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Manzanitas (Arctostaphylos, Ericaceae) are shrub species found in the California 

Floristic Province (CFP), a biodiversity hotspot of western North America. These plants 

are adapted to the summer dry period and fire disturbance of the CFP, and form the 

most diverse woody genus in the CFP flora. Among over 100 currently recognized 

manzanita species and subspecies, many are considered rare and endangered. The 

current understanding of manzanita adaptation and diversification is poor, limiting our 

ability to carry out ecological, evolutionary, and conservation studies on these plants.  

A comprehensive understanding of genomic composition can advance 

knowledge of the genetic basis underlying the fire- and drought adaptation of 

manzanitas. We annotated the first manzanita genome assembly to provide genomic 

resources for downstream studies of adaptation and diversification. Our analyses 

indicate that our manzanita genome is well-assembled and annotated. It is enriched with 
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terpenoid genes, which may play essential roles in the fire and drought adaptations of 

manzanitas.  

Understanding the ecological diversification of manzanitas can benefit the 

identification of species with distinct habitats and help researchers to derive effective 

conservation strategies. We used machine learning algorithms to conduct a quantitative 

study of niche differentiation among manzanita species. Although we did not identify any 

species with habitat distinctiveness within the genus, we determined that soil and 

climatic data can distinguish some species from other species in the same geographic 

region.  

Next-generation sequencing data can provide invaluable insight into species and 

subspecies boundaries, and facilitate the identification of taxa with unique genotypes 

that require conservation attention. We applied reduced-representation genomic 

sequencing technology to test the hypothesis that Eastwood Manzanita (Arctostaphylos 

glandulosa) subspecies are genetically differentiated. We observe that genetic structure 

within Eastwood manzanita does not correspond to current subspecies circumscriptions, 

but rather reflects geographic distribution. In addition, only one of two subspecies of 

conservation concern appeared to be genetically distinct.  

Our findings that resulted from these genomic, genetic, and ecological studies 

advance our knowledge of manzanita adaptation and diversification and form the basis 

for better conservation strategies for these important species. 
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1 Chapter 1 Introduction 

1.1 Importance of plant conservation 

Plants are the primary producers in ecosystems and provide food, oxygen, and 

habitat for other organisms. Plant diversity is closely related to the sustainability of 

ecosystems and the survival of all life, including humans. Currently, this diversity is 

under pressure, as approximately one-third of all land plants are threatened with 

extinction, including many that are not well-understood by science (Corlett 2016). Efforts 

aimed at conserving this diversity are therefore critical to all life on earth. 

Genomic, genetic, and ecological information can facilitate plant conservation. 

Reference genomes can serve as valuable resources for developing conservation 

strategies for plants: they can significantly improve the analysis of genetic variation, 

facilitating studies that are essential for species conservation, including population 

genetics, landscape genomics, and phylogenetics (Brandies et al. 2019). Understanding 

the genetic and environmental distinctiveness of rare and endangered plants helps 

people make better decisions about their conservation. Preservation of both unique 

genotypes and habitats is critical for plant conservation, therefore, effective conservation 

management plans require both genomic and ecological studies. 

1.2 In the California Floristic Province, manzanitas are of conservation 

importance 

Manzanitas (Arctostaphylos, Ericaceae) are shrub and tree species with red, 

twisting branches, evergreen leaves, and clusters of urn-shaped flowers (Kauffmann et 

al. 2015). They are conspicuous and dominant woody plants in the chaparral habitat of 
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the California Floristic Province (CFP), a biodiversity hotspot characterized by the 

Mediterranean-type climate with dry, hot summers and cool, wet winters (Burge et al. 

2016). These plants comprise the most diverse woody genus in the CFP (Minnich and 

Howard 1984; Baldwin, Goldman, Keil, Patterson, Rosatti, et al. 2012), and their 

diversity has long fascinated (and perplexed) taxonomists. Like other CFP native plants, 

manzanitas are adapted to the harsh CFP environment with recurring fire disturbance 

and summer drought (Keeley 1991; Vasey, Loik, and Parker 2012) and serve many 

essential roles in their native ecosystems, including altering soil for the establishment of 

Douglas fir, a dominant native conifer, providing food for fruit-eating animals and 

pollinators, and releasing chemicals to inhibit the growth of herbaceous plants (Horton, 

Bruns, and Parker 1999; Chou and Muller 1972; Kauffmann et al. 2015). Manzanitas are 

also culturally important to indigenous people of California (Anderson 2005). In addition, 

over half of the more than 100 morphologically defined manzanita species and 

subspecies are narrow endemics with highly restricted distributions and are considered 

rare and/or endangered (Baldwin et al. 2012; Kauffmann et al. 2015; 

https://www.rareplants.cnps.org/). The threat to these taxa is increasing due to climate 

change and human activities (Halsey and Keeley 2016). 

1.3 Genomic architecture and species/subspecies distinction of manzanitas are 

poorly understood 

In contrast to their importance in ecology, evolution, and conservation studies, 

manzanita taxa are poorly understood in terms of genetic and ecological differentiation. 

To facilitate studies on manzanita evolution and conservation, my dissertation addresses 

three knowledge gaps: (1) genomic architecture of manzanitas, (2) ecological 
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diversification among manzanita species, and (3) genetic differentiation of manzanita 

subspecies. 

(1) Until now, genomic resources for manzanitas have been nearly nonexistent, 

consisting only of investigations into karyotypes of diploid (2n = 2x = 26) and 

tetraploid (2n = 4x = 48) species (Wells 1968). We recently reported the first 

manzanita genome assembly for a widespread diploid species, Big Berry Manzanita 

(Arctostaphylos glauca) (Huang et al. 2021), a potential ancestral species of many 

putative Arctostaphylos hybrids (Parker 2007). However, further investigation into the 

genomic content had not been conducted, limiting the ability to study adaptation and 

diversification. In my second chapter, I annotated and analyzed a recently reported 

Big Berry Manzanita genome and compared it with the genomes of other related 

species that are not known to be adapted to fire and drought. I hypothesized that the 

manzanita genome contains lineage-specific genes that might contribute to their 

adaptation. 

(2) Our current understanding of ecological differentiation among manzanita species is 

based on the description of habitats (Kauffmann et al. 2015) but has not been tested 

quantitatively to determine if habitats really are distinct from each other. In the third 

chapter, I investigated environmental diversification among 49 narrowly-distributed 

manzanita species endemic to the CFP to identify ones with distinct ecological 

niches. I hypothesized that at least some of these manzanita species live in unique 

habitats and require habitat preservation for their conservation. 

(3) Among the currently recognized manzanita species and subspecies, many are quite 

similar morphologically and differentiated by a few traits such as glandular hairs, leaf 

color, and fruit shape (Kauffmann et al. 2015; Baldwin, Goldman, Keil, Patterson, 
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and Rosatti 2012). However, because of the lack of genetic studies, whether these 

morphologically defined manzanita taxa are genetically distinct remains unknown.  In 

the fourth chapter, I investigated genetic diversification of multiple subspecies of 

Eastwood Manzanita (Arctostaphylos glandulosa), including two subspecies that are 

state and federally listed as rare and endangered (Kajtaniak and Easterbrook 2019; 

Smith 2020). I hypothesized that these two subspecies are genetically distinct from 

the other subspecies, and that targeted conservation efforts are appropriate. 



5 

 

1.4 gReferences 

Anderson, M Kat. 2005. 'Tending the wild.' in, Tending the Wild (University of California 
Press). 

Baldwin, Bruce G, Douglas H Goldman, David J Keil, Robert Patterson, Thomas J 
Rosatti, and Linda Ann Vorobik. 2012. The Jepson manual: vascular plants of 
California (Univ of California Press). 

Baldwin, Bruce G., Douglas H. Goldman, David J. Keil, Robert Patterson, and Thomas J. 
Rosatti. 2012. The Jepson Manual: Vascular Plants of California (University of 
California Press). 

Brandies, Parice, Emma Peel, Carolyn J Hogg, and Katherine Belov. 2019. 'The value of 
reference genomes in the conservation of threatened species', Genes, 10: 846. 

Burge, Dylan O., James H. Thorne, Susan P. Harrison, Bart C. O'Brien, Jon P. Rebman, 
James R. Shevock, Edward R. Alverson, Linda K. Hardison, José Delgadillo 
RodrÍguez, Steven A. Junak, and Others. 2016. 'Plant diversity and endemism in 
the California Floristic Province', Madroño: 3-206. 

Chou, Chang-Hung, and Cornelius H. Muller. 1972. 'Allelopathic Mechanisms of 
Arctostaphylos glandulosa var. zacaensis', Am. Midl. Nat., 88: 324-47. 

Corlett, Richard T. 2016. 'Plant diversity in a changing world: status, trends, and 
conservation needs', Plant diversity, 38: 10-16. 

Halsey, Richard W, and Jon E Keeley. 2016. 'Conservation issues: California chaparral'. 

Horton, Thomas R., Thomas D. Bruns, and V. Thomas Parker. 1999. 'Ectomycorrhizal 
fungi associated with Arctostaphylos contribute to Pseudotsuga menziesii 
establishment', Can. J. Bot., 77: 93-102. 

Huang, Yi, Merly Escalona, Glen Morrison, Mohan P. A. Marimuthu, Oanh Nguyen, Erin 
Toffelmier, H. Bradley Shaffer, and Amy Litt. 2021. 'Reference genome assembly 
of the big berry Manzanita (Arctostaphylos glauca)', J. Hered. 

Kajtaniak, David, and Nicholas Easterbrook. 2019. 'California Department of Fish and 
Wildlife'. 

Kauffmann, Michael Edward, Tom Parker, Michael Vasey, and Jeff Bisbee. 2015. Field 
Guide to Manzanitas (Backcountry Press). 

Keeley, Jon E. 1991. 'Seed germination and life history syndromes in the California 
chaparral', Bot. Rev., 57: 81-116. 

Minnich, R., and L. Howard. 1984. 'Shrublands in California: Literature Review and 
Research Needed for Management: Biogeography and Prehistory of Shrublands'. 



6 

 

Parker, V. Thomas. 2007. 'Diversity and Evolution of Arctostaphylos and Ceanothus', 
Fremontia: 8. 

Smith, James P. 2020. 'A list of the rare, endangered, & threatened vascular plants of 
California'. 

Vasey, Michael C., Michael E. Loik, and V. Thomas Parker. 2012. 'Influence of summer 
marine fog and low cloud stratus on water relations of evergreen woody shrubs 
(Arctostaphylos: Ericaceae) in the chaparral of central California', Oecologia, 
170: 325-37. 

Wells, Philip V. 1968. 'New taxa, combinations, and chromosome numbers in 
Arctostaphylos (Ericaceae)', Madroño, 19: 193-210. 

 



7 

 

2 Chapter 2 Chromosome-level Genome Assembly and Annotation Reveals the 

Enrichment of Terpenoid Biosynthetic and Metabolic Genes in the Big Berry 

Manzanita 

2.1 Introduction 

The California Floristic Province (CFP) is a worldwide biodiversity hotspot, 

located on the west coast of North America. Estimates of plant diversity in the CFP vary 

from 3000 to over 6000 species, 60% of which are endemic to the CFP (Burge et al. 

2016; Baldwin 2014; Myers 1990; Raven and Axelrod 1978). The CFP is a fire-prone 

region with a Mediterranean-type climate (MTC) characterized by hot, dry summers and 

cool, wet winters. The high plant diversity and endemism are thought to be the result of 

many factors including diversity of soil types, climatic variation from the coast to inland, a 

range of elevations, and the historical shift to an MTC (Raven and Axelrod 1978; 

Baldwin 2014). In addition, a recent study pointed out that recurrent fire also has likely 

played a critical role in assembling the modern flora of the CFP (Rundel et al. 2018). 

Chaparral species are classic components of CFP flora: they are well adapted to the 

summer drought and fire disturbance, and form one of the dominant vegetation types in 

the CFP. Specifically, in the largest political region of the CFP, the state of California, 

73% of the vegetation is chaparral (Bolsinger 1989). Currently, the chaparral habitat is 

decreasing and under threat due to land development, competition with invasive 

species, climate change, and increased fire frequency (Halsey and Keeley 2016a). 

Consequently, preservation of chaparral communities is a critical component of 

conservation efforts in the CFP. 
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Arctostaphylos (Ericaceae) species, commonly known as manzanitas, are iconic 

shrubs of the CFP chaparral, characterized by evergreen leaves, red and twisting 

branches, and clusters of urn-shaped flowers (Kauffmann et al. 2015; Baldwin et al. 

2012). This genus is composed of 105 currently recognized species and subspecies, 

104 of which have some or all of their distribution in the CFP (Kauffmann et al. 2015) 

making Arctostaphylos the most diverse woody genus in the CFP (Keddy 2017). Within 

the genus, a large number of species and subspecies are restricted to unique soil types 

that only occupy small geographic areas (Kauffmann et al. 2015; Parker 2007). A 

majority of these edaphic endemic taxa only consist of one or two wild populations, and 

therefore are classified as rare and /or endangered (https://www.rareplants.cnps.org/). 

Because of the high species richness and endemism, Arctostaphylos is a good system 

for investigation on evolution and diversification of CFP plants. Moreover, as this genus 

includes so many rare and endangered species and subspecies, manzanitas are a 

critical component of conservation management in the CFP flora (Gluesenkamp et al. 

2011; Burge et al. 2018; Halsey and Keeley 2016b). 

Reference genome sequences, with gene annotation, can serve as valuable 

resources for developing conservation strategies for threatened species: they can 

significantly improve the analysis of genetic variation, facilitating many studies that are 

essential for species conservation, including population genetics, landscape genomics, 

and phylogenetics (Brandies et al. 2019). As part of our ongoing studies of manzanita 

diversity, we recently published a brief report of a high-quality reference genome 

assembly for one of the widely distributed species of Arctostaphylos, the Big Berry 

Manzanita (Arctostaphylos glauca) (Huang et al. 2021). The assembly indicates a 

genome size of 547 Mb, indicating moderate size, and the assembly shows 98.2% 
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BUSCO completeness, suggesting one of the highest quality assemblies available 

among the Ericaceae family (Huang et al. 2021).  

In this study, we report a more in-depth analysis of genomic contents to identify 

genomic signatures that might underlie the adaptation of manzanitas to the drought- and 

fire-mediated chaparral. We annotated the A. glauca genome and compared it with other 

members of the Ericales and Ericaceae clades to identify elements of genomic structure 

and gene contents that are specific to A. glauca. We found that our reference genome is 

composed of 13 long scaffolds, consistent with the haploid number of 13 in the genus. 

These pseudo chromosomes contain a majority of the annotated gene models. In 

addition, we also found that terpenoid-related genes, which have been implicated in 

drought- and fire-adaptation, are enriched in the A. glauca genome, suggesting one 

element of adaptation to the chaparral habitat. 

2.2 Materials and Method 

Plant material, DNA extraction, library construction, sequencing methods, 

assembly, and quality assessment methods for the nuclear and organellar genomes, as 

well as the annotation of the organellar genomes, are reported in Huang et al. 2021. 

2.2.1 Biological Materials for RNA-seq 

We collected tissues from two Big Berry Manzanita plants in the San Gabriel 

Mountains, Angeles National Forest, Los Angeles County, California on January 19th, 

2021. Voucher specimens were deposited at the herbarium of UCR (UCR). We collected 

the inflorescence twigs and floral buds from one plant (Z. Guo 04; UCR ACC. # 292565), 

and sampled young leaf tissues from the other (Z. Guo 01; UCR ACC. #292552). We 
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immediately froze the tissue in liquid nitrogen and stored at −80 °C before RNA 

extraction. 

2.2.2 RNA isolation, library preparation, and sequencing 

We ground a small amount of tissue (two buds, a dime size leaf fragment, or two 

~1cm young twigs) in an Omni Bead Ruptor Elite with a liquid nitrogen feed in NEB 

RNA/DNA protection regent and isolated the RNA using Monarch® Total RNA Miniprep 

Kit (New England Biolabs, MA, USA) following the manufacturer’s protocol. To prepare 

the RNA-Seq libraries, we used ~500mg RNA from each sample as input and used the 

NEB Ultra II Directional RNA Library kit (NEB, E7765), with polyA mRNA isolation (NEB, 

E7490). We followed the manufacturer’s protocol with these modifications: (1) after 2nd 

strand synthesis, we used 0.8X instead of 1.8X bead to purify the product; (2) after the 

ligation step, we added an extra clean-up step using 0.7X beads; (3) in the PCR 

enrichment of adaptor-ligated DNA, we set the number of amplification cycles to 11; (5) 

at the final clean up step, we changed the single bead size selection to dual bead size 

selection to further refine the final library pool for sequencing. We pooled the 3 samples 

in equimolar quantities and sequenced on NovaSeq 150PE S4 flow cell (Illumina, San 

Diego, CA) at UCR Genomics Core.  

2.2.3 Nuclear Genome Annotation 

To identify repetitive elements,and soft mask them in the genome, we used 

RepeatModeler v. 2.0.1 (Flynn et al. 2020) and RepeatMasker 187 v. 4.1.1 (Smit, 

Hubley, and Green 2015).  
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With the masked genome, we conducted structural annotation and functional 

annotation using the Funannote pipeline v. 1.8.4 (Palmer and Stajich 2017). To train the 

gene models with external transcriptome evidence, we used Trinity v. 2.11.0 and PASA 

v. 2.4.1 to assemble the transcript and align the assembled transcriptome to the genome 

(Haas et al. 2003; Grabherr et al. 2011). Next, we used the genome sequence and 

PASA output to perform gene prediction using software including Augustus v. 3.3.3, 

GeneMark-ETS v. 4.62, GlimmerHMM v. 3.0.4, and SNAP v 2013_11_29 (Korf 2004; 

Majoros, Pertea, and Salzberg 2004; Stanke et al. 2006; Ter-Hovhannisyan et al. 2008). 

