —  —

Outgroup

A ctinidia  chinensis 
Planch.

— L 0 1 8 8 2 U 6 1 3 2 4 — —  —

A ctin id ia  rufa  Franch. & 
Sav.

— K R 8 1 95 70 A F 3 2 3 9 6 7 — —  —

Arctostaphylos uva-ursi 
[L.] Spreng.

Anderberg  
3 6 1 ;  S

G Q 244594 G U 176649 A F 4 4 0 4 1 1 A J23 6 2 4 8 A F 1 0 6 8 1 1  G U 176668



Table 2.2 continued

oo4̂

B ejaria  aestuans L.
Luteyn 
1 4 1 7 5 ,  NY

A F 3 9 4 2 6 4 G U 176638 G U 176669 D Q 002362 A F 4 0 4 8 1 7 D Q 000589

B ejaria  racem osa Vent.
Kron 2 0 7 0 ,  
IMS

— L 1 2 6 0 0 U 6 1 3 2 7 D Q 002367 U 4 8 6 0 4 D Q 000594

B ejaria  resinosa  L.f.
Luteyn 
1 4 1 3 3 ,  NY

— G U 176639 A F 4 4 0 4 1 2 D Q 002368 G U 176622 D Q 000595

B rya n th u sg m elin ii D. 
Don

Stevens s.n., 
WFU

— A F 4 1 9 8 1 6 A F 4 4 0 4 1 3 G U 176715 U 4 8 6 1 2 G U 176650

Caliuna vulgaris  [L.] Hull
1 9 7 2 - 1 4 4 3 ,
E

G Q 244671 A F 4 1 9 8 2 7 A F 4 4 0 4 1 9 G U 176716 G U 176623 G U 176651

Cassiope m ertensiana  
[Bong.] G. Don

Anderberg  
7 5 - 8 3 ,  S

E F 4 0 9 9 4 6 L 1 2 6 0 3 U 6 1 3 4 6 G U 176745 A F 4 1 9 7 9 8 D Q 000598

Ceratiola ericoides Michx.
Kron 2 0 6 9 ,  
WFU

— L 1 2 6 0 5 U 6 1 3 3 4 G U 176717 A F 5 1 9 5 5 2 D Q 000599

Corema con ra d ii [Torr.] 
Torr.

US: Mass., 
cultivated

Stevens s.n., 
A

— A F 4 1 9 8 2 0 A F 4 4 0 4 1 7 G U 176718 A F 5 1 9 5 5 6 G U 176653

Daboecia cantabrica  
[Huds.] K. Koch

1 9 7 5 - 1 7 7 0 ,
E

— L 1 2 6 1 1 U 6 1 3 4 9 G U 176723 A Y 5 2 0 7 8 6 G U 176656

D iplarche m ultijlora  
Hook. f. & Thomson

Nepal
Suzuki etal.  
8 8 2 0 5 6 1 ,  A

— A F 4 1 9 8 2 1 A F 4 4 0 4 1 8 G U 176739 G U 176631 G U 176664



Table 2.2 continued

E lliottia  bracteata
[Maxim.] Benth. & Hook, 
f.

Chase 8 6 6 ,  K -- U 4 9 2 8 5 U 6 1 3 3 9 G U 176725 U 4 8 6 0 9 D Q 000600

E lliottia  paniculata  
Benth. & Hook. f.

9 6 D 0 0 9 7
4FRBTU11

— G U 176643 G U 176671 — G U 176628 —

E lliottia  pyroliflora
[Bong.] Brim & P.F. 1 9 3 4 - 0 0 9 ,  E — G U 176644 U 6 1 3 2 0 G U 176726 G U 176629 G U 176658
Stevens

E lliottia  racem osa  Muhl. 
ex Elliott

1 9 6 7 - 2 6 3 2 ,
E

— L 1 2 6 1 5 G U 176672 G U 176727 U 4 8 5 8 2 —

Em petrum
atropurpureum  Fernald Chase 8 6 8 ,  K — G U 176641 U 6 1 3 5 5 G U 176719 G U 176625 D Q 000601
& Wiegand

Em petrum  nigrum  L.
Hills 8 9 2 0 4 ,  
IMS

A Y 4 9 6 9 1 1 A F 4 1 9 8 2 2 G U 176670 G U 176720 G U 176626 —

Em petrum  rubrum  Vahl 
ex Willd.

