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Abstract

The Hengduan Mountains Region (HMR) of southwest China is a temperate biodiversity hotspot
characterized by high rates of plant endemism, including approximately 300 endemic species of
Pedicularis (Orobanchaceae). Intersecting processes of mountain uplift during the early
Oligocene (~30 Mya), followed by monsoon intensification during the mid-Miocene (~8-10
Mya) and glacial cycles throughout the Quaternary, have contributed to high rates of speciation
within this genus due to population isolation in allopatry. In order to accurately identify the
major geographic barriers influencing this speciation process, genomic data (RADseq) and
comparative phylogeographic methods were used to characterize the history of population
divergence among six widespread species of Pedicularis. Three biogeographic regions, which
are delineated by four main tributaries of the Upper Yangtze River system, were identified
within the HMR. In recent decades, infrastructure development has substantially altered this
mountain landscape - connecting previously isolated areas by roads and tunnels - with the
potential to threaten endemic biodiversity through genetic homogenization. This inferred
phylogeographic history of Pedicularis within the HMR can be used in future research to
determine whether recent gene flow has occurred across historical barriers due to human
influence, thus aiding plant conservation efforts in this biodiversity hotspot.

Introduction

Mountain ranges are among the most dynamic and heterogeneous landscapes on Earth.
Extended periods of orogeny and erosion, along with climatic and glacial fluctuations, have
dramatically shaped their attendant biodiverse communities over vast time scales (Antonelli et
al., 2018; Rahbek et al., 2019). Phylogeographic research has highlighted the impact of mountain
uplift on rapid plant radiations in young mountain systems (Hughes & Eastwood, 2006; Xing &

Ree, 2017; Drummond et al., 2012; Ye et al., 2019), while others have demonstrated that

glaciation cycles and climatic shifts can promote exceptional rates of plant diversification



regardless of mountain age (Vasconcelos et al., 2020). In recent years, the majority of mountain
biodiversity research has focused on mountain ranges in the tropics, especially the recently
uplifted northern Andes (Nevado et al., 2018; Lagomarsino et al., 2016), but there is growing
interest in comparing the patterns of biodiversity accumulation and evolutionary radiation in
mountain ranges among varying latitudes across the globe (Hughes & Atchison, 2015).

The Tibeto-Himalayan Region (THR) (Mosbrugger et al., 2018) is a geographic complex
in western China composed of three unique but interacting high-elevation systems: the Qinghai-
Tibet Plateau (QTP), the Himalaya, and the Hengduan Mountains Region (HMR) (for
comprehensive reviews, see Favre et al., 2015 and Muellner-Riehl, 2019). While there is
considerable debate concerning the timing of initial orogenic activity between these three
systems (Spicer et al., 2020; Renner, 2016), the north-south trending Hengduan Mountains have
consistently been described as younger in origin (most recent estimates at ~30 Mya) than the
east-west facing Himalaya (~40 Mya) and the Qinghai-Tibet Plateau (formation beginning ~40-
55 Mya). For plants, a portion of this system is also referred to as the Sino-Himalaya floristic
subregion, which more specifically encompasses the southeast QTP, eastern Himalaya, and the
Hengduan Mountains (Zhou et al., 2013; Wu & Wang, 1983). Due to the intersecting influences
of tectonic uplift and the Asian monsoon, this region has been described as a ‘cradle’ of
angiosperm evolution, with much of the contemporary flora of western China diverging within
the last 15-19 Mya (Lu et al., 2018). This study focuses on biennial plant populations within the
HMR (Figure 1), a temperate biodiversity hotspot connecting the QTP with the Yunnan-Guizhou
Plateau and lowland tropics of southern China, Myanmar (Burma), and India (Boufford, 2014).

The north-south directionality of the Hengduan Mountains is an important climatic factor



because it enables the region to receive warm, moist air from monsoons in the Indian and Pacific
Oceans (Luo et al., 2017).

Over the past decade, multiple phylogeographic scenarios have emerged to describe the
impacts of geologic upheaval, Quaternary glacial cycles, and climatic transitions on plant
diversification across the THR. Specifically, the “contraction/recolonization” and “microrefugia”
patterns (Gao et al. 2016) describe species that retreated into the lower-elevation Hengduan
Mountains during glacial periods, followed by expansion back onto the QTP during interglacials,
with some lineages becoming isolated and forming local endemics. While many studies have
focused on these large-scale dynamics for multiple species across the entire THR, descriptions of
spatially-explicit geographic barriers are few, and investigations into Quaternary glacial
processes on population structure on a local-scale within the Hengduan Mountains are needed.

Of primary interest to this study is the phylogeographic scenario in which tectonic
activity and river dynamics in the Hengduan Mountains have led to population isolation and
endemic species formation (Qiu, Fu & Comes, 2011). Processes of mountain uplift, glaciation,
and climatic transitions have formed a rich, heterogeneous landscape in the Hengduan Mountains
region, with elevational gradients contributing to niche specialization and high levels of endemic
plant species due to in situ speciation (Xing & Ree, 2017). An outstanding question is how the
Last Glacial Maximum (ending 19-20 ka; Clark et al., 2009) interacted with pre-existing
topography to influence infraspecific population demographics, and whether different plant
species share spatio-temporally similar population patterns across this heterogeneous landscape.

Detailed case studies of endemic plant clades can help describe the processes driving
diversification in biodiversity hotspots. Pedicularis (Orobanchaceae) is a genus of hemi-parasitic

plants with highly diverse floral morphologies. It includes ca. 600 species worldwide, more than



half of which are native to China and endemic to the Hengduan Mountains, where their greatest
diversity can be found (Xing & Ree, 2017; Eaton & Ree, 2013; Jie et al., 2004; Zhou et al.,
2013). The crown age for Pedicularis has been estimated from pollen fossil-calibrated molecular
phylogenies to be ~ 39 Mya (Wang et al., 2015; Song et al., 2004), placing its origin within the
same timeframe as the putative origins of the QTP, Himalaya, and HMR (Spicer et al., 2020).
While a comprehensive phylogeny of this group is under development (Yu et al., 2015), the
phylogeographic histories of Pedicularis species endemic to the Hengduan Mountains remains to
be explored.

It is common to find multiple Pedicularis species co-occurring and flowering
synchronously throughout the Hengduan Mountains (Eaton et al., 2012; Armbruster et al., 2014)
(Figure 1), which makes it likely that these species have experienced parallel histories of
migration, expansion and gene flow. This hypothesis can be tested by identifying barriers of
geographic isolation that have led to speciation within Pedicularis since the Hengduan
Mountains started forming ~30 Mya, along with evidence of more recent glacial and monsoon
influences on population structure within the past 8-10 Mya. The concentration of Pedicularis
diversity in the Hengduan Mountains provides an opportunity to connect population genetic scale
processes with phylogenetic scale patterns of diversification by treating each species as a
replicated experiment. Reconstructing the phylogeographic history of many species can provide
information about how the landscape has shaped and influenced the diversification of
Pedicularis. If closely related species have historically been influenced by similar landscape
barriers and abiotic factors, then it is expected that replicate analyses across these species will
show similar timing and order of phylogeographic splits among populations sampled from

different geographic regions.
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Figure 1: A) Maximum likelihood phylogenetic tree of the six Pedicularis species used in this
study; B) Map of Pedicularis sampling locations from expeditions in 2018 and 2019 in the
Hengduan Mountains (Yunnan, Sichuan, Qinghai and Gansu Provinces), demonstrating
significant co-occurrence of these six species. Inset shows the location of the Hengduan
Mountains Region (HMR) within the larger Tibeto-Himalayan Region (THR) and Sino-
Himalaya floristic subregion.