Following that, we applied EVidenceModeler v. 1.1.1 (Haas et al. 2008)  to combine 

gene predictions and transcript alignments into weighted consensus gene models, and 

used tRNAscan-SE v. 1.3.1 (Lowe and Eddy 1997) to annotate tRNAs. The RNA-seq 

training data from PASA were then used to add untranslated regions (UTR) to refine the 

gene models. We used BUSCO v 3.0.2 (Simão et al. 2015) to assess the completeness 

of these structural genome annotations with the embryophyta_odb9 lineage data set and 

default BUSCO parameters under the transcriptome mode. 

To assign names and functions to the predicted genes, we used several curated 

databases including Pfam (Finn et al. 2014), CAZyme domains (Lombard et al. 2014; 

Huang et al. 2018), MEROPS (Rawlings, Barrett, and Bateman 2014), eggNOG v. 2.1.0 

(Huerta-Cepas et al. 2016), InterProScan v. 212 5.47-82.0 (Jones et al. 2014), and 

Swiss-Prot (Boutet et al. 2016). Additionally, we used Phobius v. 1.01 (Käll, Krogh, and 

Sonnhammer 2004) to predict transmembrane proteins, and SignalP v. 5.0b (Almagro 

Armenteros et al. 2019) to predict secreted proteins. 
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To visualize the gene and repeat contents of the 13 pseudo-chromosomes, we 

used bedtools (Quinlan and Hall 2010; Quinlan 2014) to divide each chromosome into 

1000 equal-size windows and counted the number of annotated genes, and repetitive 

elements within each window. We represented the data in Circo plots using OmicStudio 

online tools (https://www.omicstudio.cn/tool/50). 

2.2.4 Comparative Genomic Analysis 

To investigate chromosomal evolution and whole genome duplications (WGD) in 

the Arctostaphylos genome, we conducted synteny analyses using the protein coding 

sequence of the A. glauca genome and seven other Ericales’ genomes that are of 

chromosome-level assembly (Table 2.1). We used Vitis vinifera as a reference for 

comparison to explore the number of WGD that the Ericales have experienced because 

this species is known to have experienced only the core eudicot-specific whole genome 

triplication (WGT) (Jaillon et al. 2007). We used the Python version of the MCScan 

toolkit (Tang et al. 2008) with the default setting to conduct synteny analysis on A. 

glauca versus A. glauca, A. glauca versus every other Ericales species and V. vinifera 

versus every other species. We filtered the all-against-all LAST (Kiełbasa et al. 2011) 

hits to find the best 1:1 syntenic blocks for these intraspecific and interspecific analyses. 

We produced macrosynteny dotplots, synteny depth, and karyotype figures using the 

“dotplot”, “synteny” and “karyotype” functions. 

 



 

13 

Sp
ec

ie
s 

Fa
m

ily
 

O
rd

er
 

Pu
bl

ic
at

io
n 

A
ss

em
bl

y 
Sy

nt
en

y 
A

na
ly

si
s 

O
rt

ho
lo

gy
 

A
na

ly
si

s 
A

rc
to

st
ap

hy
lo

s 
gl

au
ca

 
Er

ic
ac

ea
e 

Er
ic

al
es

 
H

ua
ng

 e
t a

l.,
 2

02
1 

C
hr

om
os

om
e 

Ye
s 

Ye
s 

R
ho

do
de

nd
ro

n 
de

la
va

yi
 

Er
ic

ac
ea

e 
Er

ic
al

es
 

Zh
an

g 
et

 a
l.,

 2
01

7 
Sc

af
fo

ld
 

N
o 

Ye
s 

R
ho

do
de

nd
ro

n 
gr

ie
rs

on
ia

nu
m

 
Er

ic
ac

ea
e 

Er
ic

al
es

 
M

a 
et

 a
l.,

 2
02

1 
C

hr
om

os
om

e 
N

o 
Ye

s 

R
ho

do
de

nd
ro

n 
ki

yo
su

m
en

se
 

Er
ic

ac
ea

e 
Er

ic
al

es
 

Sh
ira

sa
w

a 
et

 a
l. 

20
21

 
Sc

af
fo

ld
 

N
o 

Ye
s 

R
ho

do
de

nd
ro

n 
ov

at
um

 
Er

ic
ac

ea
e 

Er
ic

al
es

 
W

an
g 

et
 a

l.,
 2

02
1 

C
hr

om
os

om
e 

Ye
s 

Ye
s 

R
ho

do
de

nd
ro

n 
si

m
si

i 
Er

ic
ac

ea
e 

Er
ic

al
es

 
Ya

ng
 e

t a
l.,

 2
02

0 
C

hr
om

os
om

e 
Ye

s 
Ye

s 
R

ho
do

de
nd

ro
n 

w
ill

ia
m

si
an

um
 

Er
ic

ac
ea

e 
Er

ic
al

es
 

So
za

 e
t a

l.,
 2

01
9 

C
hr

om
os

om
e 

N
o 

Ye
s 

V
ac

ci
ni

um
 c

or
ym

bo
su

m
 

(te
tra

pl
oi

d)
 

Er
ic

ac
ea

e 
Er

ic
al

es
 

C
ol

le
 e

t a
l.,

 2
01

9 
C

hr
om

os
om

e 
Ye

s 
Ye

s 

V
ac

ci
ni

um
 c

or
ym

bo
su

m
 

(d
ip

lo
id

) 
Er

ic
ac

ea
e 

Er
ic

al
es

 
G

up
ta

 e
t a

l, 
20

15
 

Sc
af

fo
ld

 
Ye

s 
Ye

s 

V
ac

ci
ni

um
 m

yr
til

lu
s 

Er
ic

ac
ea

e 
Er

ic
al

es
 

W
u 

et
 a

l.,
 2

02
2 

Sc
af

fo
ld

 
Ye

s 
Ye

s 
A

ct
in

id
ia

 c
hi

ne
ns

is
 

Ac
tin

id
ia

ce
ae

 
Er

ic
al

es
 

Pi
lk

in
gt

on
 e

t a
l.,

 2
01

8 
C

hr
om

os
om

e 
N

o 
Ye

s 
A

ct
in

id
ia

 e
ria

nt
ha

 
Ac

tin
id

ia
ce

ae
 

Er
ic

al
es

 
Ta

ng
 e

t a
l.,

 2
01

9 
C

hr
om

os
om

e 
Ye

s 
Ye

s 
C

am
el

lia
 s

in
en

si
s 

Th
ea

ce
ae

 
Er

ic
al

es
 

Xi
a 

et
 a

l.,
 2

02
0 

C
hr

om
os

om
e 

Ye
s 

Ye
s 

D
io

sp
yr

os
 o

le
ife

ra
 

Eb
en

ac
ea

e 
Er

ic
al

es
 

Su
o 

et
 a

l.,
 2

02
0 

C
hr

om
os

om
e 

Ye
s 

Ye
s 

Pr
im

ul
a 

vu
lg

ar
is

 
Pr

im
ul

ac
ea

e 
Er

ic
al

es
 

C
oc

ke
r e

t a
l.,

 2
01

8 
Sc

af
fo

ld
 

N
o 

Ye
s 

Pr
im

ul
a 

ve
ris

 
Pr

im
ul

ac
ea

e 
Er

ic
al

es
 

N
ow

ak
 e

t a
l.,

 2
01

5 
Sc

af
fo

ld
 

N
o 

Ye
s 

A
ra

bi
do

ps
is

 th
al

ia
na

 
Br

as
si

ca
ce

ae
 

Br
as

si
ca

le
s 

M
ic

ha
el

 e
t a

l.,
 2

01
8 

C
hr

om
os

om
e 

N
o 

Ye
s 

Ta
bl

e 
2.

1 
ta

xo
no

m
y,

 re
le

va
nt

 p
ub

lic
at

io
n,

 a
ss

em
bl

y 
in

fo
rm

at
io

n,
 a

nd
 a

na
ly

si
s 

ty
pe

s 
of

 1
7 

pl
an

t s
pe

ci
es

 th
at

 w
e 

in
cl

ud
ed

 in
 th

e 

co
m

pa
ra

tiv
e 

ge
no

m
ic

 a
na

ly
si

s 



14 

 

To identify genomic features that might contribute to the  adaptation of A. glauca 

to the harsh MTC conditions, we used OrthoFinder2 (Emms and Kelly 2019) to compare 

the protein sequences of A. glauca with other Ericales species and the model plant 

species A. thaliana. Aside from A. glauca, the other plant species included here are not 

known to be drought- and fire-adapted. OrthoFinder2 can process fragmented, low-

coverage genome assemblies, therefore we were able to add additional species for the 

synteny analysis for a total of 17 species (Table 2.1) (Huang et al. 2021; Zhang et al. 

2017; Ma et al. 2021; Shirasawa et al. 2021; Wang et al. 2021; Yang et al. 2020; Soza et 

al. 2019; Colle et al. 2019; Gupta et al. 2015; Wu et al. 2022; Pilkington et al. 2018; Tang 

et al. 2019; Xia et al. 2020; Suo et al. 2020; Cocker et al. 2018; Nowak et al. 2015; 

Michael et al. 2018). Orthofinder2 clustered the protein sequences of the 17 assemblies 

into orthogroups, reconstructed species tree, and inferred gene trees. We retrieved 

orthogroups that only consist of Big Berry Manzanita genes, and orthogroups where the 

number of A. glauca genes is larger than the other species, and conducted a Gene 

Ontology (GO) enrichment analysis on these orthogroups using a customized R script 

(Rajewski et al. 2021). We rooted the inferred species tree using A. thaliana as an 

outgroup, and plotted the tree using the phytools and ggtree R packages (Revell 2012).  

In response to fire disturbance, many manzanita species including A. glauca rely 

on smoke-induced seed germination to replace the populations that are killed by the fires 

(Keeley 1991). Karrikin signaling pathways have been known to play important roles in 

such smoke-induced seed germination (Flematti et al. 2004; Flematti et al. 2009; Van 

Staden et al. 2006). To test whether there was any indication in the history of karrikin-

related genes suggesting an adaptive role in manzanitas, we investigated gene family 

expansion and species-specific gene duplication of these genes across the Ericaceae 
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clade. We specifically restricted the analysis to the Ericaceae family because we want to 

restrict the difference of manzanitas relatively to the other plants so that the observed 

changes of genes could be more confidently linked to the specific fire-adaptation of 

manzanitas. For such an investigation, we selected four key genes involved in the 

karrikin signaling pathway: KARRIKIN INSENSITIVE2 (KAI2), Delta Like Non−Canonical 

Notch Ligand 2 (DLK2), MORE AXILLARY BRANCHES2 (MAX2), SUPPRESSOR OF 

MAX2 (SMAX1) (Nelson et al. 2011; Conn and Nelson 2015). Using phytools and ggtree 

R packages, we plot the gene trees of the orthogroups of these candidate genes, and 

trimmed the tips to retain only the outgroup species A. thaliana and six species 

representing the Ericaceae genera, Arctostaphylos, Vaccinium and Rhododendron.  

2.3 Results 

2.3.1 Genome Annotation 

A previous karyotype study revealed that the Big Berry Manzanita contains 26 

chromosomes ((2n = 2x = 26)) (Wells 1968). Among the 271 scaffolds of our final 

assembly (Huang et al. 2021), 13 of them were noticeably longer than the others, 

ranging from 29 Mb to 45 Mb. These 13 long scaffolds constituted 440 Mb out of the 547 

Mb total genome assembly. Given these results, we sorted these 13 scaffolds according 

to length and referred to them as pseudo chromosomes numbering from largest (AG1) to 

smallest (AG13).  

To determine gene content and infer gene models for the assembly, we first 

masked repetitive elements, which constituted 57.71% of the genome. Following that, 

we annotated 40,204 protein-coding genes from the total assembly and localized 36,665 

of them to the 13 pseudo chromosomes. In addition, we annotated 453 tRNA genes, 389 



16 

 

of which aligned to the 13 pseudo chromosomes. BUSCO assessment revealed 85.2% 

completeness of the structural annotation (Table 2.2). Although this is lower than the 

98.25% BUSCO completeness of the nucleotide sequence, such a reduction 

completeness in annotation compared to the original assembly is common (Seppey, 

Manni, and Zdobnov 2019; Soza et al. 2019).   

Description Total Percentage 

Complete BUSCOs 1227 85.20% 

Complete single-copy BUSCOs 1037 72.00% 

Complete duplicated BUSCOs 190 13.20% 

Fragmented BUSCOs 115 8.00% 

Missing BUSCOs 98 6.80% 

Table 2.2 BUSCO assessment for the annotation of A. glauca genome 

A total of 35,518 genes were assigned putative functions using at least one of the 

curated databases. The number of genes annotated with a Pfam domain and CAZymes 

domains are 23,114 and 1,322 respectively. 34,000 genes and 28,975 genes have a 

match hit for the eggNOG and InterProScan database. Total 31,606 genes were 

assigned functions using Clusters of Orthologous Groups (COG) databases while a 

large proportion of them are characterized as functionally unknown (Figure 2.1). We also 

assigned functional annotation to 21,188 genes using Gene Ontology (GO) database, 

and such an annotation was also used in the GO Enrichment Analysis. In addition, 

MEROPS added 1,127 proteases, and Phobius and SignalP together added 3,064 

secretome and 9,042 transmembrane domains for the final annotation.  
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We used annotation edit distance (AED) to evaluate the congruence between the 

annotation and its supporting evidence such as transcriptome or protein sequences from 

the UniProtKb/SwissProt database. AED value ranges from 0 to 1 and an AED value of 

0 represents a perfect annotation with the great support of the evidence (Eilbeck et al. 

2009). Our final annotation was with an AED of 0.006 for protein-coding sequences and 

0.077 for mRNA, demonstrating the high quality of the annotation.  
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Figure 2.1 COG functional classification of protein-coding genes shows a large number 

of genes of unknown function in the A. glauca annotation. The X-axis shows the COG 

categories and the Y-axis represents the number of protein-coding genes classified in 

each category. 
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2.3.2 Genomic contents in the 13 pseudo chromosomes 

We used the circo plot generated by the OmicStudio online tools 

(https://www.omicstudio.cn/tool/50) to visualize the distribution of genomic elements 

across these 13 pseudo chromosomes. The plots show high gene density near the ends 

of the scaffolds and the lowest gene density somewhere in the middle, suggesting the 

approximate position of the centromeres (Figure 2.2). One segment (~7Mb) of AG5 

contains no genes but some repetitive elements. The overall gene density in AG4 was 

noticeably lower than the others, and there are multiple gaps where no genes, repeats or 

tRNAs have been identified (Figure 2.2). These regions of chromosomes AG4 without 

annotated genes correspond to areas of the assembly with a limited number of anchored 

contigs in the Hi-C heatmap (Huang et al. 2021), suggesting the sequences of the 

pseudo chromosome is incomplete. 

 

https://www.omicstudio.cn/tool/50
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Figure 2.2 Genome features across 13 pseudo chromosomes show a dip in gene 

density and a peak in repeats toward the chromosomal centers. The four circles show, 

from outside to inside, the 13 pseudo chromosomes (as gray bars), gene density (in 

purple), repeat counts (with color gradient of orange to black representing the increasing 

number of repeats), and tRNA (light blue) respectively. 
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2.3.3 Evidence from synteny analyses supports independent WGDs in the different 

Ericales lineages  

Through intragenomic comparison using the protein coding sequence of the A. 

glauca genome, we identified 1,441 collinear and duplicated genes and used these to 

infer the syntenic relationships among A. glauca pseudo chromosomes (Figure 2.3). 

Most pseudo chromosomes consist of large segments that are orthologous to segments 

of a second A. glauca pseudo chromosome, except for AG4 and AG8, which do not 

appear to share collinearity with other chromosomes. Different segments of pseudo 

chromosomes AG6 and AG7 share collinearity with three different A. glauca 

chromosomes. This observation of many collinear segments shared with other pseudo 

chromosomes suggests that A. glauca went through an ancient WGD event (Roelofs et 

al. 2020). 
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Figure 2.3 Dotplot visualization of pairwise synteny analysis using protein coding 

sequence as input shows likely whole genome duplication within this species. The y axis 

represents the reference genome and x axis represents the query genome. Both x axis 

and y axis show genomic location numbered continuously across all chromosomes, and 

are divided into blocks corresponding to the chromosomes. The chromosome names of 

the reference genome and query genome are found in the right and top side. The 

diagonal is where every locus is mapped and compared to itself. The black dots 

represent genes that are found in two different positions in the A. glauca genome, 

providing evidence of duplication. Lines of dots indicate a series of collinear loci found in 

two genomic locations. Lines slanting down from left to right indicate loci in the same 

order in both locations; lines slanting up indicate loci that are inverted in one location 

relative to the other. 
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To investigate chromosomal evolution and organization of Arctostaphylos, we 

conducted interspecific synteny analysis, comparing the protein coding sequence of the 

A. glauca genome with four plant species from two other genera of Ericaceae, 

Vaccinium and Rhododendron. Of the 13 total A. glauca pseudo chromosomes, 12 had 

a perfect one-to-one orthologous match with the Rhododendron chromosomes. The 

13th, AG6, appeared to be orthologous to two Rhododendron chromosomes (Figure 2.4; 

Appendix S2.1). In contrast, only six chromosomes of A. glauca have a one-to-one 

match with the Vaccinium species. The remaining seven chromosomes shared 

collinearity with two different chromosomes of Vaccinium, with one segment of those A. 

glauca pseudo chromosomes mapping to one Vaccinium chromosome and a second 

segment mapping to a second Vaccinium chromosome (Figure 2.4; Appendix S2.1). 