Chase 8 6 5 ,  K — GU 176642 U 6 1 3 4 2 G U 176721 U 4 8 6 1 3 G U 176654

Enkianthus  
cam panuiatus G. 
Nicholson

Anderberg  
1 4 5 2 8 ,  S

— L 1 2 6 1 6 U 6 1 3 4 4 G U 176746 A F 1 3 3 7 5 2 —

Epigaea repens L.
Kron 162 ,  
WFU

— U 4 9 2 8 4 U 6 1 3 1 9 G U 176728 U 4 8 6 1 1 G U 176659

E rica  arborea  L.
Small s.n., 
Heather Soc.

— — A Y 5 1 7 9 0 7 — A Y 5 2 0 7 8 8 —



Table 2.2 continued

ooCh

E rica  sicula  Guss. Chase 8 9 2 , K — A F 4 1 9 2 3 U 6 1 3 4 1 G U 176724 A Y 5 2 0 8 0 4 G U 176657

E rica  spiculifolia  Salisb. Chase 8 7 3 ,  K — A F 4 1 9 8 2 4 U 6 1 3 3 7 — A Y 5 2 0 7 8 5 —

E rica  tetraiix  L.
Anderberg  
1 9 5 - 7 9 , S

— A F 4 1 9 8 2 5 U 6 1 3 4 0 — A Y 5 2 0 8 0 6 —

Kalm ia angustifolia  L.
Kron 1 8 9 5 ,  
WFU

A B 2 4 7 9 6 4 A F 4 1 9 8 2 6 U 6 1 3 4 8 G U 176729 U 4 8 5 9 9 D Q 000602

Kalm ia buxifolia  
[Bergius] Gift, Kron & 
P.F. Stevens

US: South 
Carolina

Giftetal. s.n., 
GH

— L 1 2 6 1 9 U 6 1 3 4 7 G U 176730 U 4 8 5 8 1 G U 176660

Kalm ia hirsuta  Walter
Judd s.n., 
FLAS

— G U 176645 G U 176673 G U 176731 U 4 8 6 0 1 G U 176661

Kalm ia latifolia  L.
Kron 2 0 3 0 ,  
WFU

A J6 2 6 9 1 7 U 4 9 2 9 4 G U 176674 G U 176732 U 4 8 6 0 0 G U 176662

Kalm ia poiifo iia  
Wangenh.

Anderberg  
3 2 5 - 8 9 , S

— U 4 9 2 8 9 G U 183920 G U 176733 U 4 8 5 9 7 G U 176663

K alm iopsis leachiana  
(L.F. Fiend.] Rehder.

Denton s.n. — U 4 9 2 9 0 U 6 1 3 2 3 G U 176734 U 4 8 6 0 8 D Q 000603

Ledotham nus guyanensis  
Meisn.

Picon & 
Williams A F 4 1 9 8 2 7 A F 4 4 0 4 1 9 G U 176716 G U 176623 G U 176651
2 9 1 0 ,  WFU



Table 2.2 continued

Ledotham nus sessiliflorus  
N.E. Br.

Clement 
2468A , NY

— G U 176640 — — G U 176624 —

M enziesia pilosa  [Michx.] 
Juss.

Anderberg  
1 3 6 0 - 6 5 ,  S

— U 4 9 2 9 3 U 6 1 3 5 1 G U 176740 A F 3 9 3 4 4 0 G U 176665

Phyllodoce caerulea  [L.] 
Bab.

1 9 4 0 - 1 0 1 3 ,
E

G Q 245249 A F 4 1 9 8 2 9 U 6 1 3 1 8 G U 176735 G U 176630 D Q 000604

Phyllodoce em petriform is  
[Sm.] D. Don

Chase 8 7 1 ,  K — U 4 9 2 9 1 U 6 1 3 3 3 G U 176736 U 4 8 6 0 7 D Q 000605

Phyllodoce nipponica  
Makino

Anderberg  
1 7 5 6 - 7 7 ,  S

A B 2 1 0 0 5 7 U 4 9 2 9 2 U 6 1 3 2 5 G U 176737 U 4 8 6 0 6 D Q 000606

Rhododendron
Kron s.n., 
WFU

calendulaceium  [Michx.] — — G U 176675 G U 176741 G U 176632 G U 176666
Torr.