Methods
Sample collection

733 samples of 96 different Pedicularis species were collected from the Hengduan
Mountains in Yunnan, Sichuan, Qinghai and Gansu Provinces during expeditions in July 2018
and 2019. Leaf tissue was dried and preserved in silica gel and stored at room temperature at
Columbia University, and replicate vouchers for all specimens were deposited at the Kunming
Institute of Botany, Harvard University Herbaria, and the William & Lynda Steere Herbarium at
the New York Botanical Garden. In addition to these contemporary samples, leaf tissue and
DNA extracts from samples collected on previous expeditions to the Hengduan Mountains by

HUH and FM herbaria researchers (http://hengduan.huh.harvard.edu/fieldnotes) were obtained to

increase the spatial and temporal extent of Pedicularis sampling.


http://hengduan.huh.harvard.edu/fieldnotes

To increase the likelihood of uncovering parallel population structure among multiple
taxa, six widespread species were selected from these collections: Pedicularis lachnoglossa,
Pedicularis rhinanthoides, Pedicularis integrifolia, Pedicularis kansuensis, Pedicularis
cranolopha, and Pedicularis longiflora (Table 1; listed in order of phylogenetic relatedness).
Some have subspecies descriptions, but these are only roughly associated with geography (Flora
of China, Yang, Holmgren, & Mill, 1998). After these samples were narrowed to species of
direct interest for this study, the final dataset contained 153 samples belonging to 6 species for

phylogeographic analysis (Supplement 1).

Extraction and Sequencing

Genomic DNA was extracted from silica-preserved leaf tissue using a modified CTAB
protocol. Samples were quantified using a Qubit 4 Fluorometer (dsSDNA broad range) to assess
quality of extraction. All samples at or above 10 ng/ul of gDNA were suspended in TLE buffer
and stored at -80°C.

For DNA sequencing, the 3RAD (Bayona-Vasquez et al., 2019) library preparation
protocol, a version of ddRAD (Andrews et al., 2016) which uses three enzymes to randomly
fragment the entire genome at specific cut sites in all samples, was implemented to increase the
number of loci that can be compared among species. This 3RAD protocol enabled the
incorporation of many more genomic loci than previous studies of plant phylogeography in the
Hengduan Mountains.

Samples were sequenced on three lanes of an Illumina HiSegX in pooled libraries
containing other samples, resulting in 306M paired-end reads. After demultiplexing, an average

of 1.28M paired-end reads (stdev=915.2K) per sample were recovered.



Table 1: Description of species analyzed for this study, with information gathered from
Yu et al. (2015) and the Flora of China (Yang, Holmgren, & Mill, 1998).

Species Picture Number of Elevation Habitat Notes Described
samples subspecies
Pedicularis 26 2500-5400m In alpine Typically found | 0
lachnoglossa meadows and fir | in W Sichuan, S
J.D. Hooker (Ser. forests, and and SE Xizang,
Lachnoglossae) among small and NW Yunnan,
shrubs on and is the most
hillsides distantly related
species among
our set
Pedicularis 26 2300-5000m Found Widespread 3
rhinanthoides abundantly in throughout
Schrenk ex moist alpine Gansu, Hebeli,
Fischer & C. A. meadows, boggy | Qinghai,
Meyer (Ser. places along Shaanxi, Shanxi,
Rhinanthoides) streams, and Sichuan,
among small Xinjiang,
Rhododendron Xizang, and
and other shrubs | Yunnan; often
in moist found in the
locations on open | same habitat as
hillsides P. longiflora
Pedicularis 18 2700-5100m Alpine rocky Found in W 2
integrifolia meadows and Qinghai, SW and
J.D. Hooker (Ser. spruce forests W Sichuan, S
Integrifoliae) and SE Xizang,
and NW Yunnan
Pedicularis 37 1800-4600m A widely In S and SW 4
kansuensis distributed Gansu, Qinghai,
Maximowicz weedy species, W Sichuan, E, N,
(Ser. found in gravel, | and NE Xizang,
Verticillatae) grassy slopes in | Yunnan
subalpine zones,
damp grassy
areas along field
margins, damp
slopes, and
valleys
Pedicularis 19 2600-4200m Alpine meadows | A more restricted | 3, with distinct
cranolopha range in SW floral
Maximowicz Gansu, NE morphology
(Ser. Qinghai, apparent between
Longiflorae) Sichuan, and NW | some populations
Yunnan; falls
within the same
clade as P.
longiflora
Pedicularis 26 2100-5300m Alpine meadows, | Throughout 3
longiflora along streams, Gansu, Hebei,
Rudolph (Ser. springs, and Nei Mongol,
Longiflorae) seeps Qinghai, W
Sichuan, SE

Xizang, and NW
Yunnan; same
clade as P.
cranolopha
often found in
same habitat as
P. rhinanthoides




RAD-seq data assembly

Sequenced reads from the three Illumina lanes were merged together into one dataset and
assembled using the de novo pipeline in ipyrad v.0.9.50 (Eaton & Overcast, 2020;
https://ipyrad.readthedocs.io/en/latest/). The ‘datatype’ parameter was set to ‘pair3rad’, and the
‘mindepth_majrule’ parameter was set to ‘1’ (1x = low depth) in order to retain the maximum
number of loci for each individual sample. All other parameters were left at their default values.

After assembling all samples to low depth, the ‘branch’ function was used to cluster and
format a subset of samples corresponding to each of the six Pedicularis species (i.e. retain all P.
cranolopha + outgroup samples and re-run ipyrad steps 6 & 7, repeated for each species). After
clustering and formatting for each species, any samples that retained fewer than 1,000 loci were

removed from the dataset.

Phylogenomic analyses

A series of analyses were performed using the ipyrad-analysis toolkit (Eaton & Overcast,
2020), which provides a convenient wrapper around many evolutionary inference tools while
also providing a means to filter data for each analysis to limit the influence of missing data,
which is a common feature of RAD-seq. Samples from each of the six Pedicularis species were
run through a pipeline of statistical methods designed to visualize genetic similarity, define
population structure, and reconstruct phylogeographic history through estimates of divergence
times and demographics of population lineages.

Maximum likelihood phylogenies were inferred for each species dataset with RAXML v.8
(Stamatkis, 2014), using concatenated alignments that included all loci shared across at least four

samples. As an initial hypothesis of population structure, samples were grouped into discrete


https://ipyrad.readthedocs.io/en/latest/

populations according to the clades from each ML tree topology. Population structure and
genetic similarity of samples was then inferred and visualized using principal component
analysis (PCA) and STRUCTURE v.2.3.4 (Pritchard et al., 2000). For PCA and STRUCTURE
analyses, the ML topology-based population hypotheses were used to create an ‘imap’ dictionary
with a ‘minmap’ filter of 0.5 to include only genomic loci that achieved at least 50% coverage in
each population. An additional ‘mincov’ filter of 0.75 was applied to remove any loci that were
not present in at least 75% of all samples. Missing data was imputed for PCA analyses using the
sample imputation method. Burn-in length for STRUCTURE analyses was set to 1e5, number of
replicates was set to 5e5, and five replicates were run for each value of ‘K’. Initial results from
PCA (amount of genetic variance between hypothesized populations) and STRUCTURE plots
(‘K’ parameter corresponding to number of populations) were used to reassign samples to
different population groups for reanalysis through an iterative process until population
assignments in each ‘imap’ showed congruence with the population discretization in PCA and
STRUCTURE results.