These results suggested that Arctostaphylos and Rhododendron are more similar to 

each other in terms of chromosomal organization. This contrasts with current 

hypotheses regarding the phylogenetic relationships of these three genera, which infer 

that Rhododendron and Vaccinium form a sister clade to the Arctostaphylos lineage 

(Rose et al. 2018). This suggests that Vaccinium has undergone genome rearrangement 

since its diversification from the common ancestor of the three genera. 
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Figure 2.4 Synteny analyses comparing the protein coding sequence of A. glauca to four 

other members of the Ericaceae shows that the chromosomal organization of 

Arctostaphylos is more similar to Rhododendron species  rather than Vaccinium ones. In 

these dotplots, the y axis represents the reference genome and x axis represents the 

query genome. In all four panels (a-d), the A. glauca assembly is the query genome. The 

reference genome assemblies are: (a) Rhododendron ovatum, (b) R. simsii, (c) 

Vaccinium corymbosum and (d) V. myrtillus. Both the x axes and y axes show genomic 

location numbered continuously across all chromosomes, and are divided into blocks 

corresponding to the chromosomes. The chromosome names of the reference genome 

and query genome are indicated on the right and top sides. Note that in publications, the 

chromosomes of the different species have not been labeled in the same order.  The 

black dots show the locations in each genome of orthologous genes in the two species. 

Lines of dots indicate a series of collinear loci found in the two genomes.  Lines slanting 

down from left to right indicate loci in the same order in both genomes; lines slanting up 

indicate loci that are inverted in one genome relative to the other. 
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To investigate the number of WGD events that Ericales has gone through, we 

compared the synteny ratio between V. vinifera and eight species of Ericales including 

A. glauca (Table 2.1). We identified a one-to-two syntenic depth ratio for the five 

Ericaceae species (A. glauca, Rhododendron ovatum, R. simsii, Vaccinium 

corymbosum, and V. myrtilus), Diospyros oleifera and Camellia sinensis, suggesting one 

additional WGD event in these species lineages in addition to the core eudicot-specific 

whole genome triplication (WGT) shared with grape (Appendix S2.2). The synetnic depth 

ratio between V. vinifera and Actinidia eriantha is 1:4, indicating that A. eriantha has 

undergone two WGD events after WGT. To investigate the WGD history of A. glauca in 

the context of the Ericales, we compared the synteny depth ratio between the genomes 

of A. glauca and other members of the Ericales that have chromosome-level assemblies. 

We found a one-to-one syntenic depth ratio with the four Ericaceae species (R. ovatum, 

R. simsii, V. corymbosum, and V. myrtilus), two-to-two with D. oleifera and C. sinensis, 

and one-to-two with A. eriantha (Appendix S2.3). These together suggest that 

Arctostaphylos shares a WGD with the other Ericaceae. It also confirms previous 

observations that A. eriantha shared one WGD with the Ericaceae and then experienced 

a subsequent lineage-specific WGD after their divergence (Huang et al. 2013; Shi, 

Huang, and Barker 2010; Wu et al. 2019). In addition, it also supports previous 

hypothesis that the WGDs in the Ericaceae + Actinidiaceae clade, the Ebenaceae clade, 

the Theaceae clade are independent events.  
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2.3.4 Comparative genomic statistics of the Ericales revealed a high proportion of 

lineage-specific genes in A. glauca genome 

Orthofinder 2 assigned 91.5% of the 866,243 protein-coding genes of 17 Ericales 

species into 70,752 orthogroups, sets of genes derived from common ancestral genes 

(Emms and Kelly 2019; Emms and Kelly 2015), and reconstructed a species tree (Figure 

2.5). This species tree was consistent with previous hypotheses regarding the phylogeny 

of the Ericales, providing good support for the recognition of orthogroups (Emms and 

Kelly 2015). Of these 70,752 orthogroups, approximately 52.4% (153,559 genes) were 

species-specific. In contrast, only 0.8% of the orthogroups included genes from all 

species.  
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A.glauca had a moderate number of total protein-coding genes when compared 

to other well-assembled Ericales genomes, which range from 23,548 to 128,559 genes 

(Table 2.3). Approximately 87.6% of the A. glauca genes were assigned to 35,046 

orthogroups, and 996 of these were species-specific. These species-specific 

orthogroups were composed of 4,931 genes, which made up 12.93% of the total number 

of A. glauca genes. Among the well-assembled genomes of the Ericales, the proportion 

of  lineage-specific genes range from 0.1% to 16.1%, thus A. glauca has one of the 

highest proportions (Table 2.3). 

Using individual gene trees based on each orthogroup, and the species tree, 

Orthofinder identified the number of species-specific gene duplication events for every 

species. The number of such events ranged from 699 to 22,032 in the Ericales. Among 

the total 17 species, A. glauca ranked in the middle with 8,637 lineage-specific gene 

duplication events (Table 2.3).  
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2.3.5 The manzanita genome is enriched with genes involved in terpenoid biosynthesis 

and metabolism 

To identify A. glauca gene content that might reflect adaptation to the CFP 

climate, we applied GO enrichment analysis (Figure 2.6; Appendix S2.4) and correlated 

resulting functions with factors known to be involved in drought- or fire-adaptation. We 

identified 1,376 orthogroups (7,217 genes) in which the number of manzanita genes 

appears to be larger than the other species. A GO enrichment analysis on genes from 

these expanded gene families showed that many GO terms were relevant to constitutive 

functions such as mitotic cell cycle or actin polymerization that are difficult to correlate to 

specific adaptation (Appendix S2.4). In addition, we identified 997 orthogroups that only 

contain A. glauca genes (4,931 genes) and used these as an input for GO enrichment 

analysis. We identified four enriched GO terms that were related to terpenoid and 

diterpenoid biosynthesis and metabolism. Terpenoids have been shown to play a role in 

fire and drought adaptation in MTC plants, thus their over-representation suggests they 

might also be implicated in the adaptation of manzanitas to the CFP environment. 
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Figure 2.6 GO term enrichment for species-specific genes of A. glauca shows over-

representation of terpenoid- and diterpenoid-pathway genes. GO term names are listed 

on the y axis. Bar colors correspond to the number of genes assigned to the given GO 

term and the color scale is shown in the lower right of each plot. 

 

2.3.6 The manzanita genome shows no evidence of gene family expansion in karrikin 

signaling pathway gene families  

To test whether gene family expansion and species-specific duplication events of 

karrikin-related genes, which are implicated in fire-mediated seed germination, are 
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relevant to manzanita’s fire-adaptation, we investigated the change in copy number of 

KAI2, MAX2, SMAX2 and DLK2 genes in the Ericaceae clade. We retrieved four 

orthogroups containing KAI2, MAX2, SMAX2 and DLK2 respectively and counted the 

number of orthologous genes for every plant species within each orthogroup.  For these 

four orthogroups, we found that A. glauca did not contain more gene copies than the 

other Ericaceae species, which are not known to be fire-adapted. This indicates that 

these genes have not undergone gene family expansion in manzanitas. 

In addition, we constructed gene trees for each of these four orthogroups to 

visualize species-specific duplication events across the Ericaceae clade. The topology of 

the KAI2, MAX2, SMAX2 and DLK2 gene trees (Appendix S2.5) differed from each 

other. No species-specific gene duplication events were observed in DLK2 phylogeny. In 

the other three gene trees, species-specific gene duplication events were observed not 

just in A. glauca, but in multiple Ericaceae species. Therefore, we conclude that gene 

family expansion and lineage-specific gene duplication events of karrikin-related genes 

are not relevant to manzanitas’s drought-tolerance and fire-adaptation. 

2.4 Conclusion 

In this study, we annotated the genome and found 40,204 protein-coding genes 

and 453 tRNAs in this widespread and ecologically important manzanita species, A. 

glauca. This annotation will facilitate the identification and interpretation of genetic 

variants in phylogenetic and population genetics studies of manzanitas, and provide an 

important tool for their conservation management, especially the many rare and 

endangered species. In addition, it will serve as a valuable reference for studying the 

diversification and evolution of a highly complex and diverse fire- and drought-adapted 
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woody plant genus, which may shed light on aspects of diversification in other complex 

groups with similar adaptations to the Mediterranean climate of the CFP. 

Our comparative genomic analysis provides insight into the evolution and 

adaptation of manzanitas. Synteny analysis confirmed that Ericaceae do not share WGD 

found in the Theaceae,  and Ebenaceae, supporting the hypothesis that there are 

multiple independent WGD events in the Ericales clade. Drought tolerance and fire 

resilience are ecological hallmarks of manzanitas, and these traits are of growing 

importance in the context of the increased drought and fire frequency and intensity that 

are occurring in CFP as a result of climate change. Our analyses reveal that the A. 

glauca genome is enriched with genes that are related to terpenoid biosynthesis and 

metabolism. Terpenoids have been implicated in the response of some Mediterranean 

plants to MTC, and our findings suggest that they potentially contribute to the response 

of manzanitas to the MTC of the California Floristic Province. Manzanita species occupy 

diverse habitats in the CFP, therefore our results are an initial step towards 

understanding the role of these secondary metabolites in manzanita adaptation. Further 

investigation into terpenoid-pathway gene family expansion in other manzanita species, 

and terpenoid composition in relationship to habitat, might provide support for the 

hypothesis that diversification of this pathway is important in the adaptation of 

manzanitas to the CFP environment. 
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2.6 Appendix 

Appendix S2.1: Pseudo-chromosome-scale syntenic relationship between A. glauca 

and four other Ericaceae species suggests that the chromosomal organization of 

Arctostaphylos is more similar to Rhododendron than Vaccinium. The horizontal colored 

bars represent the chromosomes of each species. The gray lines connecting pseudo-

chromosomes represent syntenic blocks between species. The greater number of such 

between the pseudo-chromosomes of A. glauca and the Rhododendron species, than 

between A. glauca and the Vaccinium species, indicates greater synteny with the 

Rhododendron species. 
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Appendix S2: The syntenic depth ratio between V. vinifera (grape) and Ericales species 

suggests that all of the Ericales species have undergone at least one additional WGD 

event after WGT (a-e, g-h) with the exception of the Actinidia eriantha [ae], which has 

undergone two (f). Species included in this analysis belong to the Ericaceae 

(Arctostaphylos glauca [ag], Rhododendron ovatum [ro], Rhododendron simsii [rs], 

Vaccinium corymbosum [vc], Vaccinium myrtillus [vmy]), Theaceae (Camellia sinensis 

[cs]), Ebenaceae (Diospyros oleifera [do]), and Actinidiaceae (Actinidia eriantha [ae]). In 

the left-hand graph in each panel, V. vinifera is the reference genome, and in the right-

hand graph, it is the query genome. The x axis is the synteny depth, which refers to the 

number of syntenic regions (blocks) identified in a reference genome for a given query 

gene. The y axis is the percentage of the query genome with query genes that are 

covered in 1-, 2-, to x -fold syntenic regions (blocks). The inferred synteny depth ratio, 

indicated in orange at the top of the plot, is based on the highest synteny depth with a 

sufficient percentage of the genome to be considered enough based on empirical 

information. The bars from 1 to this depth are shown in red. A synteny depth ratio of 1:2 

indicates that species have undergone one additional WGD event (a-e, g-h) compared to 

V. vinifera. A synteny depth ratio of 1:4 indicates that A. eriantha has undergone two 

WGD events since its divergence from V. vinifera (f). 
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Appendix S2.3: The syntenic depth ratio between the Big Berry Manzanita and other 

Ericales (a-g) suggests at least four independent WGD events (h). Species included in 

this analysis belong to the Ericaceae (Arctostaphylos glauca [ag], Rhododendron 

ovatum [ro], Rhododendron simsii [rs], Vaccinium corymbosum [vc], Vaccinium myrtillus 

[vmy]), Theaceae (Camellia sinensis [cs]), Ebenaceae (Diospyros oleifera [do]), and 

Actinidiaceae (Actinidia eriantha [ae]). For (a-g), in the left-hand graph in each panel, A. 

glauca is the reference genome, and in the right-hand graph, it is the query genome. The 

x axis is the synteny depth, which refers to the number of syntenic regions (blocks) 

identified in a reference genome for a given query gene. The y axis is the percentage of 

the query genome with query genes that are covered in 1-, 2-, to x -fold syntenic regions 

(blocks). The inferred synteny depth ratio, indicated in orange at the top of the plot, is 

based on the highest synteny depth with a sufficient percentage of the genome to be 

considered enough. The bars from 1 to this depth are shown in red. The pattern of 1:1 

between A. glauca and other Ericaceae species (a-d) means the A. glauca shares the 

same WGD history with the other Ericaceae members. The pattern of 1:2 for A. glauca 

and A. eriantha (g)  means that A. eriantha has gone through an additional WGD. The 

2:2 ratio suggests that since their divergence, the two species have gone through 

different WGD events (e-f). The (h) is the phylogeny of the multiple families of Ericales 

based on previous phylogenetic studies (Emms and Kelly 2015). The blue stars 

represent independent WGD events and the red triangle represents the WGT. 

https://paperpile.com/c/eEMdeF/iavC
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Appendix S2.4: GO term enrichment for gene families that are enriched in A. glauca 

compared to other Ericales shows that many are relevant to constitutive functions. GO 

term names are listed on the y axis. Bar colors correspond to the number of genes 

assigned to the given GO term and the color scale is shown in the lower right of each 

plot. 
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Appendix S2.5: Phylogenies of selected genes involved in the karrikin signaling 

pathway indicate that the genome of A. glauca does not contain more copies of (a) KAI2 

, (b) MAX2, (c) SMAX2, and (d) DL2 genes. The tip labels are the gene ID from the 

annotation files provided by the relevant genome publications (Tabele 2.1), and followed 

by the species name in parentheses. 
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3 Chapter 3 Niche Differentiation among Manzanita Species 

3.1 Introduction: 

The California Floristic Province (CFP) is located along North America’s Pacific 

Coast (Howell 1957; Raven and Axelrod 1978) (Figure 3.1), from northern Baja CA to 

southwestern Oregon. Ais a biodiversity hotspot, the region is characterized by a 

Mediterranean climate, with hot, dry summers and colder, wetter winters. It is enriched 

with vascular plant species, the estimated number of which varies from 3000 to over 

6000 (Burge et al. 2016; Baldwin 2014; Myers 1990; Raven and Axelrod 1978; Myers et 

al. 2000). More than half of these species can only be found in the CFP (Burge et al. 

2016; Baldwin 2014), and around 60% of these endemic species have a geographic 

range that is sufficiently restricted that they are considered of conservation concern 

(Thorne et al. 2009; Smith and York 1984). These restricted geographic ranges are 

hypothesized to be the result of unique niches defined by distinct soil types or climatic 

conditions (Stebbins and Major 1965; Kruckeberg 1986; Kruckeberg and Rabinowitz 

1985; Kraft, Baldwin, and Ackerly 2010). The diversification of endemic plants in the 

CFP is thought to be related to the historical formation of Mediterranean climate as well 

as episodes of geological activity (Raven and Axelrod 1978; Baldwin 2014; Axelrod 

1981). The uplift of mountains exposed diverse soil types and introduced a steep 

elevation gradient across which climatic variables such as temperature, precipitation, 

and solar radiation can vary within a small geographic range (Stebbins and Major 1965; 

Raven and Axelrod 1978). 
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Figure 3.1 Map of the California Floristic Province (CFP) and its ecoregions, from Burge 

et al. 2016. NW: Northwestern California, CaR: Cascade Ranges, SN: Sierra Nevada, 

GV: Great Valley, CW: Central Western California, and SW: Southwestern California. 
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Among the CFP flora, Arctostaphylos species, also known as manzanitas, make 

up a diverse woody genus that is enriched with endemic taxa (Parker, Vasey, and 

Keeley 2007; Kauffmann et al. 2015). This genus includes over 100 species and 

subspecies, a majority of which can only be found in the CFP (Kauffmann et al. 2015; 

Baldwin et al. 2012). Around 49 of the 60 manzanita species occupy narrow geographic 

ranges ('The Jepson Manual'  ; Kauffmann et al. 2015), and 44 are considered 

threatened or endangered by the California Native Plant Society (Smith and York 1984), 

making them crucial components in the conservation management of the CFP 

(Gluesenkamp et al. 2011; Burge et al. 2018; Halsey and Keeley 2016). As is true of 

many CFP groups, the hypothesized rapid diversification of Arctostaphylos is thought to 

have been a response to aridification and development of heterogeneous edaphic 

environments in the CFP (Parker 2007; Boykin et al. 2005; Wells 1969).  

Because local adaptation is hypothesized to be responsible for the high degree 

of endemism among CFP species, including Arctostaphylos species (Wells 1969; 

Baldwin 2014; Raven and Axelrod 1978), investigation of niche differentiation is 

important to understanding the evolution of this highly endemic genus. In general, 

manzanitas can be said to live in relatively similar habitats: they all have at least some of 

their distribution in the CFP and thus are exposed to the drought- and heat-mediated 

Mediterranean climate (Kauffmann et al. 2015; Baldwin et al. 2012). In addition, most 

manzanita species can be found in climatically related chaparral communities 

(Kauffmann et al. 2015). Chaparral is a unique CFP biome found at elevations of 300-

1800 m between the coastal sage scrub and oak and pine forest communities 

(Schoenherr 2017). However, within the genus, habitat features have been used to 
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distinguish species (Ball et al. 1983; Wieslander and Schreiber 1939; Kauffmann et al. 

2015). These habitat characteristics are often descriptive, and have not been evaluated 

quantitatively. Therefore, the extent of niche overlap between manzanita species, and 

whether ecological factors can distinguish species, remain unknown. 

In this study, we used climatic and edaphic variables to estimate the extent of 

niche overlap among narrowly distributed manzanita species, and to test whether these 

factors can distinguish species or partition them into ecologically distinct groups. Using 

species distribution modeling, we found niche overlap between all possible narrowly-

distributed species pairs, making it impossible to divide those species into ecologically 

distinct groups based on climatic and edaphic data. However, our analyses confirmed 

that individual climatic and edaphic variables can be usefμL in distinguishing some 

species in the same geographic region. Moreover, our analyses suggest the potential 

importance of including soil factors in studies designed to evaluate conservation status. 