Rhododendron grande  
Wight.

1 9 6 9 - 8 6 0 6 ,
E

E U 0 8 7 3 8 5 G U 176646 D Q 002360 D Q 002383 G U 176633 E U 6 6 9 8 8 6

Rhododendron
1 9 3 2 - 1 0 2 2 ,
Chippophaeoides Balf. f. & — L 0 1 9 4 9 U 6 1 3 5 3 G U 176742 G U 176634 G U 176667

W.W. Sm.

Rhododendron  
kaw akam ii Hayata

7 9 / 0 2 6 ,  RSF A M 2 9 6 0 3 4 — G U 176676 G U 176743 G U 176635 —



Table 2.2 continued

Rhododendron  
tsusiophyllum  Sugim.

7 6 / 3 5 3 ,  RSF A F 4 5 2 2 1 7 G U 176647 G U 176677 G U 176744 G U 176636  —

Rhodotham nus 
cham aecistus Rchb.

Chase 8 7 7 ,  K — U 4 9 2 8 7 U 6 1 3 2 1 G U 176738 U 4 8 6 0 5  D Q 000607

Vaccinium  tenellum  
Aiton.

Kron & 
Powell s.n., 
WFU

A F 2 7 1 6 9 9 G U 176648 A F 3 8 2 8 1 8 A F 4 1 9 7 6 9 A F 3 8 2 7 4 1  —

RSF = Rhododendron  Species Foundation

oo
CD



Table 2.3 Primers and PCR protocols used.

oovD

Locus Primer Name Sequence [5 ' -3 ' ] Protocols Referencefs]

trnL-F

trnLc TAC GAC GAT CTY TCT AAA CAA GC
9 4 °  C, 5 :0 0 — 35 x  
[9 4 °  C, 1 :0 0 —
5 0 °  C, 1 :0 0 — 72°  
C, 2 : 0 0 ] — 7 2 °  C, 
1 0 :0 0

Taberlet et a t ,

trnLd GTC GAT AAG CYT GAG CTT GTT TAG
1 9 9 1 , 2 0 0 6

rbcL I F ATG TCA CCA CAA ACA GAA ACT AAA GCA AGT
Gillespie & Kron,

rbcL

r b c L 1 3 6 7 R CTT TCC AAA TTT CAC AAG CAG CAG
9 4 °  C, 5 :0 0 — 35 x  
[9 4 °  C, 1 :0 0 —

2 0 1 0

5 0 °  C, 1 :0 0 — 72°

rbcL 6 2 4 F t GCG TTG GAG AGA YCG TTT CT C, 2 : 0 0 ] — 7 2 °  C, 
1 0 :0 0

rbcL 7 2 4 R t TCR CAT GTA CCT GCA GTA GC

m a tK 7 1 0 F * GTA TCG CAC TAT GTW TCA TTT GA

m atK

matK teOOR^ CGT GCT TGC ATT TTT CAT TGC
9 4 °  C, 5 :0 0 — 35 x  
[9 4 °  C, 1 :0 0 —
5 0 °  C, 1 :0 0 — 72°

Gillespie & Kron,
2 0 1 0

m a tK 1 2 9 5 F § CCT CGA TAC CTA ACA TAA TGC C, 2 : 0 0 ] — 7 2 °  C, 
1 0 :0 0

matK 1100R § GCA TTA TGT TAG ATA TCG AGG



Table 2.3 continued

vOO

ndhF IF * ATG GAA CAK ACA TAT SAA TAT GC
Gillespie & Kron, 
2 0 1 0

ndhF

ndhF 1 9 5 5 T h e r  R* AAT ATC CTT GAT CAT GRG AYA G
9 4°  C, 5 :0 0 — 35 x  
(94°  C, 1 :0 0 — 50°

n d h F 1 3 1 8 R §
CGA AAC ATA TAA AAT GCR GTT AAT 
CC

C, 1 :0 0 — 72 C, 
2 :0 0 ] — 72° C, 
1 0 :0 0

Gillespie & Kron, 
2 0 1 0

n d h F 1 9 5 5 T h e r§ CTR TCY CATGAT CAA GGA TAT T

waxy

waxy ex9F GAT ACC CAA GAG TGG AAY CC
9 4°  C, 5 :0 0 — 35 x  
(94°  C, 1 :0 0 — 52°