After putative population assignments were validated, ancestral population sizes and
species divergence estimates were inferred with BPP v.4.0 (Yang, 2015; Flouri et al., 2018), a
Bayesian MCMC program for analyzing multi-locus genomic sequence data under the
multispecies coalescent. BPP utilizes an ‘imap’ of sample populations and a fixed tree topology,
along with prior probabilities of generation time, mutation rate, ‘theta’ (effective population
size), and ‘tau’ (divergence time). The same ‘imap’ dictionaries from PCA and STRUCTURE
analyses were used in the BPP analysis for each corresponding species, but with a ‘minmap’ set
to 0.75 to sample only loci with at least 75% coverage in each population. Simplified tree

topologies based on the aforementioned population assignments were used as fixed trees for the



‘A00’ inference method (‘speciesdelimitation’ = 0 and ‘speciestree’ = 0). Identical priors for
generation time (min = 1, max = 3), mutation rate (min = 5e-9, max = 1e-8), and ‘theta’ (3,
0.007) parameters were used for all species. Priors for the ‘tau’ parameter varied for each
species, and were assigned based on the distance between species in the most recently published
Pedicularis phylogeny (Yu et al., 2015) as follows: P. lachnoglossa (3, 0.007), P. rhinanthoides
(3, 0.006), P. integrifolia (3, 0.0035), P. kansuensis (3, 0.0035), P. cranolopha (3, 0.002), and P.
longiflora (3, 0.002). Additional parameters for maximum loci (=500), MCMC burn-in length
(=1,000), number of samples (=10,000), and sample frequency (=10) were set identically for all
species. Four replicates of the ‘A00’ inference method were run for each species, and results
were calibrated to geological time estimates using a Python implementation of R code developed
for converting BPP units for ‘theta’ and ‘tau’ into Ne and divergence times (dos Reis, 2017;

Yoder et al., 2016).

Results
RAXML

RAXML tree results for all six species had high bootstrap values (> 70% along the
backbone) between clades, providing evidence that samples from all six species are segregating
into distinct populations across the landscape (Figures 2-7). P. rhinanthoides (13.4 Mbp, 911.6 K
SNPs, 79.61% missing data) was the only species with complete bootstrap support (100%),
followed by >75 % bootstrap support along the backbone for P. integrifolia (8.7 Mbp, 468 K
SNPs, 73.77% missing data), P. lachnoglossa (9.5 Mbp, 560 K SNPs, 74.5% missing data), and

P. longiflora (10.1 Mbp, 643 K SNPs, 78.96% missing data), and <75 % bootstrap support along



the backbone for P. cranolopha (10.3 Mbp, 628 K SNPs, 76.23% missing data) and P.

kansuensis (21.5 Mbp, 1.3 M SNPs, 83.64% missing data).

PCA and STRUCTURE

The number of SNPs used for the analysis of genetic similarity between samples varied
across species (Supplement 2). PCA variance for each species was best explained as follows: P.
lachnoglossa by PC axes 0, 1 (15.9%, 10.8%), P. rhinanthoides by PC axes 0, 1 (16.1%, 10.5%),
P. integrifolia by PC axes 1, 2 (16.9%, 9.0%), P. kansuensis by PC axes 0, 1 (21.9%, 8.9%), P.
cranolopha by PC axes 1, 2 (10.6%, 8.8%), and P. longiflora by PC axes 2, 3 (10.4%, 8.5%).

After an iterative population assignment process (see Methods), the final PCA and
STRUCTURE plots corresponded with ‘population’ clades in the ML tree topologies. Based on
the most consistent population structure across all three analyses, the number of putative
populations per species were as follows: P. lachnoglossa (K=8), P. rhinanthoides (K=5), P.

integrifolia (K=5), P. kansuensis (K=7), P. cranolopha (K=7), and P. longiflora (K=6).

BPP

Estimates of divergence times and effective population sizes varied between all six
species. While BPP produced parameter estimates for each node in the fixed phylogenetic trees it
was given, the most directly comparable are the estimates for the ancestral populations of each
species (i.e., first node after divergence from the P. bidentata outgroup). Divergence times and
effective population sizes were as follows: P. lachnoglossa (.185 Mya + .059; 283K + 54K), P.
rhinanthoides (.368 Mya + .122; 123K + 111K), P. integrifolia (.547 Mya + .217; 128K +
128K), P. kansuensis (.256 Mya + .085; 151K + 105K), P. cranolopha (.558 Mya + .192; 249K

+ 267K), and P. longiflora (.670 Mya + .213; 137K + 96K).
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Figure 2: Results for Pedicularis lachnoglossa. Species ‘population’ tree was generated by
RAXML, and populations were assigned based on PCA and STRUCTURE analyses. Estimates of
divergence time and effective population size were inferred with BPP. Samples were color-coded
to match ML tree visualization, and plotted onto a map of the Hengduan Mountains region using

geographic coordinates from fieldnotes (Supplement 1).
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Figure 3: Results for Pedicularis rhinanthoides. Species ‘population’ tree was generated by
RAXML, and populations were assigned based on PCA and STRUCTURE analyses. Estimates of
divergence time and effective population size were inferred with BPP. Samples were color-coded
to match ML tree visualization, and plotted onto a map of the Hengduan Mountains region using

geographic coordinates from fieldnotes (Supplement 1).
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Figure 4: Results for Pedicularis integrifolia. Species ‘population’ tree was generated by
RAXML, and populations were assigned based on PCA and STRUCTURE analyses. Estimates of
divergence time and effective population size were inferred with BPP. Samples were color-coded
to match ML tree visualization, and plotted onto a map of the Hengduan Mountains region using

geographic coordinates from fieldnotes (Supplement 1).
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RAXML, and populations were assigned based on PCA and STRUCTURE analyses. Estimates of
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to match ML tree visualization, and plotted onto a map of the Hengduan Mountains region using

geographic coordinates from fieldnotes (Supplement 1).
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Figure 6: Results for Pedicularis cranolopha. Species ‘population’ tree was generated by
RAXML, and populations were assigned based on PCA and STRUCTURE analyses. Estimates of
divergence time and effective population size were inferred with BPP. Samples were color-coded
to match ML tree visualization, and plotted onto a map of the Hengduan Mountains region using

geographic coordinates from fieldnotes (Supplement 1).
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Figure 7: Results for Pedicularis longiflora. Species ‘population’ tree was generated by
RAXML, and populations were assigned based on PCA and STRUCTURE analyses. Estimates of
divergence time and effective population size were inferred with BPP. Samples were color-coded
to match ML tree visualization, and plotted onto a map of the Hengduan Mountains region using

geographic coordinates from fieldnotes (Supplement 1).
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The population structure identified among all six Pedicularis species highlights three
distinct regions within the Hengduan Mountains landscape that are divided by major elevational
differences or river valleys. Currently, the four river valleys formed by the Jinsha, Yajiang, Dadu
and Min Rivers appear to be the clearest geographic barriers inhibiting gene flow between
populations of Pedicularis species analyzed in this study (Figures 2-7, 9).