In addition, we found that eleven species have predicted ranges that meet the threshold 

of critically endangered species as recognized by the International Union for 

Conservation of Nature (IUCN). Only three of these eleven species are currently listed 

as threatened by the state of CA or the federal government (Kajtaniak and Easterbrook 

2019; Smith 2020), therefore our results suggest at least 8 additional species should be 

examined for protected status. 

3.2 Methods 

3.2.1 Study area and environmental data  

The California Floristic Province (CFP) includes part of southwestern Oregon, the 

non-desert parts of California, a corner of western Nevada, and northern Baja California 
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(Howell 1957; Raven and Axelrod 1978; Burge et al. 2016) (Figure 3.1). We used the 

CFP for a comprehensive study of niche differentiation among species within 

Arctostaphylos. Finer resolution geospatial data is available for California than for the 

entire CFP, therefore, we also conducted a more in-depth investigation into ecological 

differentiation among manzanita species within the state.  

For analyses using the entire CFP, we used data with ~1 km resolution For the 

analysis restricted to California, we used data with a resolution of~ 270 m. The 

environmental variables in both geospatial datasets are climatic, hydrologic, terrain, and 

soil factors that are associated with plant distributions but the specific factors differ 

between the two datasets (Vasey, Loik, and Parker 2012; Franklin 1998) (Table 3.1; 

Table 3.2).  
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For the 1 km geospatial dataset, we downloaded the 19 bioclimatic variables and 

the solar radiation variable from WorldClim (http://www.worldclim.com/version2), and the 

12 soil variables from the SoilGrid (https://www.isric.org/explore/soilgrids) database 

(Table 1). We cropped these environmental layers to match the boundaries of the CFP 

as defined by the CFP polygon file developed by Burge et al. 2016. Because the 

cropped layers have minor differences in resolution, we adjusted them to the same 

resolution (~1 km) using the raster package in R (Hijmans 2017).  

For the 270 m geospatial dataset, we downloaded the seven climatic and 

hydrologic variables from the United States Geologic Survey Basin Characterization 

Model (USGSBCM) (Flint et al. 2013), and nine soil variables from Soil Survey Staff 

Gridded National Soil Survey Geographic (gNATSGO) Database for California (USDA 

Natural Resources Conservation Service, 2020) (Staff 2019) (Table 3.2). We cropped 

these environmental layers to the boundaries of the state of California and adjusted 

them to the same resolution (~270 m) using the raster package in R (Hijmans 2017).  

For both the coarse- (1 km) and fine-resolution (270 m) datasets, we calculated 

Pearson's correlation coefficient (r) to evaluate pairwise correlation between 

environmental variables. If two variables were highly correlated (Pearson's correlation 

coefficient, |r| > 0.7), we retained only one of them (Green 1979) (Table 3.1; Table 3.2). 

After the elimination, we were left with ten variables in the 1 km dataset: (1) BIO2, mean 

diurnal range (mean of monthly (max temp - min temp)), (2) BIO4, temperature 

seasonality (standard deviation *100), (3) BIO5, max temperature of warmest Month, (4) 

BIO6, min temperature of coldest month, (5) BIO18, precipitation of warmest Quarter, (6) 

solar radiation, (7) cation exchange capacity of the soil (cec), (8) volumetric fraction of 
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coarse fragments (> 2 mm) (cfvo), (9) organic carbon density (ocd), and (10) proportion 

of silt particles (≥ 0.002 mm and ≤ 0.05 mm) in the fine earth fraction (silt) (Table 3.1). 

After the elimination of redundant variables, 11 predictors were retained in the 270 m 

dataset: (1) actual evapotranspiration (aet), (2) April 1 snowpack (aprpck), (3) recharge 

(rch), (4) minimum monthly temperature (tmn), (5) available water capacity (awc), (6) 

calcium carbonate (cc), (7) cation exchange capacity (cec), (8) organic matter (og), (9) 

soil pH (ph), (10) sodium absorption ratio (sar) and (11) soil surface texture (Table 3.2).  

3.2.2 Species records and data cleaning 

We eliminated widespread Arctostaphylos species from our analyses because 

their extensive ranges mean that they have broad niches that overlap with those of many 

other species. We were left with 49 of the original 60 species for the assessment of 

ecological differentiation in the CFP (Table 3.3). For these CFP-wide analyses, 

geospatial data are available only at a 1 km scale. Finer-resolution geospatial data (270 

m) are available for the state of California, therefore for 44 species that have 

distributions restricted to California, we also carried out studies with this second data set. 

(Table 3.3). 
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Species 
Predicted range 
<100km2 in the 1 
km analyses 

Predicted 
range <100km2 

in the 270 m 
analyses 

Conservation 
status according to 
the CA or federal 
government 

A. andersonii No No  

A. auriculata No No  

A. australis No NA  

A. bakeri No Yes ST 
A. catalinae Yes Yes  

A. confertiflora Yes No FE 
A. cruzensis No Yes  

A. edmundsii Yes Yes ST 
A. gabilanensis # Yes NA  

A. glutinosa Yes No  

A. hookeri No No 

subspecies 
hearstiorum: SE; 
subspecies ravenii: 
FE 

A. hooveri No No  

A. incognita No NA  

A. insularis Yes No  

A. klamathensis No No  

A. luciana Yes Yes  

A. malloryi Yes No  

A. montana Yes Yes  

A. montaraensis Yes Yes  

A. montereyensis No Yes  

A. moranii No NA  

A. morroensis Yes Yes FT 
A. myrtifolia No Yes FT 
A. nissenana No No  

A. nortensis No No  

A. obispoensis No No  

A. ohloneana Yes Yes  

A. osoensis Yes Yes  

A. otayensis Yes No  

A. pajaroensis No No  
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A. pallida Yes Yes SE; FT 
A. pechoensis No Yes  

A. peninsularis No NA  

A. pilosula No No  

A. pumila No Yes  

A. purissima No No  

A. rainbowensis No No  

A. refugioensis Yes No  

A. regismontana Yes Yes  

A. rudis No No  

A. sensitiva No No  

A. silvicola No No  

A. virgata No No  

A. viridissima Yes Yes  

A. bolensis * NA NA  

A. densiflora * # NA NA SE 
A. franciscana * # NA NA FE 
A. pacifica * # NA NA SE 
A. imbricata * NA Yes SE 

Table 3.3 Conservation status of 49 manzanita species in the California Floristic 

Province (CFP).  The five species distributed outside the state of California are 

underlined. Species that were eliminated in the construction of SDMs derived from the 1 

km dataset are marked by stars. Species that were eliminated in the construction of 

SDMs derived from the 270 m dataset are marked by number signs. The 11 species that 

have a predicted range of less than 100km2 in both the 1km and 270 m analyses are in 

bold. In the column labeled conservation status, FT and FE indicate US federally 

threatened and federally endangered species respectively, and ST and SE represent 

California state threatened and state endangered species respectively. 
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In order to document the distributional range of each species, we used herbarium 

specimen data that included the longitude and latitude of the locality where the specimen 

was collected (occurrence data). For species that have all of their distribution in 

California, we downloaded occurrence data from the online database of the Consortium 

of California Herbaria 2 (CCH2) (https://www.cch2.org/portal/). For species with 

occurrences outside of California, we downloaded occurrence data from the Global 

Biodiversity Information Facility (GBIF) (https://www.gbif.org/). After the download, we 

filtered out records that were duplicated or with geographic coordinate uncertainties 

larger than 1 km. 

The identification of manzanita species is challenging for even experienced 

taxonomists (Keeley, Thomas Parker, and Vasey 2017). To confirm the species 

identification of herbarium specimens, we used a customized pipeline that applied 

collection localities, online specimen label data, and images to eliminate records with a 

high probability of incorrect identification. We used ArcGIS to map the filtered records 

(Esri 2011). Following that, we adopted two different strategies. For records within the 

range of a species as described in Kauffmann et al. (2021), we eliminated any with 

images of, or label data describing, morphological traits that were in conflict with the 

current species description (Baldwin et al. 2012; Kauffmann et al. 2015). For records 

outside of the range, we kept those with images of, or label data describing, 

morphological traits that are diagnostic for that species. Applying this mapping and 

checking operation to every available specimen is very time-consuming. Furthermore, to 

verify that a species occurs at a given location, it is not necessary to verify every 

https://www.cch2.org/portal/
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specimen - confirmation of only one is needed. Therefore, to speed up the process, we 

selectively checked the records within every pixel at the finest resolution (~270 m). As 

long as one record was confirmed to be identified correctly, we retained this record as 

positive occurrence for that pixel. We further retained all records for that species in that 

pixel as occurrences, but did not check each one. Even using this generous method, we 

had fewer than 50 occurrences for most species.  

3.2.3 Species distribution models (SDMs) and species distribution maps for species 

with ≥10 collection records  

We constructed SDMs to obtain species distribution maps, which include where 

the species has been found as well as environmentally similar regions where it might be 

found. We constructed the models and generated these maps for species with more 

than 10 collection records using the R package ENMTML (Andrade, Velazco, and De 

Marco Júnior 2020) as follows. After cleaning the species records data, most manzanita 

species had fewer than 50 occurrences, which is too few for some analytical packages. 

Because we wanted to apply the same algorithm to construct the SDMs for all species, 

we applied the Maximum Entropy algorithm because it is suitable for analysis of species 

with limited collection records (Hernandez et al. 2006). For each species, we used the 

Jepson ecoregions (Baldwin et al. 2012; Burge et al. 2016) in which the occurrence data 

of each species falls as the species accessible area, the broader area in which the 

species might occur, for model fitting. In this method, every combination of longitude and 

latitude coordinates represents one point of the species accessible area. For every 

species, we randomly sampled 10,000 points in the species accessible area to generate 

the background points, which are used to define the available environment for model 
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construction. For species with <20 records, we used random bootstrap to partition the 

occurrence data for the purpose of model evaluation. For species with ≥20 collection 

records, we used spatial block cross-validation frameworks to partition the data.  

Many evaluation metrics measuring the model performance of SDMs depend on 

the species prevalence, which is defined as the proportion of the species accessible 

area in which the focal species occurs. The true prevalence is not known for most 

manzanita species because they may occur in areas where they have not been 

collected. Therefore, we assessed the predictive accuracy of the SDMs using two 

evaluation metrics that are independent of prevalence, the true skill statistic (TSS) 

(Allouche, Tsoar, and Kadmon 2006) and the area under the receiver operating 

characteristic curve (AUC) (Manel, Williams, and Ormerod 2001). The value of AUC 

ranges from 0.5 to 1, and a higher AUC value indicates better performance of the SDM. 

The value of TSS ranges from -1 to +1, and +1 indicates perfect model performance 

(Swets 1988; Manel, Williams, and Ormerod 2001). 

To obtain a binary distribution map, we set the threshold of the presence-

absence prediction to be the one at which the sum of the sensitivity and specificity is the 

highest. To overcome the problem of overprediction, we applied the posterior SDM 

correction method to restrict the species distribution maps to the patches with confirmed 

occurrence data (Mendes et al. 2020; Velazco et al. 2020).  

3.2.4 SDMs and species distribution map for species with <10 collection records  

When species have few collection records relative to the number of 

environmental variables, the performance of SDMs is usually poor (Franklin 2010). To 
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obtain a more accurate prediction of distributions for species with fewer than 10 

collection records, we applied the Ensemble of Small Models (ESMs) approach using 

the R package ecospat (Di Cola et al. 2017). The ESM approach creates bivariate 

models determined by all possible pairs of environmental predictor combinations, 

removes models with an AUC that is smaller than 0.8, and then assembles all these 

models into a single model, weighting each based on their AUC value (Breiner et al. 

2015). For each small model, we used the same algorithm, the same method to 

generate background points, and the same approach to set the threshold to produce 

binary maps as we did for the SDMs of species with ≥10 records. For these species, 

restricting the distribution to the patches with confirmed occurrence data was ineffective 

at correcting the overprediction, and still led to species distribution maps that were far 

beyond the documented range of these species. Therefore, we chose a different 

posterior SDM correction method and constrained the species distribution maps by 

drawing a minimum convex hull polygon (MCP) containing all the occurrence data and 

excluding suitable cells outside the MCP (Kremen et al. 2008; Velazco et al. 2020). 

3.2.5 Niche differentiation within the genus 

For every species, using the binary distribution map, we extracted the 

environmental data for each pixel in which the species is predicted to occur using the 

raster package in R (Hijmans and van Etten 2012). We used the 1 km data set for all 

species in the analysis, and the 270 m data set for species restricted to CA. Following 

that, we applied the hypervolume method (Blonder 2014) to construct the environmental 

space for each species and then calculated the Jaccard similarity coefficient to represent 

the niche overlap between every two species (Mammola 2019). The Jaccard similarity 
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coefficient is defined as the size of the intersection between the hypervolumes of each of 

the pair of species divided by the size of the union of the two hypervolumes (Tanimoto 

1958).  

With more environmental variables/dimensions, more species occurrence data 

points are needed to construct the hypervolume, therefore it is necessary to include the 

lowest number of dimensions that satisfies the analysis goal of quantifying the niche 

(Blonder 2014; Blonder et al. 2014). Although the 11 uncorrelated variables were 

suitable for the construction of SDMs, they introduced too many dimensions for the 

hypervolume analysis. Therefore, we reduced the environmental dimensions by 

decreasing the threshold of the Pearson coefficient to 0.65 (Blonder 2014), which is the 

default threshold for the hypervolume method . This eliminated more environmental 

variables while still ensuring that the datasets included both climatic and edaphic 

variables. After elimination, the final seven environmental variables in the 1 km datasets 

were (1) BIO2, mean diurnal range (mean of monthly (max temp - min temp)), (2) BIO3, 

Isothermality, (3) BIO15 Precipitation Seasonality (Coefficient of Variation), (4) cation 

exchange capacity of the soil (cec), (5) volumetric fraction of coarse fragments (> 2 mm) 

(cfvo), (6) proportion of clay particles (< 0.002 mm) in the fine earth fraction and (7) 

organic carbon density (ocd) (Table 3.1). The hypervolume method can only be applied 

to continuous variables, therefore we removed soil surface texture (st), a categorical 

variable, from the 270 m dataset in addition to removing redundant variables based on 

the new Pearson coefficient threshold. The seven environmental variables in the final 

270 m dataset were (1) actual evapotranspiration (aet), (2) Recharge (rch), (3) Runoff 

(run), (4) minimum monthly temperature (tmn), (5) available Water Capacity (awc), (6) 

Organic Matter (og), and (7) Soil pH (ph) (Table 3.2).  
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After calculating the niche overlap for every pair of species, we obtained a niche 

similarity matrix for CFP species using the 1 km dataset (Table 3.1) and another for CA 

species using the 270 m dataset (Table 3.2). Applying the formula 1-N (N = original 

value of the cell) to every cell of the matrices, we transformed the matrices into niche 

distance matrices. To test whether the two distance matrices are correlated with each 

other, we trimmed the 1 km matrix to retain only the species that are included in the 270 

m matrix and conducted a Mantel test (Mantel 1967) to compare the two matrices. 

We used each of the distance matrices as input and applied multidimensional 

scaling analysis (MDS) using the R package MASS (Ripley et al. 2013) to visualize the 

ecological distance among species of the CFP and CA. We optimized the parameters of 

the MDS model, including the number of iterations from 20 to 100, the tolerance 

threshold for stopping from 0.05 to 0.1, and the number of dimensions from two to three, 

to obtain optimized models with the lowest stress value, which represents the measure 

of goodness of fit between the MDS models and the input distance matrix (Wilkinson and 

Others 2002).  

To investigate whether manzanitas form ecologically distinct groups, we applied 

k-means clustering analysis (MacQueen and Others 1967; Forgey 1965) on the two 

optimized MDS models using the R package MASS (Ripley et al. 2013). We calculated 

the within-group sum-of-squares (Forgey 1965) to determine the optimal number of 

clusters. For a given optimal number of clusters, we ran the partition three times to 

observe how the assignment of species into the clusters changed.  

To explore whether patterns of ecological differentiation correspond to other 

attributes of manzanitas, we color-coded the species in the MDS plots based on their 
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geographic regions, phylogenetic positions, number of chromosome sets, and 

adaptation to serpentine soil. We used the manzanita field guide (Kauffmann et al. 2015) 

to assign species to six different geographic regions: Klamath Mountains, San Francisco 

Bay, Central Coast, Sierra Nevada, Southern California, and Baja California. Previous 

phylogenetic analyses revealed two lineages within the genus, referred as the “big 

clade” and “small clade” (Boykin et al. 2005; Wahlert, Parker, and Vasey 2009). We 

color-coded the species according to their clade assignment and removed the species 

with unknown assignments. In addition, we also color-coded species as diploid or 

tetraploid (Baldwin et al. 2012). However, many polyploid species are widespread and 

therefore had been eliminated from the analysis. Thus, our analyses only had three 

polyploid species. 

3.2.6 Niche differentiation of manzanita species within the Central Coast and SoCal-

Baja CA region 

Because we did not initially find a clear clustering pattern when using either the 

total CFP species or Californian species, we investigated niche differentiation based on 

subsets of species from different geographic regions. We focused on two regions, the 

Central Coast of California, and southern California/Baja California Mexico (SoCal-Baja 

CA). The central coast of California, ranging from Monterey County in the north to Santa 

Barbara County in the south, is the area of the CFP with the highest number of endemic 

manzanita species (Baldwin et al. 2012; Kauffmann et al. 2015; Parker 2007). In 

contrast, far fewer endemic manzanita species are present in the southern California 

and Baja CA region (Baldwin et al. 2012; Kauffmann et al. 2015). 
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We conducted principal components analyses (PCA), using the R package 

factoextra (Kassambara and Mundt 2017), to estimate ecological differentiation among 

19 species present in the Central Coast region, and 8 species present the SoCal-Baja 

region respectively. We used the same environmental variables that were used to 

quantify the niches and calculate niche overlap. Both the 1 km and 270 m datasets were 

used in the analysis of the Central Coast species. However, the 270 m geospatial data 

are not available in the Baja CA region, therefore we only used the 1 km dataset for the 

analysis of species in the SoCal-Baja CA region.  