Gillespie & Kron,

waxy e x l l R GTT CCA TAT CGC ATR GCR TG

C, 1 :0 0 — 72 C, 
2 :0 0 ] — 72° C, 
1 0 :0 0

2 0 1 0

n r ITS

ITS 5F GGA AGT AAA AGT CGT AAC AAG G
9 4°  C, 5 :0 0 — 35 x  
(94°  C, 1 :0 0 — 52°

Gillespie & Kron,

ITS 4R TCC TCC GCT TAT TGA TAT GC 2 :0 0 ] — 72° C, 
1 0 :0 0

2 0 1 0

f  sequencing primers; $ primers for first half of m atK  and ndhF ; § primers for second half of m atK  and ndhF



Table 2.4 Average leaf length, width, and L:W ratio among Therorhodion species. 
Standard deviation (SD) is shown in parentheses._____________________________

T. redowskianum
(n=5)

T. glandulosum  
(n=96)

T. camtschaticum  
(n=167)

Average length 
(± SD) (mm) 10.37 (±1.40) 18.03 (±5.07) 21.42 (±6.81)

Average width (± 
SD) (mm) 4.84 (±0.77) 8.68 (±2.43) 11.52 (±3.28)

L:W ratio ± SD 2.18 (±0.35) 2.14 (±0.51) 1.88 (±1.12)
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Table 2.5 Pollen sizes among Therorhodion species. Voucher specimens are from the UA 
Museum of the North herbarium (ALA). The average width of the pollen tetrads with 
standard deviation (SD) is shown.

T. redowskianum
(n=5)

T. glandulosum  
(n=5)

T. camtschaticum  
(n=5)

Voucher specimen V173108 V99418 81465

Mean size (± SD) (pm) 40.25 (±1.63) 43.8 (±2.21) 37.02 (±1.26)

n = number of pollen tetrads
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Table 2.6 The constraints used in the divergence time analyses and the priors 
implemented in BEAUti v1.8.1 (Drummond et al., 2012).

Constraints Analyses Age (myr) Priors Reference

Phyllodoce nipponica  + 
Rhododendron m acrophyllum

S: I 2 3 .1 1 - 4 3 .5
Normal: 
mean = 29.3  
sd = 6.0

Schenk & Hufford, 
2 0 1 0

Cassiope m ertensiana  + P. 
nipponica/R . m acrophyllum

S: I, III 3 0 .9 9 - 5 4 .7 6
Normal: 
mean = 37.8  
sd = 6.0

Schenk & Hufford, 
2 0 1 0

Enkianthus cam panulatus + C. 
m ertensiana/P. nipponica/R. 
m acrophyllum

S: I, III 6 3 .8 8 - 8 3 .3 3
Normal: 
mean = 72.9  
sd = 5.6

Schenk & Hufford, 
2 0 1 0

Lognormal:  
initial value = 2 .58

Calluna vulgaris F: II 2 .58 log(mean) = 1.0  
log(stdev) = 0.5  
offset = 2 .58

Van der Burgh, 1 9 7 8

Lognormal:  
initial value = 11 .62

Em petrum  sp. F: II, III 11 .62 log(mean) = 1.0  
log(stdev) = 0.5  
offset = 11 .62

Friis, 1 9 7 9

Lognormal:  
inital value = 1 5 .9 7

Kalm ia saxonica F: II, III 15 .9 7 log(mean) = 1.0  
log(stdev) = 0.5  
offset = 1 5 .97

Mai, 2 0 0 1

Lognormal:  
initial value = 26.5

Vaccinium  creedensis F: II 26.5 log(mean) = 1.0  
log(stdev) = 0.5  
offset = 26.5