The Yangtze River system is a dominant feature of the landscape in Sichuan Province
(Sun et al., 2013). The three aforementioned rivers are tributaries to the Yangtze that are
important for understanding population divergence among Pedicularis species. The Jinsha River
(Jinshaxiang) is the upper portion of the Yangtze River, and forms a boundary between eastern
Tibet and western Sichuan. The Yajiang River starts on the QTP and passes through the center of
the sampled region between the cities of Garze to Yajiang before flowing into the Yangtze River
from the north. This is a putative biogeographic barrier between the ‘Jinsha-Yajiang’ populations
and the ‘Yajiang-Dadu’ populations. The Dadu River is east of the Yajiang River, starting in
southern Qinghai and traveling south until it nears Mount Gongga, from where it flows east to
join the Yangtze River. The Dadu River may be an important factor separating the northeast
populations on the QTP from those within the HMR proper. The Min River begins in northern
Sichuan and flows south, passing east of Chengdu (capital of Sichuan) and into the Yangtze
flowing east. The regions where discrete populations are clustering have been named based on
the rivers they are bounded by. Thus, there is a ‘Jinsha-Yajiang’ region in the west, a “Yajiang-
Dadu’ region in the center, and a ‘Dadu-Min’ region in the northeast, which extends onto the

eastern edge of the Qinghai-Tibet Plateau.



Although the populations for each species cluster within similar regions throughout the
HMR landscape, the putative origins (i.e., ancestral biogeographic area) and divergence time
estimates of these populations imply that each species has had a unique migration history.
Considering that these Pedicularis species originated within separate time periods, it was
expected that closely related species (i.e., P. cranolopha and P. longiflora) would share more
similar phylogeographic histories than distantly related species (i.e., P. cranolopha and P.
lachnoglossa). The estimates of ancestral population size and divergence times generated from
BPP provide some evidence for this hypothesis. For example, the divergence time estimates for
the ancestral populations of the sister species P. cranolopha (.37 - .75 Mya) and P. longiflora
(.46 - .88 Mya) overlap considerably (Figure 8). However, the correlation of divergence time and
species relatedness does not hold across all relationships in the simplified six-species tree, and
the divergence time estimates for all species are considerably younger (.1-.8 Mya) than was
expected.

A major interest of this study was to determine if these closely related and widespread
species shared similar biogeographic barriers across this dynamic landscape. The divergence
time estimates for populations on opposite sides of the Yajiang and Dadu Rivers indicate that
population isolation across these barriers occurred at similar historical periods for many species.
For example, there is significant overlap among divergence estimates for populations split by the
Yajiang River (.09 - .4 Mya) for all species except P. longiflora. Additionally, divergence times
across the putative barriers in the northeast (i.e., Dadu River and elevated range between Luhuo
and Zamthang) are similar for P. integrifolia (.33 - .76 Mya) and P. longiflora (.40 - .77 Mya),
and for P. lachnoglossa (.13 - .24 Mya) and P. cranolopha (.098 - .24 Mya). Additional barriers

to gene flow surely exist in this landscape, but these patterns were the most clearly replicated.
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Figure 8: Divergence time estimates for (A) ancestral populations, (B) populations split
by the Yajiang River, and (C) populations split by barriers in the NE of the sampling region (i.e.,
Dadu River and elevated range between the cities of Luhuo and Zamthang; see Figure 9).
While a similar pattern of population structure was visible for all species, this pattern was
less clearly defined for P. cranolopha and P. kansuensis. The disjunct population structure of P.
cranolopha in the ‘Yajiang-Dadu’ region may be explained by the Xianshui River, which passes
just east of the town of Luhuo and connects to the Yajiang River further south. The populations
in this area show distinct morphological differentiation, transitioning between flowers with and
without a forked galea multiple times. Based on molecular evidence, it is plausible that the
Xianshui River is facilitating seed transport from a population in the north to a closely related
population in the south, bypassing two genetically distinct populations in between (Figure 9).
The less strict population structure of P. kansuensis may be explained by its ability to grow
abundantly as a weedy species in poor conditions on roadsides. This habit may facilitate easier
migration between less discrete populations by human vectors, a pattern that has been

demonstrated between the QTP and Tianshan Mountains (Li et al., 2016).
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Figure 9: Map of Upper Yangtze River system in Sichuan Province, with delineated
biogeographic regions bounded by the tributaries of the Yangtze River. The Jinsha River is the
natural border between eastern Tibet and western Sichuan, the Yajiang River flows through the
center of the sampled region, the Dadu River forms an eastern boundary between the HMR and
the QTP, and the Min River (not shown) flows south into the Yangtze further east. Population

structure for P. cranolopha is displayed, highlighting the disjunct between ‘forked galea’ (red
arrow) and ‘normal galea’ populations. The smaller Xianshui River is outlined to demonstrate
that it may be transporting seeds from the northern population to a southern population (yellow
markers), bypassing genetically distinct populations (green and blue markers). Black circles
indicate barriers across which multiple species share population divergence estimates.

This study provides insight into the evolutionary influences of tectonic, glacial, and river
dynamics in a temperate mountain system. While the unique patterns of mountain biodiversity
have received increased attention in recent years (Perrigo, Hoorn, & Antonelli, 2019), few
studies have attempted to explicitly define regions of population structure at this scale of
resolution (Xu et al., 2010). The molecular evidence generated from these six Pedicularis species
emphasizes the importance of topographically complex mountain systems in generating

intraspecific variation, even within a relatively short time scale (< 1 Mya) and small

geographical radius (800 kmz, about the size of New York City). This finding validates and




builds upon recent work involving P. longiflora across a wider range (Yang et al., 2008), which
emphasized that topographical isolation, combined with low dispersal ability, has contributed to
the rapid speciation of Pedicularis.

When making evolutionary inferences based on molecular evidence, it is vital to consider
the time scale which the organisms have evolved within. According to Muellner-Riehl (2019),
the HMR was mostly uplifted by the beginning of the Quaternary (2.58 Mya), so population
divergence within the HMR since that time is more likely to be driven by glaciation and
monsoon cycles, and only indirectly by the lingering results of tectonic uplift (i.e., mountain
barriers and river valleys already existing in the landscape). While uplift of the HMR drove in
situ speciation  starting ~30 Mya, glaciation, the Asian monsoons, and migration among river
corridors has clearly had a more recent impact on population structure at the intraspecific level
since populations can become isolated by landscape barriers at rapid rates as their ranges contract
and expand during climate oscillations.