3.3 Results  

3.3.1 A 270 m geospatial dataset produced SDMs with higher accuracy than a 1 km 

dataset 

The goal of this project was to investigate ecological differentiation of manzanita 

species. There are 60 species in the genus Arctostaphylos, but we eliminated 11 

widespread species because of their extensive habitat overlap. This left 49 species in 

this study. We evaluated niche differentiation using two different datasets, one at a scale 

of 1 km, which included all of the California Floristic Province and 49 species, and one at 

270 m, which included only the state of California and 44 species. 

Using the 1 km dataset, we constructed SDMs of 44 of the total 49 CFP 

manzanita species (Table 3.3). Five manzanita species, A. bolensis, A. densiflora, A. 

franciscana, A. imbricata, and A. pacifica, were omitted because many of the bivariate 

models for these species had low AUC value (<0.8) and were eliminated. This left 

insufficient models to be assembled into final SDMs. Using the 270 m dataset, we 

performed analyses for the 44 species found only in the state of California. We obtained 
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SDMs of 40 of these species (Table 3.3). The SDMs of four species (A. densiflora, A. 

franciscana, A. pacifica, and A. gabilanensis) were omitted due to low AUC values. 

For the 44 SDMs produced using the 1 km dataset, the average value of the 

AUC was 0.67 with a standard deviation of 0.17. AUC values of 0.5-0.7 are considered 

low (Swets 1988; Manel, Williams, and Ormerod 2001), therefore our result of 0.67 

indicates poor model performance. The average value of TSS was 0.46 with a standard 

deviation of 0.23, suggesting that the performance of the SDMs using the coarse-

resolution data is good (Landis and Koch 1977). The SDMs using the 270 m dataset 

performed better, with an average AUC of 0.87 (standard derivation of 0.09), and an 

average TSS of 0.71 (standard derivation 0.14).  

With the binary species distribution maps generated using the 1 km dataset, we 

found that the predicted range of CFP species varied from 4 km2 to 8,046 km2. Almost 

all of the species considered except A. peninsularis had a geographic distribution 

restricted to an area less than 5000km2, which is the threshold of the geographical 

range for endangered species according to the International Union for Conservation of 

Nature (IUCN) (Iucn 2001; Gaston and Fuller 2009). Eighteen had an estimated range 

that was less than 100 km2, which is the threshold for IUCN critically endangered 

species. The analysis using the 270 m datasets indicated that the predicted geographic 

range of CA species varies from 0.365 km2 to 1346 km2, suggesting that all of the 

species would qualify as endangered according to IUCN criteria (< 5000km2), and 18 as 

critically endangered (Iucn 2001; Gaston and Fuller 2009). In both the 1 km and 270 m 

analyses, 11 species met the threshold of critically endangered species. Another 12 

species qualify as critically endangered in one analysis, but not in the other. In addition, 
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two species, A. gabilanensis and A. montereyensis, were suggested to be critically 

endangered in one analysis but were eliminated from the other analysis due to the 

limited number of collections (Table 3.3). 

3.3.2 The niche similarity matrices derived from the coarse-resolution and fine-

resolution datasets suggest different patterns of niche differentiation among 

manzanita species 

We calculated the Jaccard similarity coefficient (Tanimoto 1958; Jaccard 1912) to 

evaluate niche overlap between every pair of species that we analyzed. The Jaccard 

similarity coefficient ranges from 0 to 1, where higher values represent more niche 

overlap(Tanimoto 1958; Jaccard 1912). For the analysis of CFP species using the 1 km 

dataset, the median value of niche similarity was 0.268 (Figure 3.2). The majority (75%) 

of species pairs had a niche overlap value ranging from to 0.17 to 0.3 (Figure 3.2). Five 

pairs of species had substantially higher niche similarity values: A. purissima vs A. rudis, 

A. moranii vs A. incognita, A. andersonii vs A. nortensis, A. andersonii vs A. silvicola, 

and A. sensitiva vs A. silvicola. However, there were no pairs with substantially lower 

overlap values. For the analysis of the California species using 270 m dataset, the 

median value of the pairwise niche similarity was 0.227 (Figure 3.2). The majority (75%) 

of species pairs had niche overlap values ranging from 0.08 to 0.27 (Figure 3.2). Similar 

to the result of the analysis using 1 km dataset, we did not find any outlier points with 

extremely small values (with little or no overlap). There were nine species pairs that had 

exceptionally high niche overlap values: A. andersonii vs A. sensitiva, A. andersonii vs 

A. silvicola, A. confertiflora vs A. auricula, A. edmundsii vs A. myrtifolia, A. osoensis vs 

A. edmundsii, A. hooveri vs A. klamathensis, A. hooveri vs A. refugioensis, A. pallida vs 
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A. osoensis, and A. sensitiva vs A. silvicola. Only two pairs, A. sensitiva vs A. silvicola 

and A. andersonii vs A. silvicola, were also high-overlap pairs in the analysis using the 1 

km dataset. 

 

Figure 3.2 Box-and-whisker plots showing the distribution of niche overlap values 

including the species pairs that have exceptionally high values in the 1 km and 270 m 

analyses. The Y-axis is the value of the Jaccard similarity coefficient representing the 

niche overlap of species pairs. Each point represents one species pair.  The upper and 

lower box outlines indicate the third (Q3) and first quartile (Q1) values. The distance 

between the third and first quartile is interquartile range (IQR). The inner bar of the box 

indicates the median value. The horizontal lines above and below the box represents the 

upper extreme value (Q3 + 1.5*IQR) and lower extreme value (Q1-1.5 * IQR). Points that 

lie either below the lower extreme line or above the upper extreme line are considered 

outliers. 
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To test whether the calculated pairwise niche overlap was consistent between 

the analyses using the coarse- and fine-resolution dataset, we conducted a Mantel test 

(Mantel 1967) to compare the two niche overlap matrices. Although the median values 

and upper extreme values were similar between the two datasets, the p-value of the 

Mantel test between the two matrices was 0.56, supporting the null hypothesis they are 

not correlated with each other. This suggests that the pattern of niche differentiation 

using the fine-resolution data differs from the one using the coarse-resolution data, and 

indicates that the choice of datasets affects the results of ecological differentiation 

analyses. 

3.3.3 Both the coarse-resolution and fine-resolution geospatial data failed to cluster 

species into ecologically distinct groups 

To visualize the ecological distance between manzanita species, we applied 

MDS analysis to the 1 km and 270 m niche matrices. For the optimized MDS models 

based on the 1 km dataset, the number of dimensions was three. We have presented 

the visualization of the MDS models through all two-way combinations of MDS1, MDS2, 

and MDS3. CFP species are evenly distributed and no clusters are visually apparent 

(Figure 3.3). We applied k-means clustering method to the niche similarity matrix, which 

determined the optimal numbers of clusters to be 6, 7, or 8 (Appendix S3.1). Because k-

means clustering can produce different solutions if done multiple times (Li and Wu 

2012), we performed the analysis three times for each of the three optimal numbers of 

clusters. Each time, the assignment of species to the clusters changed. The analyses 

produced unstable cluster assignment regardless of the optimal number of clusters used 

in the analysis (Appendix S3.2). This suggests that there is no strong clustering signal in 
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the data, and that the CFP species cannot be assigned to ecologically distinct groups 

(subgroups of species with high niche overlap) based on the 1 km data. 



87 

 

Figure 3.3 Three plots of the three-dimensional MDS models based on the 1 km dataset, 

each plot showing two dimensions. No clustering pattern is apparent in the plots. The 

distance between the species labels indicates the ecological distance between the 

species. 
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We obtained the same result for the analysis comparing CA species using the 

270 m dataset. The optimized number of dimensions in the final MDS model was two in 

this analysis. As in the previous analysis, the results show the CA species do not form 

clusters (Figure 3.4). A k-means clustering analysis indicated the optimal numbers of 

clusters were again 6, 7, or 8 (Appendix S3.1). Also, as in the previous analysis, the 

assignment of species to clusters differed with each repetition of the analysis at a given 

number of clusters (Appendix S3.3). Thus, dividing manzanita species into ecologically 

distinct groups was not possible with coarse- or fine-resolution geospatial data. 

 

Figure 3.4 Plot of the two-dimensional MDS models based on the 270 m dataset. No 

clustering pattern is apparent in the plot. The distance between the species labels 

indicates the ecological distance between the species 
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Because our analyses found no strong clustering pattern, we tested for other 

signal in the data. We evaluated correlation between ecological differentiation and 

geographic region, phylogenetic assignment, ploidy level, and the presence/absence of 

serpentine soil in the habitat. However, we found no correlation with any of these 

features (Appendix S3.4; Appendix S3.5). Species from the same geographic region 

were spread throughout the MDS plot, suggesting that ecological variation did not 

correspond to geographic distribution (Appendix S3.4; Appendix S3.5). Our results 

showed the same lack of correlation between ecological differentiation and the other 

three features, regardless of which environmental dataset was used.  

3.3.4 Two of the eight manzanita species in the Southern California-Baja CA region 

have distinct niches using the 1 km dataset 

Because the pattern of niche differentiation using all possible species showed 

that every species had some overlap with the other species, we narrowed our focus to 

smaller geographic regions to determine if there were clear patterns of niche 

differentiation at a more local scale. The focal regions included one area enriched with 

manzanita species, the Central Coast, and one area with relatively poor diversity of 

manzanita species, the Southern California-Baja CA Mexico (SoCal-Baja CA) region. 

We choose PCA for this analysis because it would eliminate the effect of some invariant 

environmental factors. 

To test whether the habitats of the eight manzanita species of the SoCal-Baja CA 

region can be distinguished by climatic and edaphic factors, we extracted environmental 

data from the pixels where these species were predicted to be present, and used these 

data as the input in the PCA analysis. Due to the limits of data available for the Baja CA 
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region, we used only the 1 km coarse-resolution data, which consisted of seven climatic 

and edaphic variables. Principal component 1 (PC1) and PC2 respectively explained 

41.6% and 34.2% of the variation. PC1 and PC2 were most heavily weighted by four 

environmental variables ranked by their contribution: (1) BIO3, isothermality, (2) organic 

carbon density, (3) BIO15, precipitation seasonality, and (4) BIO2, mean diurnal range 

(Figure 3.5). These four variables were highly correlated with some of the variables 

eliminated from the analysis due to high correlation: (1) BIO3 isothermality was highly 

correlated with BIO4 temperature seasonality; (2) organic carbon density was highly 

correlated with BIO12 annual precipitation, BIO13 precipitation of wettest month, BIO19 

precipitation of coldest quarter, total nitrogen, and organic carbon stock and solar 

radiation; (3) BIO15 precipitation seasonality was highly correlated with BIO11 mean 

temperature of coldest quarter, BIO14 precipitation of driest month, BIO17 precipitation 

of driest month, BIO18 precipitation of warmest quarter, and BIO19 precipitation of 

coldest quarter; (4) BIO2 was highly correlated with BIO5 max temperature of warmest 

month. In the PCA plot, most species overlapped with each other, indicating overlapping 

niches. Two species were exceptions (Figure 3.5). Samples of A. catalinae formed a 

distinct group that showed no overlap with the other species. The dominant explanatory 

factor for this distinction was differences in organic carbon density. Among all eight 

species, A. peninsularis occupied the largest environmental space. A large proportion of 

this space was unique to A. peninsularis and did not overlap with the other manzanita 

species, suggesting some degree of niche differentiation. The dominant explanatory 

factor for this distinction was differences in PC2, which corresponds to the precipitation 

seasonality. 
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Figure 3.5 PCA using the 1 km environmental dataset for eight Southern California-Baja 

CA species. Two of the eight species, A. catalinae and A. peninsularis, have distinct 

niches. (a) Points represent pixels in which the species are present in the binary 

distribution maps, and the position of these points in the plot are determined by the 

values of the environmental variables  of the pixels. Ellipses enclose 95 % of the data 

points. Both the points and ellipses are color-coded according to species. (b) Arrows 

represent environmental variables, which are presented as vectors. Arrows are color-

coded according to their contribution (contrib) to the separation of samples. 
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3.3.5 Regardless of resolution, climatic and edaphic variables failed to distinguish the 

habitats of manzanita species in the Central Coast area 

We used both the coarse-resolution and fine-resolution datasets to test whether 

manzanita species of the Central Coast area, from Monterey County to Santa Barbara 

county inclusive, could be distinguished by environmental variables (Figure 3.6). For the 

PCA analysis using the 1 km dataset, the percentages of variation explained by PC1 and 

PC2 were 32.5% and 19.9% respectively (Figure 3.6). The environmental variables that 

made major contributions were (1) cation exchange capacity of the soil, and (2) 

proportion of clay particles (< 0.002 mm) in the fine earth fraction (Figure 3.6). No 

eliminated variable was highly correlated with cation exchange capacity of the soil but 

the proportion of clay particles in the fine earth fraction is highly correlated with another 

edaphic variable, the proportion of sand particles (> 0.05 mm) in the fine earth fraction. 

The range of environmental variability differed among species, but most species 

overlapped with others, suggesting species cannot be distinguished on the basis of the 1 

km dataset.  
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Figure 3.6 PCA using the 1 km environmental dataset for 19 Central Coast species. The 

analysis failed to identify any ecologically distinct species.(a) Points represent pixels in 

which the species are present in the binary distribution maps, and the position of these 

points in the plot are determined by the values of the environmental variables  of the 

pixels. Points of different species are distinguished by colors and shapes. Ellipses 

enclose 95 % of the data points and are color-coded according to species. (b) Arrows 

represent environmental variables, which are presented as vectors. Arrows are color-

coded according to their contribution (contrib) to the separation of samples. 
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In the analysis using the 270 m dataset, the percentages of variation explained 

by PC1 and PC2 were 20.3% and 16.6% (Figure 3.7). The environmental variables 

making major contributions toward PC1 and PC2 were (1) soil pH, (2) available water 

capacity, and (3) the actual evapotranspiration (Figure 3.7). No eliminated variable was 

highly correlated with these variables. The plot revealed a similar pattern of ecological 

differentiation as with the coarse-resolution dataset: the environmental space of different 

species overlapped with each other, suggesting that climatic and edaphic factors cannot 

distinguish these species. 
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Figure 3.7 PCA using the 270 m environmental dataset for 19 Central Coast species. 

The analysis failed to identify any ecologically distinct species from the Central Coast 

region. (a) Points represent pixels in which the species are present in the binary 

distribution maps, and the position of these points in the plot are determined by the 

values of the environmental variables  of the pixels. Points of different species are 

distinguished by colors and shapes. Ellipses enclose 95 % of the data points and are 

color-coded according to species. (b) Arrows represent environmental variables, which 

are presented as vectors. Arrows are color-coded according to their contribution (contrib) 

to the separation of samples. 
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3.4 Discussion 

3.4.1 The choice of 1 km or 270 m environmental datasets affected the construction of 

SDMs, the calculation of niche similarity, and the pattern of niche differentiation 

On the basis of AUC and TSS evaluation, we found that the analysis using the 

270 m dataset produced more accurate SDMs than the analysis using the 1 km dataset. 

This corresponds to previous reports that increasing the resolution of environmental data 

can increase the accuracy of species distribution modeling (Connor et al. 2019).  

The Mantel test revealed the analyses based on the two datasets generated 

different patterns of niche differentiation among manzanita species. Although all of the 

environmental variables in both datasets were climatic and edaphic, both the resolution 

and specific factors were different. There were more edaphic factors in the 270 m 

dataset than the 1 km dataset, which included more climatic variables related to 

temperature and precipitation. Although resolution has been shown to influence the 

inference of patterns in ecological research (Turner and Gardner 2015), we cannot 

eliminate the possibility that the difference in environmental factors also played a role in 

the different results from the two datasets.  

3.4.2 Species distribution modeling identified 11 manzanita species that can be 

considered critically endangered 

The geographic range of a species is an important criterion in evaluating their 

conservation status (Gaston and Fuller 2009). The 1 km analysis and the 270 m analysis 

both found 18 manzanita species, 11 of which were in common, that were restricted to a 
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geographic area that was less than the threshold (100km2) used by the IUCN to define 

critically endangered species (Iucn 2001). The predicted range of species derived from 

SDMs tends to be larger than their actual range (Franklin 2010), suggesting additional 

species beyond those identified in the analyses might fall within the limit of critically 

endangered. However, only three of these 11 species, A. edmundsii, A. morroensis and 

A. pallida, are currently listed as threatened by the state of CA or the federal 

government. In addition, several species were eliminated from the analyses because 

there were too few collection records for the analyses to perform properly; those species 

are also likely to meet the criterion for critically endangered. Four of these eliminated 

species, A. densiflora, A. franciscana, A. imbricata and A. pacifica, are currently listed as 

threatened or endangered by the state of California or federal government. However, 

two, A. bakeri and A. confertiflora, which are considered rare by the state and 

endangered by the federal government respectively, are predicted to be critically 

endangered in the 270 m analysis but not in the 1 km analysis. The difference between 

our results and recognition by state and federal government is likely due to the 

governments using stricter criteria and a more complex process to identify endangered 

species, as well as potential political concerns.  

3.4.3 Manzanita species occupy habitats with overlapping environmental features 

Based on the Jaccard coefficient index, pairwise niche overlap is universal 

across the genus, even when the most widespread, generalist species were eliminated. 