Axelrod, 1 9 8 7

Lognormal:  
initial value = 56

Collinson & Crane, 
1 9 7 8

Rhododendron newburyanum F: II, III 56 log(mean) = 1.0  
log(stdev) = 0.5  
offset = 56

Paleoenkianthus sayrevillensis F: II, III 89 .8

Lognormal:  
initial value = 89 .8  
log(mean) = 1.0  
log(stdev) = 1.3  
offset = 89 .8

Nixon & Crepet, 
1 9 9 3

S = secondary constraint; F = fossil constraint
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Table 2.7 Average pairwise divergence. These are based on uncorrected p-values, percentage of 
parsimony informative characters, and the number of ingroup and outgroup sequences for each 
locus.

trnL-F rbcL m atK ndhF n rlTS waxy

T h erorhodion-
Ericaceae

0 .0 5 0 4 0 .0 2 7 1 0 .0 5 8 7 0 .0 7 5 9 0 .0 8 1 5
( 0 .0 4 9 1 -
0 .0 5 1 7 ]

( 0 .0 2 6 7 -
0 .0 2 7 6 ]

( 0 .0 5 8 1 -
0 .5 9 4 0 ]

( 0 .0 7 5 0 -
0 .0 7 6 7 ]

— ( 0 .0 7 9 5 -
0 .0 8 3 5 ]

T h erorhodion-
Rhododendron

0 .0 2 1 4 0 .0 2 1 4 0 .0 3 0 3 0 .0 6 9 6 0 .0 4 2 1 0 .0 4 3 3
( 0 .0 2 5 1 - ( 0 .0 1 0 5 - ( 0 .0 2 5 0 - ( 0 .0 4 0 8 - ( 0 .0 3 3 9 - ( 0 .0 4 0 3 -
0 .0 3 1 9 ] 0 .1 0 7 4 ] 0 .0 3 6 5 ] 0 .1 1 6 3 ] 0 .0 5 3 5 ] 0 .0 5 0 3 ]

T. cam tschaticum - 
T. glandulosum

0 .0 0 7 7 0 .0 1 0 4 0 .0 0 7 3 0 .0 0 5 8 0 .0 1 0 0 0 .0 3 5 6
( 0 .0 0 6 9 -
0 .0 0 9 3 ]

( 0 .0 0 0 0 -
0 .0 9 9 6 ]

( 0 .0 0 6 3 -
0 .0 1 2 0 ]

( 0 .0 0 3 1 -
0 .1 0 2 3 ]

( 0 .0 0 9 8 -
0 .0 1 1 9 ]

( 0 .0 3 0 9 -
0 .0 4 3 7 ]

T. cam tschaticum - 
T. redow skianum

0 .0 0 9 1 0 .0 1 2 7 0 .0 1 2 3 0 .0 0 1 2 0 .0 1 5 6
( 0 .0 0 9 1 -
0 .0 0 9 2 ]

( 0 .0 0 3 0 -
0 .0 9 9 6 ]

( 0 .0 1 2 0 -
0 .0 1 4 1 ]

( 0 .0 0 0 0 -
0 .0 1 0 5 ]

( 0 .0 1 5 4 -
0 .1 7 7 5 ]

—

T. g land ulo sum - T. 
redow skianum

0 .0 0 7 7
( 0 .0 0 6 9 -
0 .0 0 9 3 ]

0 .0 0 3 5
( 0 .0 0 3 0 -
0 .0 0 3 7 ]

0 .0 0 9 8
( 0 .0 0 9 8 -
0 .0 0 9 8 ]

0 .0 0 3 1
( 0 .0 0 3 1 -
0 .0 0 3 1 ]

0 .0 11 2
( 0 .0 1 1 2 -
0 .0 1 1 2 ]

—

0.15
( 9 4 / 6 1 7  bp]

0 .14 0 .18 0 .19
0 .27
( 1 7 7 / 6 5 1  bp]

PIC ( 2 0 0 / 1 4 3 5
bp]

( 3 2 1 / 1 8 0 3
bp]

( 2 8 9 / 1 4 8 8
bp]

—

Ingroup 16 1 4 1 6 1 7 19 11

Outgroup 12 4 0 42 3 7 5 31

PIC = parsimony informative characters; bp = base pairs



Table 2.8 Divergence times of Therorhodion. Time is shown in millions of years with the 95%  highest posterior density 
(HPD) inferred for this paper and compared to previously inferred divergence times. Although substitution rates are also 
considered secondary methods of calibration, the category of secondary in this table strictly refers to secondary 
divergence times used as constraints.