Finally, it is important to consider the variable modes of speciation that reveal themselves
across a dynamic landscape. Although allopatric speciation is an intuitive description for plant
species in topographically complex mountain ranges, introgression has also been shown to
promote speciation (Marques, Meier, & Seehausen, 2019). Many studies have clearly
demonstrated the ability of the HMR to act as a refuge for plant species during periods of glacial
advance on the QTP (Hauenschild et al., 2017; Sun et al., 2017; Xu et al., 2010; Yang et al.,
2008; Meng et al., 2007). As populations of these species moved in and out of the HMR during
glacial cycles, they would have experienced pronounced periods of introgression. The recently
proposed ‘mixing-isolation-mixing” (MIM) model of speciation (He et al., 2019), originally

formulated to explain speciation of mangroves between the Indian and Pacific Oceans, may



prove influential in understanding the rapid generation of population genetic diversity within
plant species that have migrated back and forth along climatic gradients in the Hengduan
Mountains since the Last Glacial Maximum (also see “flickering connectivity” concept from
Flantua et al., 2019). However, it is important to note that sympatric speciation has likely
occurred multiple times within Pedicularis (Eaton et al., 2012), so pronounced speciation due to

periods of introgression may be more likely in other plant taxa within the HMR.

The “mountain-geobiodiversity hypothesis” emphasizes the importance of three
conditions for the formation of biodiversity hotspots in mountains: full altitudinal zonation,
climatic oscillations, and high-relief terrain (Mosbrugger et al., 2019, Muellner-Riehl et al.,
2019). Such conditions have clearly played an important role in the speciation processes with the
HMR temperate biodiversity hotspot. While populations isolated by river barriers were detected,
it would be useful to further identify the role of elevational gradients in shaping discrete
populations (e.g., high elevation QTP in north-northeast vs. low elevation river valleys). While
this study has focused on abiotic drivers of population divergence, with increased resolution on
the population structure of multiple Pedicularis species in the HMR, additional questions can
now be asked concerning the influence that biotic and trait-based factors have on the
phylogeographic history of plants throughout this landscape (Papadopoulou & Knowles, 2016;
Eaton & Ree, 2013). Additionally, considering the importance of rivers as barriers and
transporters of seeds in the HMR, the effects of climate change on the Yangtze River system is
an important area of research (Su et al., 2017).

A future extension of this study will aim to determine the impacts of recent human

infrastructure development (Dai et al., 2018) on gene flow between endemic populations



throughout the HMR. Human influences, such as climate change and habitat destruction, have
accelerated global biodiversity loss in the last century, and mountain plant populations are
especially susceptible to these environmental disturbances because they have limited space and
mobility to escape increasing temperatures and loss of habitat (Lamprecht et al., 2018).
Uncovering the phylogeographic history of these micro-endemic Pedicularis species will enable
improved assessments of past and present landscape connectivity and species distribution models
(Wiens et al., 2009), as well as inform future conservation priorities.

By identifying some of the major phylogeographic barriers to Pedicularis migration
within the HMR, these results make it possible to test whether recent gene flow has occurred
across these historical barriers due to contemporary human influence. Using phylogenomic
methods to detect a signature of recent human impact in the genomes of contemporary plant
populations would be a novel application for conservation genomics (Supple & Shapiro, 2018),
enabling researchers to understand how human settlement and infrastructure development is
affecting the evolutionary trajectories of endemic plants in a biodiversity hotspot. Thus, future
research should expand sampling efforts to generate sequence data for plants that have existed
further out in space and further back in time, as well as incorporate remote sensing landscape
analysis to quantify the impact of increased human settlement in the HMR over the past century.
These results also highlight the unique factors affecting montane and subalpine plant speciation,
demonstrating that increased efforts to discover the phylogeographic histories of mountain-
dwelling taxa will lead to more robust comparisons of diversification rates in these dynamic and

biodiverse regions of the world.
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Supplementary Materials

Supplement 1: Field notes for Pedicularis samples used in this study, include date of collection
and latitude/longitude for all samples.

Expedition Accession Genus Species_epithet Date Latitude Longitude
2018 Eaton, McKenzie, Meek, Zuo DE355 | Pedicularis cranolopha 7/17/2018 30°58'51.0" N 98°57'32.6" E
2018 Eaton, McKenzie, Meek, Zuo DE350 | Pedicularis cranolopha 7/17/2018 31°02'39.5" N 98°54'31.7" E
2018 Eaton, McKenzie, Meek, Zuo DE368 | Pedicularis cranolopha 7/17/2018 30°43'12.1" N 99°05'28.6" E
2019 Eaton, McKenzie, Meek, Jin DE670 | Pedicularis cranolopha 7/17/2019 32°19'20.7" N 102°27'19.5" E
2018 Eaton, McKenzie, Meek, Zuo DE206 | Pedicularis cranolopha 7/13/2018 31°43'12.1" N 100°42'53.9" E
2018 Eaton, McKenzie, Meek, Zuo DE231 | Pedicularis cranolopha 7/14/2018 31°32'35.3" N 100°28'14.3" E
2018 Eaton, McKenzie, Meek, Zuo DE189 | Pedicularis cranolopha 7/13/2018 31°23'34.1" N 100°40'57.4"E
2018 Eaton, McKenzie, Meek, Zuo DE98 | Pedicularis cranolopha 7/11/2018 30°02'33.7" N 101°16'26.4" E
2018 Eaton, McKenzie, Meek, Zuo DE186 | Pedicularis cranolopha 7/12/2018 31°12'03.7" N 100°51'28.4" E
2018 Eaton, McKenzie, Meek, Zuo DE173 | Pedicularis cranolopha 7/12/2018 30°49'36.4" N 101°16'56.2" E
2018 Eaton, McKenzie, Meek, Zuo DE177 | Pedicularis cranolopha 7/12/2018 30°50'48.9" N 101°16'27.6"E
2018 Eaton, McKenzie, Meek, Zuo DE137 | Pedicularis cranolopha 7/12/2018 30°34'37.3"N 101°25'04.7" E
2018 Eaton, McKenzie, Meek, Zuo DE167 | Pedicularis cranolopha 7/12/2018 30°44'26.3" N 101°20'03.7" E
2018 Eaton, McKenzie, Meek, Zuo DE279 | Pedicularis cranolopha 7/15/2018 31°42'55.1" N 99°36'58.6" E
2018 Eaton, McKenzie, Meek, Zuo DE252 | Pedicularis cranolopha 7/14/2018 31°37'38.5" N 100°14'03.7" E
2018 Eaton, McKenzie, Meek, Zuo DE370 | Pedicularis cranolopha 7/17/2018 30°35'51.7" N 99°11'18.2" E
2018 Eaton, McKenzie, Meek, Zuo DE385 | Pedicularis cranolopha 7/18/2018 30°17'05.6" N 99°23'57.5"E
2018 Eaton, McKenzie, Meek, Zuo DE387 | Pedicularis cranolopha 7/18/2018 30°17'49.3" N 99°40'15.6" E
2018 Eaton, McKenzie, Meek, Zuo DE85 | Pedicularis cranolopha 7/10/2018 30°02'02.5" N 100°22'29.9" E
2018 Eaton, McKenzie, Meek, Zuo DE305 | Pedicularis integrifolia 7/15/2018 32°00'32.5" N 99°02'53.8" E
2019 Eaton, McKenzie, Meek, Jin DE692 | Pedicularis integrifolia 7/17/2019 32°54'29" N 101°53'26" E
2019 Eaton, McKenzie, Meek, Jin DE558 | Pedicularis integrifolia 7/8/2019 30°44'26.3" N 101°20'03.7" E
2018 Eaton, McKenzie, Meek, Zuo DE155 | Pedicularis integrifolia 7/12/2018 30°42'42.6" N 101°21'61.6" E
2018 Eaton, McKenzie, Meek, Zuo DE152 | Pedicularis integrifolia 7/12/2018 30°38'35.2"N 101°24'14.9"E
2018 Eaton, McKenzie, Meek, Zuo DE143 | Pedicularis integrifolia 7/12/2018 30°34'37.3"N 101°25'04.7" E
2018 Eaton, McKenzie, Meek, Zuo DE72 | Pedicularis integrifolia 7/10/2018 30°00'39.5" N 100°18'58.2" E
2018 Eaton, McKenzie, Meek, Zuo DE416 | Pedicularis integrifolia 7/19/2018 29°49'15.0" N 100°20'45.2" E
2018 Eaton, McKenzie, Meek, Zuo DE396 | Pedicularis integrifolia 7/18/2018 30°17'49.3" N 99°40'15.6" E
2018 Eaton, McKenzie, Meek, Zuo DE410 | Pedicularis integrifolia 7/19/2018 30°13'23.7" N 100°15'51.4" E
2018 Eaton, McKenzie, Meek, Zuo DE433 | Pedicularis integrifolia 7/20/2018 28°44'47" N 100°16'9" E
2019 Eaton, McKenzie, Meek, Jin DE490 | Pedicularis integrifolia 7/4/2019 28°19'20" N 101°09'59" E
2018 Eaton, McKenzie, Meek, Zuo DE463 | Pedicularis integrifolia 7/22/2018 27°48'27.5" N 99°45'46.7" E
2018 Eaton, McKenzie, Meek, Zuo DE422 | Pedicularis integrifolia 7/19/2018 29°08'30.5" N 100°09'23.8" E
2018 Eaton, McKenzie, Meek, Zuo DE46 | Pedicularis integrifolia 7/9/2018 29°6'30.6" N 100°02'3.7" E
2018 Eaton, McKenzie, Meek, Zuo DE64 | Pedicularis integrifolia 7/9/2018 29°20'05.5" N 100°05'57.9" E
2018 Eaton, McKenzie, Meek, Zuo DEG68 | Pedicularis integrifolia 7/9/2018 29°23'9" N 100°08'58" E
2018 Eaton, McKenzie, Meek, Zuo DE199 | Pedicularis kansuensis 7/13/2018 31°39'27.0" N 100°42'04.7" E
2019 Eaton, McKenzie, Meek, Jin DES584 | Pedicularis kansuensis 7/12/2019 31°4329" N 100°44'33.6" E
2019 Eaton, McKenzie, Meek, Jin DE654 | Pedicularis kansuensis 7/16/2019 31°41'45.5" N 100°42'18" E
2018 Eaton, McKenzie, Meek, Zuo DE136 | Pedicularis kansuensis 7/12/2018 30°34'37.3"N 101°25'04.7" E
2018 Eaton, McKenzie, Meek, Zuo DE162 | Pedicularis kansuensis 7/12/2018 30°42'42.6" N 101°21'51.6" E