In the analyses using the 1 km and 270 m datasets, the median values of niche overlap 

are 0.268 and 0.222 respectively. It is not possible to interpret these numbers as low or 

high in context, because few studies have used the hypervolume method to calculate 
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niche overlap among a large number of species. We did not find any species pairs with 

exceptionally low niche similarity values, suggesting the failure in identifying two species 

that are very ecologically distinct from each other (in the context of the environmental 

data examined). The observations of common niche overlap of all species pairs are 

consistent with our findings that no strong clustering pattern was present in the MDS 

plot, suggesting that manzanita species cannot be divided into ecologically distinct 

groups. Although manzanitas are found in diverse habitats such as conifer forests, rocky 

slopes, and sandstone outcrops, most species have at least some populations in the 

chaparral community, which may explain the extensive overlap (Baldwin et al. 2012; 

Kauffmann et al. 2015; Parker et al. 2020). In addition, in many instances, multiple 

manzanita species can be found in the same location(Parker et al. 2020), further 

suggesting shared habitat parameters.  

We found five and nine pairs of species, using the 1 km and 270 m data sets 

respectively, that have exceptionally high calculated niche similarity values. In each 

analysis, there were three species pairs in which the two species had extensively 

overlapping ranges. For the remaining species pairs, most are geographically close to 

each other and the climatic factors are likely to be similar. The members of one pair, A. 

andersonii and A. nortensis are geographically distant: A. andersonii is located in Santa 

Cruz County while A. nortensis is located in the Klamath Mountains. Their large niche 

overlap value might reflect similarity of their environmental conditions despite this 

distance, or might result from inaccurate niche quantification related to the limited 

number of data points for each of these. 
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3.4.4 The limits of the data and analytical methods have an important influence on the 

evaluation of niche overlap 

Many studies in plant species and populations have shown a correlation between 

ecological variation and the variation of geography, phylogenetic position, and ploidy 

levels among species (Grant 1981; Anacker and Strauss 2014; Baniaga et al. 2020). In 

our study, we found no such correlation. In addition, serpentine soil is known to play an 

important role in the diversification and endemism of CFP plants (Anacker et al. 2011). 

However, the species living in serpentine soils were spread throughout the MDS plot. 

Some limits of our analyses of niche quantification and overlap might explain the 

inconsistency between our results and previous studies. The original 1 km dataset 

included 31 variables, and the 270 m dataset included 16 variables. After the elimination 

of redundant variables, both datasets had seven edaphic and climatic variables as input 

for the hypervolume method, although the specific factors differed. However, some 

manzanita species had a limited number of data points. When there are too many 

environmental variables relative to the number of data points, niche quantification is less 

accurate, which can affect the calculation of niche overlap (Blonder et al. 2014). 

Although we reduced the number of variables to account for this, some species may still 

have had too few data points for accurate quantification. 

Ideally, we would like the result of these analyses of niche differentiation to be 

biologically meaningfμL. However, our method of calculating niche overlap weights every 

environmental variable equally. This makes the calculated niche similarities of each 

species pair comparable, and allows visualization of ecological variation at the genus 

level. However, the environmental variables are probably not all equally critical to the 
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survival and success of manzanitas, and relative importance might vary from species to 

species. Therefore, assigning equal weight to every environmental variable for every 

species pair may diminish signals of ecological differentiation between two species, 

leading to an overestimation of their niche overlap. Because we have no a priori criteria 

to weight variables, the null hypothesis of equal weights is necessary.  

In addition, data points falling into different ranges are treated equally in the 

calculations. For example, a temperature difference between 0 and 2 °C would be 

treated the same as the difference between 28 and 30 °C. However, these different two-

degree temperature differences might not be of equal biological importance. The optimal 

range of ambient temperatures for photosynthesis in Mediterranean woody plants is 

usually around 25–30 °C (Flexas et al. 2014). However, the difference between 0 °C, 

which is freezing, and 2 °C can be the difference between freezing and surviving. Thus, 

the failure to recognize the biological importance of the small numeric difference 

between 0 and 2 °C may lead to an underestimation of niche overlap. Conversely, a 

range from 26 to 29 °C would be treated as overlapping but different from a range from 

27-30 °C. However, it is plausible that this difference would not be significant to many 

species, which might experience fluctuations up to 30 °C or down to the 26 °C 

regardless of their described temperature ranges. In this case, the overlap would be 

underestimated. Thus, our inability to recognize the biological meaning of the numeric 

data might lead to an underestimation or overestimation of niche overlap in our 

analyses.  

In previous studies, niche differentiation has been identified among sympatric 

species using microenvironmental data for individual plants (Savolainen et al. 2006; 
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Laport, Minckley, and Ramsey 2016; Schönswetter et al. 2007). However, the finest 

resolution of our geospatial data was 270 m, which may be too coarse to determine 

habitat variables accurately and therefore to identify niche differentiation of sympatric 

manzanita species that may inhabit different microclimates. The inclusion of 

microclimate and soil data of finer resolution might provide us with new insight into 

ecological differentiation within Arctostaphylos. 

3.4.5 Restricting analyses to narrow geographic regions can facilitate distinguishing 

some manzanita species  

In addition to using all manzanita species of the CFP or CA in our analyses, we 

performed PCA analyses on a subset of species from the SoCal-Baja CA and Central 

Coast regions. All analyses suggested that both edaphic and climatic factors play 

important roles in explaining ecological variation of manzanita species, regardless of the 

focal geographic region or the environmental datasets. It is notable that in the analysis of 

Central Coast species, the environmental variables making major contributions to PC1 

and PC2 are all edaphic factors that are not highly correlated with any of the climatic 

factors. Many ecological and evolutionary studies use geospatial climatic data in their 

analyses for purposes including predicting suitable habitat in the future, identifying 

genetic signals associated with environmental adaptation, and evaluating species 

delimitation (Hannah et al. 2012; Sork et al. 2016; Alvarado-Sizzo et al. 2018). These 

studies can facilitate plant conservation including determining the conservation units 

(species), identifying vulnerable populations, and prioritizing conservation area etc 

(Anacker et al. 2013; Sork et al. 2016; Alvarado-Sizzo et al. 2018). In contrast to climatic 

factors, edaphic factors were commonly excluded from those studies. However, our 
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analyses indicate the potential importance of edaphic factors in plant conservation, and 

suggest that including them will produce more accurate results and provide for more 

effective conservation strategies. 

We only included eight species and used the 1 km environmental dataset in the 

analysis of SoCal-Baja CA region. However, we found that two species, A. catalinae and 

A. peninsularis, were ecologically distinct from their sister species. The dominant 

explanatory factor for the distinction of A. catalinae was differences in organic carbon 

density, an edaphic variable that was highly correlated with many other climatic and 

edaphic variables that were eliminated because of the high correlation. The habitat of A. 

catalinae is volcanic outcrops, which is unique among the species included in the 

analysis. In addition, A. catalinae was the only island species in this analysis, and it is 

also the only manzanita species on Catalina Island, which is geographically isolated 

from the mainland (Barbour, Keeler-Wolf, and Schoenherr 2007; Baldwin et al. 2012; 

Kauffmann et al. 2015). Its ecological distinction might also reflect differences between 

the island and mainland in precipitation, solar radiation, or organic carbon stock and 

nitrogen of the soil, all of which were highly correlated with organic carbon density and 

were therefore not directly included in the analyses.  

The PCA plot showed that A. peninsularis has a wide range of environmental 

variability, with only a small proportion overlapping with the other species. The 

geographic range of A. peninsularis is relatively broad compared to the other species in 

the SoCal-Baja CA region, but does not overlap extensively with the ranges of the other 

species. The broad range may explain the wide range of environmental variability, 

whereas the lack of range overlap may explain the relative lack of overlap of the 
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environmental variables. These results suggest that specific edaphic and climatic factors 

can distinguish some manzanita species, at least in regions with fewer species.  

In contrast, the analyses of the Central Coast region included more (18) species, 

and both the 1 km and 270 m datasets were used. However, we did not find any 

ecologically distinct species in these analyses. Our results support the hypothesis that 

niche overlap among manzanita species is prevalent, and therefore the inclusion of more 

species in any given analysis may lead to more niche overlap and diminished the ability 

of ecological factors to distinguish species. Among the 18 Central Coast species, A. 

confertiflora is endemic from Santa Rosa Island (Baldwin et al. 2012; Kauffmann et al. 

2015; Barbour, Keeler-Wolf, and Schoenherr 2007). Unlike A. catalinae, A. confertiflora 

did not form an ecologically distinct group in the PCA plot. This suggests that unlike the 

differentiation of environmental conditions on Santa Catalina in comparison to the 

mainland of the SoCal-Baja CA region, the environmental conditions of Santa Rosa 

Island might be similar to the mainland part of the Central Coast area.  

3.5 Conclusion 

Our quantitative analyses of niche differentiation supply critical information for 

conserving narrowly-distributed manzanita species. Using species distribution modeling, 

we identified 11 manzanita species with restricted geographic distributions that may 

qualify as threatened and therefore require additional assessment of their conservation 

status. In our analyses using all possible species and weighting all soil and climatic 

variables equally, no narrowly distributed manzanita species had a distinct habitat. 

However, our in-depth investigation of species in circumscribed geographic regions 

indicates that A. catalinae occupies a geographically and environmentally isolated area 



107 

relative to other Southern California-Baja CA species. This finding implies that habitat 

preservation might be appropriate for conservation of individual species that occupy 

distinct habitats in specific geographic regions. 
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3.7 Appendix 

Appendix S3.1 Visual assessment of both (a) 1 km and (b) 270 m analyses indicate the 

same three possible values (6, 7, and 8) as the optimal number of clusters in the k-

means clustering analyses. These optimal numbers of clusters are selected because 

they are the inflection points of the curve and are framed in a red rectangle in each plot. 
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Appendix S3.2 Results of the k-means clustering analyses using the 1 km dataset. 

Analyses were run with k’s of 6 (a), 7 (b), and 8 (c), determined to be the optimal number 

of clusters, and three analyses were run at each k.  Regardless of the optimal number of 

clusters used, the assignment of species to clusters changed in different attempts. 

Species are colored by cluster assignment. 
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Appendix S3.3 Results of the k-means clustering analyses using the 270 m dataset. 

Analyses were run with k’s of 6 (a), 7 (b), and 8 (c), determined to be the optimal number 

of clusters, and three analyses were run at each k.  Regardless of the optimal number of 

clusters used, the assignment of species to clusters changed in different attempts. 

Species are colored by cluster assignment. 



121 

 



122 

 



123 

 



124 

Appendix S3.4: Mapping species attributes to the MDS plots using the 1 km dataset 

shows no correlation between (a) geographic region, (b) phylogenetic assignment, (c) 

ploidy level, and (d) the presence/absence of serpentine soil in the habitat. For all plots, 

the distance between the species labels represents the ecological distance between the 

species based on MDS1 and MDS2. MDS3 is not depicted but did not change the 

interpretation of clustering patterns. The species are color-coded according to their 

attributes. Species of unknown phylogenetic position, chromosome number, or soil type 

are colored in white to make them invisible. 
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Appendix S3.5 Mapping species attributes to the MDS plots using the 1 km dataset 

shows no correlation between (a) geographic region, (b) phylogenetic assignment, (c) 

ploidy level, and (d) the presence/absence of serpentine soil in the habitat. For all plots, 

the distance between the species labels represents the ecological distance between the 

species based on MDS1 and MDS2. MDS3 is not depicted but did not change the 

interpretation of clustering patterns. The species are color-coded according to their 

attributes. Species of unknown phylogenetic position, chromosome number, or soil type 

are colored in white to make them invisible. 
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4 Chapter 4 Subspecies differentiation in an enigmatic chaparral shrub species 

4.1 Introduction 

A comprehensive understanding of biodiversity is crucial for ecologists, 

conservationists, land managers, policy makers, and others whose work depends on the 

accurate recognition of biodiversity units (Regan, Colyvan, and Burgman 2002; Mace 

2004; Keller et al. 2011; Renwick et al. 2017). Given current rates of extinction in plants, 

discovering, identifying, and delimiting plant biodiversity units is more critical than ever 

(Thomas et al. 2004; Pimm et al. 2014; Grooten and Almond 2018). However, drawing 

boundaries around taxonomic units is difficult in groups in which populations are poorly 

differentiated and/or vary along a continuous cline (Carstens et al. 2013; Jörger and 

Schrödl 2013; Razkin et al. 2017; Bradburd, Coop, and Ralph 2018). A number of 

factors can blur boundaries, including hybridization, introgression, local adaptation, and 

phenotypic plasticity (Grant 1981a; Harrison and Larson 2014). These factors can result 

in highly variable populations and species complexes, which include a range of 

phenotypes that cannot be easily divided into distinct groups using standard genetic, 

morphological, or ecological criteria. 

Eastwood manzanita (Arctostaphylos glandulosa Eastw., Ericaceae), a 

widespread tetraploid shrub found in the chaparral of southern Oregon, California, and 

the Baja California (MX) peninsula, is a phenotypically complex system in which 

delimiting subspecies has been challenging (Keeley, Vasey, and Parker 2007; Baldwin 

et al. 2012; Kauffmann et al. 2015). Typical of manzanitas, Eastwood manzanita has 

twisting branches covered with red bark, small simple drought-adapted leaves, and 

clusters of white-to-pink urn-shaped flowers (Figure 4.1). Plants of this species produce 

a burl—a large woody structure that develops where roots and stem meet and that 
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contains dormant buds (Jepson 1916; Wieslander and Schreiber 1939). This allows the 

plant to resprout and persist through numerous wildfires. Seed germination is fire-

dependent. Thus, a population of Eastwood manzanita may include some individuals 

that are potentially hundreds or thousands of years old, having resprouted after multiple 

fires, as well as younger individuals that have grown from seed produced by individuals 

from the original population or brought in by dispersers from other populations (Keeley 

and Hays 1976; Moore and Vander Wall 2015; Parker 2015). Currently, 10 subspecies 

are recognized based on traits related to hair density and morphology, leaf color, 

inflorescence characters, and seed fusion, which have been defined in previous 

morphometric studies (Figure 4.1) (Keeley, Vasey, and Parker 2007; Baldwin et al. 

2012). However, the morphological boundaries among subspecies can be indistinct, with 

intermediate phenotypes and individuals that do not conform to any one subspecies. 

Moreover, most subspecies overlap in their geographic range (Kauffmann et al. 2015), 

and multiple subspecies may be found in the same population, raising the need for a 

clearer understanding of the relationship between genetic, morphological, and ecological 

patterns among these subspecies. 
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Figure 4.1 Variation in hair traits in subspecies of Eastwood manzanita.  a.  Eastwood 

manzanita, Santa Barbara County. b. subsp. glandulosa, short- and medium-length 

hairs, long hairs with terminal glands.  c.  subsp. cushingiana, dense short hairs lacking 

glands.  d. subsp. gabrielensis, relatively sparse, short hairs lacking glands.  e.  subsp. 

mollis, short and very long wavy non-glandular hairs. Photo credits: a. A. Litt. b-d Neil 

Kramer. e. Michael Charters, CalFlora.net. 
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Characterizing subspecies differentiation in Eastwood manzanita is particularly 

critical because two of the currently recognized subspecies are narrow endemics of 

conservation concern (Figure 4.2). Arctostaphylos glandulosa subsp. crassifolia (Del Mar 

manzanita) is federally listed as endangered (https://ecos.fws.gov/), and this subspecies, 

along with A. glandulosa subsp. gabrielensis (San Gabriel manzanita), is listed as rare in 

the California Native Plant Society Inventory of Rare Plants 

(http://www.rareplants.cnps.org/). Therefore, the ability to distinguish these two 

subspecies is required for conservation management. 

https://ecos.fws.gov/
http://www.rareplants.cnps.org/
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Figure 4.2 Map of California with the ranges of the 8 subspecies of Eastwood manzanita 

found in California. The two Mexican subspecies are not well-databased and therefore 

not included. Inset map at top-right shows southern California region, marked with a 

dotted box on the main map. 
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There is currently no agreed-upon definition for a subspecies, and relatively few 

authors have directly considered the concept of subspecies. Most authors define 

subspecies as conspecific groups of one or more populations that have evolutionary 

meaning (Patten and Unitt 2002; Patten 2015). Although various authors define 

“evolutionary meaning” differently, the phrase implies some level of genetic 

differentiation among subspecies because evolution requires the inheritance of allelic 

differences. However, previous methods for evaluating genetic variation have not always 

been capable of detecting differentiation, because of the limited nature of such data 

(Martien et al. 2017). Modern genomic techniques provide greater power to estimate 

genetic differentiation than previous methods, allowing us to better investigate 

evolutionary units (Harrison and Kidner 2011; Andrews et al. 2016). 

In this study, we define subspecies as genetically differentiated populations 

within a species that have unique morphology or demonstrate a difference in adaptation 

to the local environment (Haig et al. 2006). Because previous work on Eastwood 

manzanita (Keeley, Vasey, and Parker 2007) indicated that in some populations 

morphological diagnosis of subspecies can be difficult to apply, we used next-generation 

sequencing data and online map-based resources to ask whether currently recognized 

subspecies are (1) genetically differentiated, and/or (2) environmentally differentiated, or 

if other genetic or environmental structures can be detected within this enigmatic 

species. 
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4.2 Materials and Method 
4.2.1 Sampling 

We collected 137 accessions from seven subspecies of Eastwood manzanita in 

Southern California (Figure 4.3). An additional three samples from coastal San Diego 

County, California and two samples of an eighth subspecies collected in northern Baja 

California (Burge et al. 2018) were included in this study. In addition to Eastwood 

manzanita, we included 17 samples of five diploid manzanita species collected from this 

same sampling area. This multispecies sample set was used for comparison of genetic 

differentiation among species-level taxa. Because a previous study that performed 

chromosome counts for many manzanita taxa reported no variation in ploidy within A. 

glandulosa (Wells 1968), we did not perform independent checks for ploidy on our A. 

glandulosa samples. 