Analysis Constraints
used

Therorhodion  from 
Rhododendron

Therorhodion  
redow skianum  from 
T. camt. & T. gland, 
clade

Therorhodion  
cam tschaticum  
from T. 
glandulosum

Within T. 
cam tschaticum

Within T. 
glandulosum

Analysis I secondary
2 1 .4 0  (1 4 .8 0 -  
2 8 .0 1 ]

7 .49 ( 4 .9 2 - 1 0 .9 4 ] 5 .3 7  (3 .5 0 - 7 .8 3 ] 3 .73  (2 .1 7 - 5 .6 5 ] 0 .83  (0 .2 2 - 1 .9 7 ]

Analysis II fossil
5 7 .6 8  (5 6 .5 5 -  
59 .03 ]

1 4 .1 4  (7 .8 3 - 2 1 .6 6 ] 9 .7 8  ( 5 .4 6 - 1 4 .7 6 ] 6 .56  ( 3 .4 4 - 1 0 .2 8 ] 1 .75  (0 .3 9 - 3 .7 4 ]

Analysis III combination  
sec. & fossil

57 .5 1  (5 6 .5 2 -  
58 .63 ]

1 3 .9 0  (7 .5 7 - 2 1 .5 4 ] 9 .5 8  ( 5 .0 7 - 1 4 .5 0 ] 6 .39  ( 3 .2 2 - 1 0 .1 0 ] 1 .73  (0 .3 5 - 3 .6 2 ]

Milne, 2 0 0 4 substitution  
rate (matK]

approx. 5 1 .5 -7 6 .5 — — — —

Liu etal.,
2 0 1 4 fossil 58 .3 3  (5 6 .4 8 - 6 1 .2 ] — —

Merckx et at,  
2 0 1 5

substitution  
rate [ITS] & 
secondary

36 .2 5  (2 6 .6 5 -  
4 0 .5 0 ]

1 1 .72  (2 .3 0 - 1 9 .6 1 ] — — —
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Chapter 3 General Conclusion

Taxonomy is central to exploring and understanding biodiversity. The science of 

taxonomy includes the characterizing, classifying, and naming of taxa. Alpha taxonomy, the 

naming of species, is of central importance in biology (Turrill, 1938). Species are the basic 

unit of many biological disciplines and the species name provides the link to the knowledge 

about an organism. Different taxonomic classification systems rely on varying types of data 

and characteristics that may be continuous or have strictly defined character states 

(Stuessy, 2009). Recent trends indicate an increasing use of cladistic approaches that rely 

only on genetic sequences for taxonomic purposes. These studies have been criticized as 

they can only be interpreted in the context of previous studies that have performed species 

delimitation using traditional methods such as morphology and ecology (Wheeler, 2004). A 

wider approach referred to as a unified species concept or integrative taxonomy combines 

multiple lines of evidence including geographical distribution, life history, in addition to 

genetic sequences and the more traditional methods of using morphology (see de Queiroz, 

2007; Carstens et al., 2013; Andujar et al., 2014; Huang & Knowles, 2016).

The traditional method of delineating species is to present a hypothesis that 

outlines an exclusive set of discontinuous morphological traits (Wheeler, 2004). Yet, 

finding such characters can be difficult in taxa that exhibit morphological variability. Such 

issues have plagued plant taxonomy in particular, since plants are sessile organisms and as 

such, plasticity is a natural survival strategy for many plant taxa (Schlichting, 1986; Sultan, 

1987). The Arctic-alpine plant genus Therorhodion (Maxim.) Small is a good example of 

morphological variability leading to uncertainty in regards to the taxonomic relationships. 