2018 Eaton, McKenzie, Meek, Zuo DE135 | Pedicularis kansuensis 7/11/2018 30°28'07.5" N 101°30'35.2" E
2019 Eaton, McKenzie, Meek, Jin DES557 | Pedicularis kansuensis 7/8/2019 30°44'26.3" N 101°20'03.7" E
2019 Eaton, McKenzie, Meek, Jin DE762 | Pedicularis kansuensis 7/20/2019 31°49'53" N 102°41'0" E
2019 Eaton, McKenzie, Meek, Jin DES527 | Pedicularis kansuensis 7/7/2019 30°0'46.4" N 101°51'45.8" E
2018 Eaton, McKenzie, Meek, Zuo DE254 | Pedicularis kansuensis 7/14/2018 31°37'38.5" N 100°14'03.7" E
2019 Eaton, McKenzie, Meek, Jin DE662 | Pedicularis kansuensis 7/17/2019 32°19'20.7" N 102°27'19.5"E
2018 Eaton, McKenzie, Meek, Zuo DE309 | Pedicularis kansuensis 7/15/2018 31°53'13.6" N 99°02'01.6" E
2019 Eaton, McKenzie, Meek, Jin DE637 | Pedicularis kansuensis 7/14/2019 32°19'31" N 101°4'50.3" E
2019 Eaton, McKenzie, Meek, Jin DEG600 | Pedicularis kansuensis 7/13/2019 31°58'51.5" N 100°57'51.7" E
2019 Eaton, McKenzie, Meek, Jin DE592 | Pedicularis kansuensis 7/12/2019 31°25'25" N 100°37'15" E
2019 Eaton, McKenzie, Meek, Jin DES589 | Pedicularis kansuensis 7/12/2019 31°25'25" N 100°37'15" E
2019 Eaton, McKenzie, Meek, Jin DE648 | Pedicularis kansuensis 7/16/2019 31°30'55" N 100°41'30" E
2019 Eaton, McKenzie, Meek, Jin DE507 | Pedicularis kansuensis 7/6/2019 29°50'39" N 102°2'42.7" E
2019 Eaton, McKenzie, Meek, Jin DE500 | Pedicularis kansuensis 7/4/2019 28°17'25" N 101°9'17.8"E
2019 Eaton, McKenzie, Meek, Jin DEG676 | Pedicularis kansuensis 7/17/2019 32°32'8" N 102°19'57" E
2019 Eaton, McKenzie, Meek, Jin DES538 | Pedicularis kansuensis 7/7/2019 30°2'25" N 101°50'16" E
2019 Eaton, McKenzie, Meek, Jin DE739 | Pedicularis kansuensis 7/19/2019 34°9'56" N 102°54'19" E
2019 Eaton, McKenzie, Meek, Jin DE713 | Pedicularis kansuensis 7/18/2019 33°56'22" N 102°1'48.7" E
2019 Eaton, McKenzie, Meek, Jin DE704 | Pedicularis kansuensis 7/18/2019 33°32'49" N 101°32'9.5" E
2018 Eaton, McKenzie, Meek, Zuo DE243 | Pedicularis kansuensis 7/14/2018 31°39'06.8" N 100°15'30.3" E
2018 Eaton, McKenzie, Meek, Zuo DE366 | Pedicularis kansuensis 7/17/2018 30°43'12.1" N 99°05'28.6" E
2018 Eaton, McKenzie, Meek, Zuo DE373 | Pedicularis kansuensis 7/17/2018 30°35'51.7" N 99°11'18.2" E
2018 Eaton, McKenzie, Meek, Zuo DE417 | Pedicularis kansuensis 7/19/2018 29°49'15.0" N 100°20'45.2" E
2018 Eaton, McKenzie, Meek, Zuo DE404 | Pedicularis kansuensis 7/19/2018 30°13'38.2" N 100°14'51.7" E
2018 Eaton, McKenzie, Meek, Zuo DE261 | Pedicularis kansuensis 7/14/2018 31°35'11.8" N 100°08'30.0" E
2018 Eaton, McKenzie, Meek, Zuo DE284 | Pedicularis kansuensis 7/15/2018 31°54'39.7" N 99°15'28.3" E
2018 Eaton, McKenzie, Meek, Zuo DE329 | Pedicularis kansuensis 7/16/2018 31°33'30.3" N 98°40'45.1" E
2018 Eaton, McKenzie, Meek, Zuo DE330 | Pedicularis kansuensis 7/16/2018 31°27'47.7" N 98°49'12.5"E
2018 Eaton, McKenzie, Meek, Zuo DE336 | Pedicularis kansuensis 7/17/2018 31°07'20.5" N 98°53'24.1" E
2019 Eaton, McKenzie, Meek, Jin DE612 | Pedicularis lachnoglossa 7/13/2019 32°8'19.3" N 101°2'24" E
2018 Eaton, McKenzie, Meek, Zuo DE147 | Pedicularis lachnoglossa 7/12/2018 30°38'35.2"N 101°24'14.9"E
2019 Eaton, McKenzie, Meek, Jin DE556 | Pedicularis lachnoglossa 7/8/2019 30°44'26.3" N 101°20'03.7" E
2018 Eaton, McKenzie, Meek, Zuo DE161 | Pedicularis lachnoglossa 7/12/2018 30°42'42.6" N 101°21'51.6" E
2018 Eaton, McKenzie, Meek, Zuo DE227 | Pedicularis lachnoglossa 7/14/2018 31°32'35.3" N 100°28'14.3" E
2019 Eaton, McKenzie, Meek, Jin DE591 | Pedicularis lachnoglossa 7/12/2019 31°25'25" N 100°37'15" E
2019 Eaton, McKenzie, Meek, Jin DE564 | Pedicularis lachnoglossa 7/11/2019 31°12'03.7" N 100°51'28.4" E
2019 Eaton, McKenzie, Meek, Jin DE568 | Pedicularis lachnoglossa 7/11/2019 30°53'48.8" N 101°7'6" E
2019 Eaton, McKenzie, Meek, Jin DE580 | Pedicularis lachnoglossa 7/12/2019 31°43'30" N 100°44'40" E
2019 Eaton, McKenzie, Meek, Jin DE650 | Pedicularis lachnoglossa 7/16/2019 31°39'27" N 100°42'4.7" E
2018 Eaton, McKenzie, Meek, Zuo DE123 | Pedicularis lachnoglossa 7/11/2018 30°16'42.8" N 101°31'24.8" E
2019 Eaton, McKenzie, Meek, Jin DE551 | Pedicularis lachnoglossa 717/2019 30°17'18" N 101°31'63.7" E
2019 Eaton, McKenzie, Meek, Jin DE536 | Pedicularis lachnoglossa 7/7/2019 30°2'25" N 101°50'16" E
2019 Eaton, McKenzie, Meek, Jin DE520 | Pedicularis lachnoglossa 7/6/2019 30°8'40.6" N 101°51'33.5" E
2019 Eaton, McKenzie, Meek, Jin DE492 | Pedicularis lachnoglossa 714/2019 28°19'20" N 101°09'59" E
2019 Eaton, McKenzie, Meek, Jin DE481 | Pedicularis lachnoglossa 7/4/2019 28°08'51.3" N 101°09'48" E
2018 Eaton, McKenzie, Meek, Zuo DE419 | Pedicularis lachnoglossa 7/19/2018 29°08'30.5" N 100°09'23.8" E
2018 Eaton, McKenzie, Meek, Zuo DE437 | Pedicularis lachnoglossa 7/20/2018 28°44'47" N 100°16'9" E