137 

 

Figure 4.3 Map of collection localities for samples included in genetic analyses. Colors 

indicate subspecies identification. Because some samples would overlap on the map, a 

random “jitter” value between -0.15 and 0.15 degrees longitude and latitude was applied 

to each point. Inset shows the area of focus relative to the state of California. 

4.2.2 Identification of samples 

We identified samples to species and subspecies using the dichotomous key in 

the Field Guide to Manzanitas: California, North America and Mexico (Kauffmann et al. 

2015), and, when identification was still unclear, we cross referenced with the 

dichotomous key in Keeley et al. (2007). Identifications were confirmed by V.T.P. and 

J.E.K. Subspecies identifications were thus in line with the most up-to-date taxonomy 

based on morphometric study by Keeley et al. (2007). In the case of two Eastwood 
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manzanita DNA samples from Burge et al. (2018), subspecies identification was not 

recorded; two others were identified as subspecies erecta. Voucher specimens were not 

available for those four collections and for three samples of the diploid species. 

4.2.3 DNA extraction and quality control 

We ground 150–200 mg frozen floral bud, young leaf, or flower tissue in liquid 

nitrogen, and used the Qiagen DNEasy Plant Mini Kit (Qiagen: Hilden, North Rhine-

Westphalia, Germany) to extract DNA, modifying the protocol as described in Appendix 

S4.1. We used a Qubit 2.0 fluorometer (Invitrogen: Carlsbad, California, USA) to quantify 

the concentration, and checked for the presence of high molecular weight DNA by 

running extracts on a 1% agarose tris acetate ethylenediaminetetraacetic acid (TAE) gel 

(Invitrogen: Carlsbad, California, USA) and imaging on a Bio-Rad Gel Doc (Bio-Rad 

Laboratories: Hercules, California, USA). 

4.2.4 Double digest restriction-site associated DNA sequencing (ddRAD-seq) library 
preparation and sequencing 

One set of libraries (96 samples) was prepared and sequenced at LGC 

Genomics (Berlin, Germany) (Appendix S4.2). We prepared another set containing the 

remaining 58 samples at the University of California, Riverside (UCR), and sequenced 

them at the UCR Genomics Core Facility. The protocol used for library preparation at 

UCR (Appendix S4.3) was based on the protocol developed by Brelsford (Brelsford, 

Dufresnes, and Perrin 2016) [which was, in turn, based on the protocol outlined in 

Parchman (Parchman et al. 2012) and Peterson (Peterson et al. 2012)]. We modified 

this protocol to use the same enzymes as LGC and to incorporate the normalization step 

in the LGC protocol. Both libraries were sequenced using paired 150 bp reads on an 
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Illumina NextSeq 500 V2 (San Diego, California, USA), which was configured to provide 

~1.5 million reads per sample. Tetraploid and diploid samples were sequenced for the 

same target number of reads and in the same sequencing lanes. 

4.2.5 Sequence data processing 

All data processing was done on the High Performance Computer Cluster at 

UCR. We removed adapter sequences, and verified that cut sites for both PstI and MspI 

were present for each read pair. To demultiplex sequences, we separated samples 

based on their indexed Illumina adapter sequence, and then by their inline barcode 

sequence using the process_radtags program in Stacks V. 2.1 (Catchen et al. 2013). We 

used the resulting sequence files to construct two sets of sequence data: one containing 

the 137 Eastwood manzanita samples (“Eastwood manzanita data set”), and one 

containing the five other species (“multispecies data set”). 

We called single nucleotide polymorphisms (SNPs) using freebayes V. 1.3.1 

(Garrison and Marth 2012), a software tool that can call diploid or polyploid genotypes. 

Freebayes calls genotypes at a given locus by modeling all possible genotypes under a 

multinomial model, and treating reads as a random sample from each genotype to find 

the genotype call with the greatest probability (Garrison and Marth 2012). Because 

freebayes requires a reference genome, and no assembly is currently available for 

Arctostaphylos, we constructed a ddRAD reference file by (1) merging read pairs with 

PEAR V. 0.9.10 (Zhang et al. 2014), (2) sampling 200,000 reads from each merged 

sequence file, and (3) clustering these reads by 95% sequence similarity to form contigs 

using CD-HIT-EST V. 3.1.1 (Li and Godzik 2006). We constructed separate reference 

files for the Eastwood manzanita and multispecies data sets, and then aligned the 
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individual sequence files to each respective reference file using BWA-MEM in bwa V. 

0.7.12 using default parameters (Li 2013). We then called variants from the aligned 

reads using the freebayes-parallel script provided in freebayes (Garrison and Marth 

2012). We ran freebayes three separate times: (1) on the Eastwood manzanita data set 

assuming diploidy, (2) on the Eastwood manzanita data set assuming tetraploidy, and 

(3) on the multispecies data set assuming diploidy. Because the diploid and tetraploid 

samples were sequenced to the same target read number, we make the assumption that 

coverage per genome copy is greater for the diploid samples than for the tetraploid 

samples. However, the method we used to make our reference files is based on simple 

clustering of pooled sequences by similarity, so we make the assumption that 

differences in coverage per genome copy should not affect the reference construction. 

We filtered the resulting variant call format (VCF) files to impose quality and 

variant type controls using custom bash and R scripts (R Core Team 2018). This filtering 

removed indels, multinucleotide polymorphisms (SNPs at successive nucleotides that 

may be linked), and combinations of different types of variants, and left only simple 

SNPs. We eliminated the other variants because they could not be analyzed using the 

methods we used. Additionally, we removed loci with greater than 20% missing data 

across samples, and loci that had a minor allele recorded for fewer than three samples. 

We refer to this tetraploid SNP data set as the “4N” data set. We also generated two 

data sets in which genotypes were called as diploid. For the “2N” SNP data set, we 

allowed up to two alleles per individual at any given locus, but allowed more than two 

alleles across all samples. Additionally, because many analyses require SNPs to be 

biallelic (having no more than two alleles across all samples at a given locus), we 

created a third SNP data set (“2N-biallelic”), by removing loci from the 2N SNP data set 
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that had more than two alleles total across all samples. The multispecies data set was 

processed the same as the 2N data set. After quality filtering, the 4N, 2N, 2N-biallelic, 

and multispecies SNP data sets contained 4,018, 3,395, 3,337, and 21,660 SNPs, 

respectively. We removed 11 Eastwood manzanita individuals that had ≥50% missing 

data, leaving 126 individuals for analyses. 

4.2.6 SNP data processing 

For downstream analyses, we converted the filtered VCF files to nexus format 

alignment files with custom scripts in R V. 3.6.0 (R Core Team 2018), using standard 

International Union of Pure and Applied Chemistry (IUPAC) ambiguity codes to 

represent heterozygosity while retaining information for each allele. For STRUCTURE 

analyses (Pritchard, Stephens, and Donnelly 2000), which require unlinked loci, we used 

custom R scripts to select only the first SNP from each unique RAD fragment. 

4.2.7 Genetic distance analyses 

We analyzed all data sets in SplitsTree4 V. 4.15.1 (Huson and Bryant 2006), 

using the uncorrected p measure of genetic distance, defined as the number of 

nucleotide differences between two sequences divided by the length of the sequences 

(Nei and Kumar 2000). We retained information for heterozygous genotypes by setting 

SplitsTree4 to average ambiguous states in the calculation of uncorrected p. We 

computed a network visualization for each data set using the NeighborNetwork method 

(Bryant and Moulton 2002). To visualize patterns across these networks, we used the 

phangorn package (Schliep et al. 2016) in R. Additionally, we used multidimensional 

scaling analysis (MDS) (Gower 1966), calculated using the cmdscale function in R, to 

visualize genetic distances. We investigated the results of MDS models calculated with 
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as many as four dimensions, but the results yielded no additional geographic or 

taxonomic pattern beyond those of the two-dimensional MDS. We therefore calculated 

our MDS analyses with two dimensions. To search for patterns of clustering within the 

MDS results, we performed k-means clustering (Forgy 1965; MacQueen and Others 

1967) using the kmeans function in R (R Core Team 2018). We used three statistical 

methods, implemented in the factoextra R package (Kassambara and Mundt 2016), to 

determine the optimal number of clusters: the within-group sum-of-squares, average 

silhouette width, and gap statistic methods (Forgy 1965; Rousseeuw 1987; Tibshirani, 

Walther, and Hastie 2001). To test whether genetic differentiation among samples is 

associated with geographic distance, we performed a simple Mantel test (Sokal 1979) in 

the R package ade4 (Dray, Dufour, and Others 2007). 

In addition to MDS, we performed nonmetric multidimensional scaling (NMDS) 

using the prabclust function in the R package prablus (Hennig and Hausdorf 2020). This 

package calculates pairwise shared allele distances, defined as one minus the 

proportion of alleles shared between two samples (ignoring loci with missing data for one 

or both samples) (Bowcock et al. 1994), and performs NMDS on this distance matrix. 

We selected nine dimensions for the NMDS, because this was the least number of 

dimensions that yielded a stress value of less than 0.1 (Clarke 1993). Because of the 

high dimensionality of the NMDS analysis, we could not visually inspect the result so we 

instead performed Gaussian clustering implemented in the prabclust function, to sort 

samples into clusters. We tested clustering results ranging from two to four clusters (k = 

2 to 4), and used leave-one-out cross-validation (Friedman, Hastie, and Tibshirani 2001) 

to evaluate whether the clusters were distinct at each value of k. We then compared 

clustering results with taxonomic determination and geographic pattern. Because the 
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clustering results at k = 4 provided no additional geographic or taxonomic insight when 

compared with the result at k = 3, we did not perform clustering for higher values of k. As 

the NMDS implemented in prabclust can only use diploid, biallelic SNPs (Hennig and 

Hausdorf 2020), we used the 2N-biallelic SNP data for this analysis, and could not 

compare results of Gaussian clustering among the three Eastwood manzanita SNP data 

sets. 

4.2.8 STRUCTURE analysis 

For each Eastwood manzanita data set, we used the ParallelStructure package 

(Besnier and Glover 2013) in R to implement computation of STRUCTURE analyses 

(Pritchard, Stephens, and Donnelly 2000) for fifteen separate calculations of each value 

of k (the number of genetic clusters) ranging from k = 1 to k = 9. We ran each 

independent STRUCTURE calculation for 1,100,000 Markov chain Monte Carlo (MCMC) 

generations, discarding the first 100,000 generations as burn-in. To infer the best-

supported value of k, we used the Evanno et al. ∆k method (Evanno, Regnaut, and 

Goudet 2005), implemented on the STRUCTURE Harvester website (Earl and VonHoldt 

2012). We created STRUCTURE-style bar charts using a custom R plotting function. 

4.2.9 Principal Components Analysis 

We conducted principal component analyses (PCA) to estimate genetic 

differentiation, as an alternative method of ordination (based on similarities) to MDS 

(based on distances). For the 2N-biallelic data set, we used VCFtools v0.1.13 (Danecek 

et al. 2011) to convert the VCF file into a numeric genotype matrix. We used the scale2 

function in R package flashpcaR (Abraham et al., 2017) to scale the numeric genotypes 

and conducted a PCA in R using factoextra (Kassambara and Mundt 2017). 
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For the multispecies data set, doing a similar analysis in R is computationally 

heavy and prohibitively slow, due to the large number of SNPs. Thus, we used the 

option “--pca” in the PLINK (Purcell et al. 2007) package to perform principal component 

analysis to estimate genetic differentiation in the multispecies data set. 

4.2.10 Ecological differentiation analysis 

To obtain a sufficient number of samples to test whether Eastwood manzanita 

subspecies are differentiated by habitat, we used geo-referenced herbarium collection 

records (n = 1648) of the seven California Eastwood manzanita subspecies included in 

this study from the Consortium of California Herbaria 

(http://ucjeps.berkeley.edu/consortium/), and cleaned the data by removing duplicates 

and updating taxonomic names (Appendix S4.4). We used environmental variables, from 

publicly available sources, which have been suggested to be correlated with the 

distribution of manzanitas and other chaparral shrub species (Franklin, 1998), including 

soil pH, downloaded from SoilGrid (https://soilgrids.org/, ~0.25 km2 resolution), and the 

19 Bioclimatic variables, along with solar radiation, sourced from Worldclim 

(http://worldclim.org/version2, ~1 km2 resolution) (Appendix S4.5). We used ArcGIS 

v10.2.2, to extract the environmental values for the coordinates of the specimens and 

performed principal component analysis using the R package factoextra (Kassambara 

and Mundt 2017). 

4.2.11 Environment-genotype association analysis 

To determine if Eastwood manzanita subspecies are genetically differentiated at 

loci that are potentially linked to local environmental adaptation, we generated the 

“environment-associated SNP data set” data set. We used the environmental data and 
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Pearson's correlation coefficient (r) to calculate the pairwise correlation between 

environmental variables and eliminated those that were highly correlated (|r| > 0.7) 

(Appendix S4.6), leaving seven variables: BIO3 Isothermality, BIO5 Max Temperature of 

Warmest Month, BIO9 Mean Temperature of Driest Quarter, BIO12 Annual Precipitation, 

BIO14 Precipitation of Driest Month, Solar Radiation and Soil pH (Appendix S4.7). We 

also used the scale2 function in R package flashpcaR to scale the 2N-biallelic data set 

and then used the latent factor mixed model implemented in R package LFMM (Frichot 

et al. 2013) to find SNPs that are highly associated with the environmental variables (P < 

1 × 10−5 for a z-test). We set the number of latent factors (K) to two in accordance with 

the results of the STRUCTURE analysis and p-value histogram (Appendix S4.8) as 

recommended by Frichot et al. (2013). 

To determine which genes contain the environment-associated SNPs, we 

identified the contigs containing the environment-associated SNPs and BLASTed 

(AltschμL et al. 1997) them against GenBank (https://blast.ncbi.nlm.nih.gov/). We used 

the default setting and chose megablast. If no significantly similar genes were recovered 

using megablast, we repeated the search using discontiguous megablast and blastn. 

4.3 Results 

4.3.1 San Gabriel manzanita subspecies alone is supported as genetically distinct in 

some analyses 

To evaluate whether subspecies of Eastwood manzanita are genetically distinct, 

we analyzed the 4N SNP data set using MDS, NeighborNetwork, and STRUCTURE 

analyses. The results of all three analyses suggest that there is no correspondence 

between the structure of genetic variation within Eastwood manzanita and the 
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subspecies taxonomy (Figs. 4.4, 4.5). In the MDS analysis (Fig. 4.4A), samples of most 

subspecies overlap widely. Subspecies gabrielensis (San Gabriel manzanita) is an 

exception to this pattern, because it has almost no overlap with other subspecies. 

https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0004
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0005
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0004
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Figure 4.4 MDS analysis (a) and NeighborNetwork (b) for 4N data set. (a) Two 

dimensional representation of genetic distance among Eastwood manzanita samples. 

Points and polygons are colored by subspecies identification. Polygons are minimum 

areas that enclose all samples of each subspecies. (b) Tips are labelled and colored by 

subspecies identification. 
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To determine if there are genetic clusters that do not correspond to currently 

recognized subspecies, we performed k-means clustering on all three genetic data sets 

(Appendix S4.9). We used three statistical methods: the within-cluster sum of squares, 

silhouette, and gap statistic methods (Forgy 1965; Rousseeuw 1987; Tibshirani, 

Walther, and Hastie 2001), but they did not provide a consistent optimal number of 

clusters (k) (Appendix S4.10), suggesting there is no single optimal number of clusters 

for these MDS results. At all values of k, the clusters do not show any pattern correlated 

with subspecies identity, but rather, roughly correspond to geographic areas within the 

range of our sampling (Appendices S4.11–S4.13). One exception is that at k = 3, the five 

samples of San Gabriel manzanita from the type locality (Mill Creek Summit in the San 

Gabriel Mountains) are identified as a distinct cluster (Figure 4.6, Appendix S4.12). 

https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#support-information-section
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#support-information-section
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#support-information-section
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0006
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#support-information-section
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Figure 4.6 Results of k-means clustering, for k = 3, on the MDS of the 4N SNP data set. 

Points represent individual samples and polygons mark the boundaries of the k-means 

clusters. The labelled cluster is composed of the five samples from the type locality of A. 

glandulosa subsp. gabrielensis at Mill Creek Summit in the San Gabriel Mountains. 

In addition to MDS, we assessed whether there were any clusters that do not 

correspond to subspecies by performing an NMDS analysis paired with Gaussian 

clustering. NMDS has the same analytical goal as MDS, but uses different underlying 

mathematics and can thus produce different patterns than MDS. A linear discriminant 

analysis with leave-one-out cross validation showed no clear separation of subspecies in 

the NMDS clusters (Appendices S4.14–S4.16). The results of Gaussian clustering on 

the NMDS show a geographic pattern that is similar to that of the k-means results on the 

MDS (Appendices S4.11–S4.13). The results of the Gaussian clustering, however, differ 

https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#support-information-section
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#support-information-section
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in identifying three of the five Mill Creek Summit samples as a distinct cluster at k = 2 

(Appendix S4.14). 

In the NeighborNetwork analysis (Figure 4.4B), samples from most subspecies 

are intermingled across the network. There are samples from individual subspecies that 

group together closely, but other samples from the same subspecies fall elsewhere in 

the network. Two subspecies, gabrielensis and erecta, form exclusive groups in the 

network, however we only have two samples of the latter. Most tips in the network are 

very long, and show little shared edge length with adjacent tips, however, some groups 

of tips show more shared edge length, indicating shared genetic variation among these 

samples. Groups of samples showing these longer shared edges include subsets of 

subspecies gabrielensis, cushingiana, and glandulosa, as well as some clusters of 

mixed subspecies identity. The five A. glandulosa subsp. gabrielensis from the type 

locality, which were identified as a distinct cluster in both the k-means and NMDS 

analyses, show considerable shared edge length, supporting their distinctness from 

other A. glandulosa (Appendices S4.13, S4.15–S4.17). 