In particular, taxonomic concepts between Asian and North American descriptions of T.
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camtschaticum  Small and T. glandulosum  Standl. ex Small differ in regards to the species or 

subspecies levels (Viereck & Little, 2007; Kron & Judd, 2009; Yurtsev et al., 2010; 

Takahashi, 2015).

My study set out to answer how many lineages there are within Therorhodion 

through leaf measurements, comparison of pollen morphology using scanning electron 

microscopy, and phylogenetic reconstruction using four chloroplast loci (ndhF, rbcL, matK, 

and trnL-F) and two nuclear loci (waxy and nrlTS). I took advantage of nucleotide 

sequences available in GenBank (Benson et al., 2013) to construct a large data matrix 

including a large sample of outgroup taxa in order to confirm the position of Therorhodion 

within the heath family (Ericaceae subfamily Ericoideae; Table 1.2). Using these results I 

also investigated the timeline for the dispersal of T. camtschaticum  and T. glandulosum  

between western and eastern Beringia using divergence time analysis. Due to the increased 

awareness of the effects that secondary constraints can have on estimated divergence 

times (Shaul & Graur, 2002; Morrison, 2010; Schenk, 2016), I compared the divergence 

times of Therorhodion using secondary constraints, fossil constraints, and a combination of 

these two approaches.

The morphological characteristics I examined are not all effective characters for 

delineating species. Although the leaves of all three taxa are significantly different in leaf 

length and leaf width, leaf size can really only effectively be used as a distinguishing 

characteristic for T. redowskianum  in the field. Nevertheless, the presence or absence of 

glandular-tipped hairs on the leaves remains a clear way to delineate T. camtschaticum  and 

T. glandulosum. Comparison of pollen morphology between the three taxa failed to provide 

further insight into differentiating any of the Therorhodion species. Sarwar & Takahashi
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(2013) were also unable to delimit species of Rhododendron based on pollen morphology. 

An additional reproductive character that has been used to distinguish the three species 

within Therorhodion is the length of the style in relation to the stamens (Shishkin & Bobrov, 

1967).

DNA barcoding is the use of short genetic sequences that are useful for identifying 

taxa at the species level (Herbert et al., 2003; Kress et al., 2015) and has been shown to be 

useful in delineating animals (Saitoh et al., 2014; Wilson et al., 2014; Sikes et al., 2015). The 

plastid markers rbcL, matK, and trnH-psbA and the nuclear internal transcriber spacer (ITS) 

have been shown to have a high rate of success identifying plants to the generic level 

(>95%), but results for using DNA barcodes at the species level has been variable (~70%  to 

90%) (see Kress et al., 2009; de Vere et al., 2012; Saarella et al., 2013; Kress et al., 2015). 

Working on the Canadian Arctic flora, Saarela et al. (2013) were able do characterize more 

than 95%  of the generic diversity using rbcL and matK, but DNA barcodes were less 

suitable at the species level (42-55% ). When using DNA barcodes at the intraspecific level, 

Saarela et al. (2013) had very little success (7%) delimiting subspecies.

Through the course of this study I generated 80 new DNA sequences for 

Therorhodion from throughout its geographic range, which are available on GenBank 

(http://www.ncbi.nlm.nih.gov/genbank/) (Table 1.2). In my phylogenetic analyses I found 

three strongly supported monophyletic clades within Therorhodion representing the three 

species. Based on the known distribution of T. redowskianum  being restricted entirely to 

Asia and the first lineage to diverge in the genus, it seems plausible that the genus 

originated in Asia. The amphiberingian distribution of T. camtschaticum  and T. glandulosum  

in northeastern Asia and western North America (Alaska) point toward dispersal across
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Beringia to North America (Wen et al., 2016). The asymmetry in dispersal favoring an 

eastward dispersal from eastern Asia to North America has been documented in many 

plant taxa as well as animals (Walteri et al., 2004, 2007; Ickert-Bond et al., 2009; Wen et al., 

2010, 2016). In contrast, in insects the number of dispersal events going either direction is 

believed to have been about the same (Sanmartin et al., 2001).