2018 Eaton, McKenzie, Meek, Zuo DE443 | Pedicularis lachnoglossa 7/20/2018 29°08'33.4" N 99°55'47.3" E
2018 Eaton, McKenzie, Meek, Zuo DE27 | Pedicularis lachnoglossa 7/8/2018 28°37'02" N 99°49'51" E
2018 Eaton, McKenzie, Meek, Zuo DE415 | Pedicularis lachnoglossa 7/19/2018 29°49'15.0" N 100°20'45.2" E
2018 Eaton, McKenzie, Meek, Zuo DE82 | Pedicularis lachnoglossa 7/10/2018 30°09'31.5" N 100°33'57.9" E
2018 Eaton, McKenzie, Meek, Zuo DE271 | Pedicularis lachnoglossa 7/15/2018 31°42'55.1" N 99°36'58.6" E
2018 Eaton, McKenzie, Meek, Zuo DE342 | Pedicularis lachnoglossa 7/17/2018 31°02'39.5" N 98°54'31.7" E
2018 Eaton, McKenzie, Meek, Zuo DE312 | Pedicularis lachnoglossa 7/15/2018 31°53'13.6" N 99°02'01.6" E
2018 Eaton, McKenzie, Meek, Zuo DE331 | Pedicularis lachnoglossa 7/16/2018 31°27'47.7" N 98°49'12.5" E
2018 Eaton, McKenzie, Meek, Zuo DE141 | Pedicularis longiflora 7/12/2018 30°34'37.3"N 101°25'04.7" E
2019 Eaton, McKenzie, Meek, Jin DE498 | Pedicularis longiflora 714/2019 28°17'25" N 101°9'17.8" E
2018 Eaton, McKenzie, Meek, Zuo DE61 | Pedicularis longiflora 7/9/2018 29°20'05.5" N 100°05'57.9"E
2018 Eaton, McKenzie, Meek, Zuo DE395 | Pedicularis longiflora 7/18/2018 30°17'49.3" N 99°40'15.6" E
2018 Eaton, McKenzie, Meek, Zuo DE383 | Pedicularis longiflora 7/18/2018 30°17'14.5" N 99°29'41.9"E
2018 Eaton, McKenzie, Meek, Zuo DE4 | Pedicularis longiflora 7/8/2018 27°57'33.1" N 99°42'25.8"E
2018 Eaton, McKenzie, Meek, Zuo DE402 | Pedicularis longiflora 7/19/2018 30°13'38.2" N 100°14'51.7" E
2019 Eaton, McKenzie, Meek, Jin DE651 | Pedicularis longiflora 7/16/2019 31°39'27" N 100°42'4.7" E
2018 Eaton, McKenzie, Meek, Zuo DE193 | Pedicularis longiflora 7/13/2018 31°34'29.0" N 100°43'15.4"E
2018 Eaton, McKenzie, Meek, Zuo DE175 | Pedicularis longiflora 7/12/2018 30°49'36.4" N 101°16'56.2" E
2018 Eaton, McKenzie, Meek, Zuo DE165 | Pedicularis longiflora 7/12/2018 30°42'42.6" N 101°21'51.6" E
2018 Eaton, McKenzie, Meek, Zuo DE156 | Pedicularis longiflora 7/12/2018 30°42'42.6" N 101°21'51.6" E
2019 Eaton, McKenzie, Meek, Jin DE696 | Pedicularis longiflora 7/18/2019 33°18'49.5" N 101°17'01" E
2019 Eaton, McKenzie, Meek, Jin DE634 | Pedicularis longiflora 7/14/2019 32°19'31" N 101°4'50.3" E
2019 Eaton, McKenzie, Meek, Jin DE742 | Pedicularis longiflora 7/19/2019 34°6'47" N 102°46'44" E
2019 Eaton, McKenzie, Meek, Jin DE693 | Pedicularis longiflora 7/17/2019 32°54'29" N 101°53'26" E
2019 Eaton, McKenzie, Meek, Jin DE669 | Pedicularis longiflora 7/17/2019 32°19'20.7" N 102°27'19.5" E
2019 Eaton, McKenzie, Meek, Jin DE685 | Pedicularis longiflora 7/17/2019 32°42'40" N 102°7'2.5"E
2018 Eaton, McKenzie, Meek, Zuo DE298 | Pedicularis longiflora 7/15/2018 32°04'00.7" N 99°00'15.2" E
2018 Eaton, McKenzie, Meek, Zuo DE308 | Pedicularis longiflora 7/15/2018 32°00'32.5" N 99°02'53.8" E
2018 Eaton, McKenzie, Meek, Zuo DE278 | Pedicularis longiflora 7/15/2018 31°42'55.1" N 99°36'58.6" E
2018 Eaton, McKenzie, Meek, Zuo DE228 | Pedicularis longiflora 7/14/2018 31°32'35.3" N 100°28'14.3" E
2018 Eaton, McKenzie, Meek, Zuo DE257 | Pedicularis longiflora 7/14/2018 31°37'34.0" N 100°13'23.9"E
2018 Eaton, McKenzie, Meek, Zuo DE265 | Pedicularis longiflora 7/14/2018 31°35'11.8" N 100°08'30.0" E
2018 Eaton, McKenzie, Meek, Zuo DE246 | Pedicularis longiflora 7/14/2018 31°39'06.8" N 100°15'30.3" E
2019 Eaton, McKenzie, Meek, Jin DE494 | Pedicularis rhinanthoides 7/4/2019 28°17'25" N 101°9'17.8" E
2018 Eaton, McKenzie, Meek, Zuo DE245 | Pedicularis rhinanthoides 7/14/2018 31°39'06.8" N 100°15'30.3" E
2018 Eaton, McKenzie, Meek, Zuo DE299 | Pedicularis rhinanthoides 7/15/2018 32°04'00.7" N 99°00'15.2" E
2018 Eaton, McKenzie, Meek, Zuo DE290 | Pedicularis rhinanthoides 7/15/2018 32°03'40.6" N 99°00'34.0" E
2018 Eaton, McKenzie, Meek, Zuo DE219 | Pedicularis rhinanthoides 7/13/2018 31°49'54.7" N 100°44'21.4" E
2019 Eaton, McKenzie, Meek, Jin DE581 | Pedicularis rhinanthoides 7/12/2019 31°43'30" N 100°44'40" E
2019 Eaton, McKenzie, Meek, Jin DE639 | Pedicularis rhinanthoides 7/14/2019 32°20'15" N 101°25'15" E
2019 Eaton, McKenzie, Meek, Jin DE617 | Pedicularis rhinanthoides 7/13/2019 32°8'19.3" N 101°2'24" E
2019 Eaton, McKenzie, Meek, Jin DE608 | Pedicularis rhinanthoides 7/13/2019 32°8'19.3" N 101°2'24" E
2019 Eaton, McKenzie, Meek, Jin DE703 | Pedicularis rhinanthoides 7/18/2019 33°18'49.5" N 101°17'01" E
2019 Eaton, McKenzie, Meek, Jin DE667 | Pedicularis rhinanthoides 7/17/2019 32°19'20.7" N 102°27'19.5" E
2019 Eaton, McKenzie, Meek, Jin DE682 | Pedicularis rhinanthoides 7/17/2019 32°42'40" N 102°7'2.5"E
2018 Eaton, McKenzie, Meek, Zuo DE393 | Pedicularis rhinanthoides 7/18/2018 30°17'49.3" N 99°40'15.6" E
2018 Eaton, McKenzie, Meek, Zuo DE360 | Pedicularis rhinanthoides 7/17/2018 30°58'51.0" N 98°57'32.6" E