Glaciation events had a strong influence on the frequency of dispersals between 

eastern Asia and western North America by affecting the local climate and subsequently the 

types of habitats covering Beringia (Murray, 1992; Sanmartin et al., 2001; Brochmann & 

Brysting, 2008). My analyses inferred that the Asia-restricted T. redowskianum  diverged 

from T. cam tschaticum / T. glandulosum  during the early to middle Miocene, which supports 

an origin in the mountains of Asia while the climate was cooling. The subsequent 

divergence between T. camtschaticum  and T. glandulosum  (5.07-14.60 mya) took place 

while the BLB II would have been open and further intraspecific speciation occurred during 

the BLB III, driven by a cooling climate and a changing landscape that opened new habitats.

Additional analyses and more variable genetic regions are needed to help explain 

the diversification between T. camtschaticum  and T. glandulosum  as well as resolve the 

intraspecific relationships within each of the constituent taxa and to test the out-of-Asia 

hypothesis more thoroughly. For example, it is unclear whether there is a difference 

between the microhabitats occupied by T. camtschaticum  and T. glandulosum  that would 

have driven species divergence. A geographic information system (GIS) analysis using soil 

data from Alaska and the Russian Far East combined with distribution data could tell us 

whether or not there is a difference in soil properties throughout the range of 

Therorhodion. Resolving differences in methods for soil categorization between Russia and
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North America as well as continued efforts to digitize voucher specimens from the Russian 

Far East, currently not available, would assist in this approach and shed more light on 

habitat preferences in Therorhodion across Beringia.

Similarly, the genetic loci that I targeted in this study were not variable enough to 

resolve intraspecific relationships with strong support, so I was unable to determine 

whether there are distinct western and eastern Beringian subclades in both T. 

camtschaticum  and T. glandulosum. Targeting more variable loci could provide the required 

resolution to answer this question; which would allow testing the out-of-Asia hypothesis 

more thoroughly. The chloroplast DNA loci psbA-trnH and trnT-trnL have previously been 

used to resolve relationships at lower taxonomic levels within the Ericaceae (Brown et al., 

2006).

Additionally, there are large sampling gaps in many parts of Alaska (Huettmann & 

Ickert-Bond, in press) that are impeding a better understanding of the state's biodiversity. 

Specifically, there are very few specimens in the University of Alaska Museum of the North 

Herbarium database (http://arctos.database.museum/home.cfm) from the area between 

Denali National Park and Preserve and the Seward Peninsula, including the Nulato Hills, the 

Kaiyuh Mountains, and the Kuskokwim Mountains (Fig. 2.1). This is of particular relevance 

for my study as a population of T. glandulosum  was reported from the Kantishna Hills in 

Denali National Park and Preserve for the first time in 1987 by the National Park Service 

(Roland, 2004). This population is a range extension, approximately 500 km east from the 

main coastal distribution of T. glandulosum  on the lower Yukon River depicted by Hulten 

(1968; Roland, 2004; Viereck & Little, 2007). National Park Service botanist Carl Roland 

has speculated that the crest of the Kantishna Hills have higher precipitation and increased
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cloud cover, which provides a habitable landscape for otherwise coastal species like 

Primula cuneifolia Ledeb., Phyllodoce aleutica (Spreng.) A.Heller, and Cassiope lycopodioides 

(Pall.) D.Don (Roland, 2004). Predictive niche modeling is used to identify new ecological 

niches that have similar habitat conditions that a taxon is known to occupy by combining 

known locality information with environmental data (Heads, 2015) and has been used to 

identify areas for future surveys of animal and plant populations (Fleishman et al., 2001; 

Garza-Perez et al., 2004; Bourg et al., 2005; Pearson et al., 2007). Applying a similar method 

for T. glandulosum  could show potential habitat within this largely undersampled region of 

Alaska (Fig. 2.1), which could also help explain the disjunct population in the Kantishna 

Hills. These habitats could then be used to guide ground-truthing efforts to locate 

additional populations of T. glandulosum. Results from these additional analyses could shed 

more light on the diversification within Beringia and expand our knowledge on the floristic 

exchanges between Asia and North America, and how glacial events might have promoted 

such exchanges.
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Figure 3.1 Map depicting Alaskan collection localities for Therorhodion glandulosum  
specimens (blue markers). Voucher specimens are housed at the UA Museum of the North, 
Herbarium (ALA).
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