2018 Eaton, McKenzie, Meek, Zuo DE348 | Pedicularis rhinanthoides 7/17/2018 31°02'39.5" N 98°54'31.7" E
2018 Eaton, McKenzie, Meek, Zuo DE71 | Pedicularis rhinanthoides 7/10/2018 30°00'39.5" N 100°18'58.2" E
2018 Eaton, McKenzie, Meek, Zuo DE50 | Pedicularis rhinanthoides 7/9/2018 29°8'41" N 100°02'5.2" E
2018 Eaton, McKenzie, Meek, Zuo DE22 | Pedicularis rhinanthoides 7/8/2018 28°35'9.1" N 99°50'14" E
2018 Eaton, McKenzie, Meek, Zuo DE112 | Pedicularis rhinanthoides 7/11/2018 30°02'59.9" N 101°22'27.3"E
2019 Eaton, McKenzie, Meek, Jin DE522 | Pedicularis rhinanthoides 7/6/2019 30°8'40.6" N 101°51'33.5" E
2019 Eaton, McKenzie, Meek, Jin DE535 | Pedicularis rhinanthoides 7/7/2019 30°2'25" N 101°50'16" E
2019 Eaton, McKenzie, Meek, Jin DE526 | Pedicularis rhinanthoides 7/6/2019 30°11'33.5" N 101°52'39" E
2018 Eaton, McKenzie, Meek, Zuo DE159 | Pedicularis rhinanthoides 7/12/2018 30°42'42.6" N 101°21'51.6" E
2019 Eaton, McKenzie, Meek, Jin DE560 | Pedicularis rhinanthoides 7/10/2019 30°49'36.4" N 101°16'56.2" E
2018 Eaton, McKenzie, Meek, Zuo DE140 | Pedicularis rhinanthoides 7/12/2018 30°34'37.3"N 101°25'04.7" E
2018 Eaton, McKenzie, Meek, Zuo DE125 | Pedicularis rhinanthoides 7/11/2018 30°25'09" N 101°32'53" E
2019 Eaton, McKenzie, Meek, Jin DE625 | Pedicularis bidentata 7/13/2019 32°18'36" N 100°50'13" E
2019 Eaton, McKenzie, Meek, Jin DE635 | Pedicularis bidentata 7/14/2019 32°19'31" N 101°4'50.3" E
2018 Eaton, McKenzie, Meek, Zuo DE212 | Pedicularis decorissima 7/13/2018 31°47'16.5" N 100°44'51.9"E
2018 Eaton, McKenzie, Meek, Zuo DE202 | Pedicularis decorissima 7/13/2018 31°39'27.0" N 100°42'04.7" E
2019 Eaton, McKenzie, Meek, Jin DE613 | Pedicularis armata 7/13/2019 32°8'19.3" N 101°2'24" E
2019 Eaton, McKenzie, Meek, Jin DE727 | Pedicularis armata 7/18/2019 34°4'14.7" N 102°10'7" E

Supplement 2: Data retained for PCA and STRUCTURE analyses after filtering loci to 50%
coverage within each ‘imap’ population and 75% coverage across all samples.

Species SNPs retained post- filtering Missing data | Imputed SNPs (0, 1, 2)
P. lachnoglossa | 35,275 80.52% 88.2%, 5.9%, 5.9%
P. rhinanthoides | 26,533 84.09% 90.4%, 6.8%, 2.8%
P. integrifolia 23,973 78.98% 86.2%, 6.5%, 7.3%
P. kansuensis 17,882 94.00% 89.8%, 6.2%, 3.9%
P. cranolopha 11,557 91.43% 88.7%, 4.2 %, 7.1%
P. longiflora 19,239 86.79% 90.8%, 4.4%, 4.8%

Supplement 3: Jupyter notebooks for ipyrad assembly, RAXML tree inference, PCA,
STRUCTURE, and BPP analyses (https://j-meek.github.io/thesis/).
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