The STRUCTURE analysis (Figure 4.5) shows strongest support for k = 2 

(Appendix S4.18). Most samples of subspecies leucophylla, adamsii, and erecta show 

assignment to a single cluster (Figure 4.5A). Individuals of other subspecies show 

assignment to one of the two clusters or to a combination of the two. At k = 2, 

subspecies gabrielensis does not appear to be distinct from other subspecies. At k = 3 or 

4 (Figure 4.5B, C), there is increased variation within subspecies, but no difference 

among any subspecies. STRUCTURE analyses of the 4N data set do not support the 

https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#support-information-section
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0004
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#support-information-section
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#support-information-section
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0005
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#support-information-section
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0005
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0005
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distinct identity of subspecies gabrielensis, in contrast to the MDS and NeighborNetwork 

analyses. 

4.3.2 Results of analyses of genetic structure are similar when assuming diploidy 

Because some methods of analysis are only available for diploid genetic data, 

many authors have analyzed sequence data from polyploid species as diploid (Rodzen, 

Famula, and May 2004; Lachmuth, Durka, and Schurr 2010; Burge et al. 2018; Stobie et 

al. 2018). To evaluate the effect this assumption may have on results, we compared the 

results of analyses based on the 4N data set to the 2N and 2N-biallelic data sets. The 

MDS and NeighborNetwork analyses based on the 2N data set (Figure 4.7) yielded a 

similar pattern of clustering, with almost no correspondence between subspecies and 

genetic structure. As with the 4N data set, subspecies gabrielensis and the two 

subspecies erecta samples form groups in the NeighborNetwork analysis (Figure 4.7B). 

In addition, all samples of subspecies crassifolia also group together in this analysis, in 

contrast to the 4N analysis. All other subspecies are highly interspersed with each other. 

Results of the STRUCTURE analyses based on the 2N data set (Figure 4.8) are also 

largely consistent with those of the 4N analysis. At k = 2, the most strongly supported 

value, there is no differentiation among subspecies. However, 

subspecies leucophylla and adamsii, but not erecta in this case, share a genotype that is 

found less frequently in other subspecies, similar to the results of the analysis with the 

4N data set. In contrast to the 4N analysis, though, at k = 3 and k = 4, the analysis 

based on the 2N data set shows most individuals of subspecies gabrielensis sharing a 

genotype that is largely genetically distinct from other subspecies. 

https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0007
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0007
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0008
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Figure 4.7 MDS analysis (a) and NeighborNetwork (b) for 2N data set. Graphics and 

colors as in Fig. 4.4. 
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The results of the MDS and NeighborNetwork analyses based on the 2N-biallelic 

(Appendices S4.19, S4.20) data set are nearly identical to those based on the 2N data 

set. The results of the STRUCTURE analysis on the 2N-biallelic data set 

(Appendix S4.21) differ slightly from the analysis based on the 2N data set, with more 

individuals assigned to a single cluster and fewer assigned to multiple clusters. 

Because principal components analysis (PCA) is commonly used to analyze 

large-scale genetic data sets, we performed PCA using the 2N-biallelic data set 

(Appendix S4.22). Although the percentage of variation explained by PC1 and PC2 is 

very low (<2%), this analysis reveals a similar pattern of genetic differentiation as the 

MDS analysis. The combined results of our analyses suggest distinctness of only the 

San Gabriel manzanita subspecies. 

4.3.3 Genetic variation in Eastwood manzanita corresponds to a north-south gradient 

A previous study of genetic structure in Eastwood manzanita based on a smaller 

sample set suggested genetic variation along a north-south transect (Burge et al. 2018), 

therefore we tested this hypothesis with our data set. Using the 4N data set, we sorted 

the results of the STRUCTURE analysis by latitude and found a gradient of genotype 

change from north to south (Figure 4.9, Appendix S4.23). Plotting samples coded by 

genotype on a map of Southern California shows this north-south gradient (Figure 4.10). 

Coding the samples in the MDS and NeighborNetwork analyses as north (Transverse 

Ranges and north) vs. south (south of the Transverse Ranges) rather than by 

subspecies shows non-overlap of the two groups, although they do not form separated 

clusters (Appendix S4.24). Moreover, using the Mantel test, we detected a significant 

https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#support-information-section
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#support-information-section
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#support-information-section
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#support-information-section
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0009
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#support-information-section
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0010
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#support-information-section
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correlation between genetic distance and geographic distance among pairwise samples 

(Mantel r = 0.27, P < 0.0001) (Appendix S4.25). Analyses using the 2N and 2N-biallelic 

data sets gave indistinguishable results (Appendices S4.26, S4.27). 

https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#support-information-section
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#support-information-section
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#support-information-section


  

157 

 

Fi
gu

re
 4

.9
 S

TR
U

C
TU

R
E 

re
su

lts
 fo

r k
 =

 2
, f

or
 th

e 
4N

 d
at

a 
se

t, 
so

rte
d 

by
 la

tit
ud

eg
 G

ra
ph

ic
s 

an
d 

co
lo

rs
 a

s 
in

 F
ig

. 4
.5

, e
xc

ep
t 

sa
m

pl
es

 s
or

te
d 

by
 la

tit
ud

e 
fir

st
, a

nd
 th

en
 b

y 
su

bs
pe

ci
es

. T
w

o 
sa

m
pl

es
 u

nd
et

er
m

in
ed

 to
 s

ub
sp

ec
ie

s 
(fa

rth
es

t r
ig

ht
 in

 g
ra

ph
) 

ar
e 

no
t l

ab
el

ed
. 

   



158 

 

 

Figure 4.10 Map showing continuous geographic genetic structure within A. glandulosa. 

Points are shaded in proportion to their value for the first dimension of the MDS on the 

4N data set. A random “jitter” value was applied as in Fig. 4.3. 

Sorting the samples in the STRUCTURE analysis by latitude (Figure 4.9) 

exposes a pattern in subspecies cushingiana in which the samples of this subspecies fall 

largely into two discrete groups, one consisting of a northern genotype and one a 

southern genotype. This is consistent with the localities of our collections, which come 

from two discrete locations, one northern and one southern (Figure 4.3). This pattern 

https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0009
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0003
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can also be seen in MDS plots, in which the samples of subspecies cushingiana form 

two clusters, one overlapping with southern samples, and the other forming a cluster 

close to subspecies gabrielensis and other northern samples (Figure 4.5A, 4.7A). 

Subspecies glandulosa shows a similar, but not as clear-cut, pattern in the 

STRUCTURE results (Figure 4.9). These subspecies both have wide ranges, and span 

the latitudinal distribution of our samples, thus it is not surprising to see north-south 

variation within each of them. 

4.3.4 Broad-scale environmental data fail to distinguish Eastwood manzanita 

subspecies 

To test whether Eastwood manzanita subspecies can be distinguished by broad-

scale topoclimatic and edaphic factors, we performed PCA with environmental data 

extracted from online mapping resources. We used data from herbarium specimens to 

provide statistical power. The range of environmental variability captured in this data set 

differs among subspecies, but samples of most subspecies overlap (Figure 4.11). 

Principal component 1 (PC1) and PC2, which respectively explain 73% and 25% of the 

variation, are most heavily weighted by four environmental variables: solar radiation, BIO 

4 Temperature Seasonality (standard deviation × 100), BIO 12 Annual Precipitation and 

BIO16 Precipitation of Wettest Quarter (Appendix S4.28). Subspecies glandulosa has 

the widest range of variation along the niche dimensions considered, and occupies an 

area on the plot that encompasses the ranges of all other subspecies. 

Subspecies cushingiana occupies the second largest space, although the number of 

samples classified as subspecies cushingiana (n = 221) is far fewer than 

subspecies glandulosa (n = 830). 

https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0005
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0007
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0009
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0011
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#support-information-section
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Figure 4.11 PCA using environmental data for herbarium records for Eastwood 

manzanita. Points represent individual collection records (n = 1648). Subspecies are 

distinguished by color and shape. Polygons represent minimum areas that enclose all 

samples of a given subspecies. 

4.3.5 Analyses using only environment-associated SNPs suggests subspecies 

cushingiana is also, in part, genetically distinct 

To determine if subspecies might be distinguished by differences in genes that 

potentially play a role in local adaptation, we identified SNPs correlated with variation in 

environmental variables, and then identified likely genes containing those SNPs. Using 

the same environmental variables as in the previous analysis, and the 2N-biallelic data 

set, we identified 73 SNPs that are highly associated with seven of the environmental 

variables (P < 1 × 10−5) (Figure 4.12, Appendix S4.29). Because some SNPs were 

https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0012
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#support-information-section
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correlated with more than one environmental variable, we identified 50 unique SNPs that 

we included in the environment-associated SNP data set. 

Figure 4.12 SNPs associated with climatic variables. Points represent SNPs. The dashed line 

represents the threshold for statistical significance at P = 1* 10-5 for the association of SNP and 

the environmental variable.  Solid points show significant association. 

We performed PCA, MDS, and STRUCTURE analyses to evaluate whether 

subspecies of Eastwood manzanita are genetically distinguishable at loci potentially 

important in environmental adaptation (Figure 4.13, 4.14). The percentage of variation 

explained by PC1 and PC2 increased greatly compared to the result using the full 2N-

biallelic data set (Figure 4.13A, Appendix S4.22), presumably the result of a 

considerably smaller data set. Plots of PC3 and greater showed no additional pattern of 

subspecies differentiation. Samples of most subspecies show a higher degree of 

overlap, although subspecies gabrielensis still forms a largely distinct group. However, a 

subset of the subspecies cushingiana samples also form a discrete group in this 

analysis. The MDS analysis suggests a similar result (Figure 4.13B). 

https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0013
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0014
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0013
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#support-information-section
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0013
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Figure 4.13  PCA (a) and MDS (b) using the environment-associated SNP data set. 

Graphics and colors as in Fig. 4.4a. 

The STRUCTURE analysis using the environment-associated SNP data set 

shows the greatest support for k = 6 (Figure 4.14A). Although the value of k is large, the 

percentage of assignment to each cluster in most samples is similar, suggesting low 

levels of differentiation across the subspecies. However, a subset of individuals from 

subspecies cushingiana and all samples of subspecies gabrielensis share a genotype 

that is rare in the remaining samples, consistent with results from the 2N-biallelic data 

set (Appendix S4.21). Because k = 2 was the most highly supported value for the 2N-

biallelic data set, we analyzed the environment-associated SNP data set using k = 2 as 

well (Figure 4.14B, C). The results are similar to those with k = 6. The assignment to 

clusters is similar among most samples, with subspecies gabrielensis and a subset of 

subspecies cushingiana samples sharing a genotype that is found scattered in a few 

https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0014
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#support-information-section
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0014
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samples of other subspecies (Figure 4.14A, B). However, using the reduced data set, we 

found fewer individuals from other subspecies sharing this genotype (Figure 4.14B, C). 

Thus, the environment-associated SNP data set does not differentiate most subspecies, 

but the signal differentiating some samples of subspecies cushingiana and 

subspecies gabrielensis is still detected. In contrast to the analyses with the full data set, 

however, we do not see a north-south gradient of genetic differentiation with this data set 

(Appendix S4.30). Although subspecies gabrielensis and the northern samples of 

subspecies cushingiana still show a distinct genotype, many of the individuals from other 

subspecies that shared this “northern” genotype in the analyses of the full data set do 

not share it in the reduced data set, thereby obscuring the north-south gradient. 

In the LFMM analysis, we found that the SNPs identified assuming K = 1, 3, and 

4 almost entirely overlap with the SNPs based on the assumption of K = 2 

(Appendix S.31). Therefore, we used K = 2 in the analysis and traced the 50 

environment-associated SNPs to 44 unique contigs, the length of which varied from 130 

bp to 260 bp. A BLAST search (AltschμL et al. 1997) found a match for 41 of these 

contigs (Appendix S.32). The majority of these genes are predicted to play a role in 

functions such as cell division, protein elongation, cytoskeleton-related processes, and 

transcription; therefore, relationships with adaptation to local environmental conditions 

are difficult to establish. 

https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0014
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0014
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#support-information-section
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4.4 Discussion 

4.4.1 Most Eastwood manzanita subspecies are not differentiated by reduced-

representation genomic sequence data or broad-scale environmental data 

Our analyses were unable to detect differentiation among most Eastwood 

manzanita subspecies on the basis of genomic data, coarse-scale environmental 

variables, or environment-associated genetic variants. These results are consistent with 

the morphological variability seen across the species. Instead of a correspondence to 

taxonomy, we see across our genetic analyses that genetic structure within A. 

glandulosa shows a geographic pattern. 

As in the genetic analyses, our analyses of environmental variables found 

overlap among all subspecies. However, although the geographic distribution of the 

herbarium specimens we used largely matches the described ranges of subspecies, 

subspecies taxonomy has changed over the decades, and older specimens may have 

been classified using a currently outdated system. Furthermore, we are limited in the 

conclusions we can draw by the coarse resolution of the environmental data and the 

limited number of ecological factors considered. As is always the case in such analyses, 

taxa may be separated on niche axes not captured by the environmental data 

considered, at the scale of the analysis (Fletcher et al. 2013). Therefore, these results 

should be seen as preliminary and a source of hypotheses for additional testing with 

updated specimen identification, additional habitat information such as soil water 

potential, mineral differences, and vapor pressure deficit, as well as finer-scaled data 

describing these factors. Although it is not surprising to find genetic and habitat similarity 

among members of the same species, some level of divergence in these factors would 
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be expected among subspecies as evolutionary units, which may be identified with 

further study. 

Our results did show that genetic structure within Eastwood manzanita reflects 

geographic distribution, confirming the findings from Burge (Burge et al. 2018). The MDS 

and NeighborNetwork analyses show that the samples can be divided into northern and 

southern groups, however, these groups are not clearly separated, and the overall 

pattern is thus better described as a gradient of genetic variation (Appendix S4.24). The 

STRUCTURE results show a transition from a predominantly northern genotype to 

predominantly southern at the Transverse Ranges of Southern California (Figure 4.9). 

This suggests a pattern of genetic divergence by geographic distance, confirmed by the 

significant correlation between genetic and geographic distance (Appendices S4.25–

S4.27). Such a north-south pattern of genetic variation has also been observed in other 

studies of the California biota (Zink, Lott, and Anderson 1987; Burge et al. 2011; Sork et 

al. 2016; Schierenbeck 2017) and the Transverse Ranges have been suggested as a 

barrier to genetic continuity (Calsbeek, Thompson, and Richardson 2003; Sgariglia and 

Burns 2003; Forister, Fordyce, and Shapiro 2004; Chatzimanolis and Caterino 2007). 

Our analyses do not indicate a barrier at the Transverse Ranges, but rather suggest a 

continuum (Figure 4.9, 4.10). 

Our analyses using the 4N, 2N, and 2N-biallelic data sets generate largely similar 

results (Figure 4.4, 4.5, 4.7, 4.8, S4.1–S4.3), suggesting that the loss of information 

caused by assuming diploidy in a tetraploid sample set may not prevent detection of 

genetic structure. In fact, the genetic patterns appear most clear in the 2N-biallelic and 

least clear in the 4N analyses, suggesting that the biallelic SNPs may hold the strongest 

https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#support-information-section
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0009
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#support-information-section
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#support-information-section
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0009
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0010
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0004
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0005
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0007
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0008
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#support-information-section
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evolutionary signal. This is supported by the observation that most of the loci (~98%) in 

the data set are biallelic. Overall, our results suggest that the easier and more rapid 

analyses based on the use of biallelic genetic data can give a good approximation of the 

genetic structure. Testing in additional systems is needed to determine if this is broadly 

true. 

4.4.2 Analyses support distinction of San Gabriel manzanita, but not Del Mar 

manzanita 

Two subspecies of Eastwood manzanita are considered rare or threatened: San 

Gabriel manzanita (A. glandulosa subsp. gabrielensis), found in the San Gabriel and 

Sierra Madre mountains of California; and Del Mar manzanita (A. 

glandulosa subsp. crassifolia), found along the coast of San Diego County (Figure 4.2). 

A previous study of Del Mar manzanita, based on RAD-Seq data and morphometric 

analyses, concluded that circumscription of this subspecies based on vegetative 

morphology was ineffective (Burge et al. 2018). An earlier study found that fruit shape 

was distinctive in subspecies crassifolia (Keeley, Vasey, and Parker 2007), but fruits 

were not included in the study by Burge (Burge et al. 2018). The Burge et al. study was 

unable to reach a conclusion regarding genetic boundaries of the subspecies, largely 

due to insufficient sampling of other subspecies. Our results, with broader sampling 

across the species, suggest that Del Mar manzanita is not genetically distinct from other 

subspecies (Figure 4.4, 4.5). The only exception is the 2N and 2N-biallelic 

NeighborNetwork analyses, in which the Del Mar manzanita samples cluster together 

(Figure. 4.7, S4.1–S4.3). However, neither the MDS nor the STRUCTURE analyses of 

the diploid data sets show any differentiation of subspecies crassifolia. These results, 

along with inconclusive morphological distinction and lack of environmentally associated 

https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0002
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0004
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0005
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0007
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#support-information-section
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genetic differentiation along the niche dimensions considered, suggest that the 

recognition of Del Mar manzanita as a distinct subspecies should be reconsidered. 

San Gabriel manzanita (A. glandulosa subsp. gabrielensis) was historically 

treated as a separate species, A. gabrielensis (Wells 2000, 1992), but was later 

transferred into A. glandulosa as a subspecies (Keeley, Vasey, and Parker 2007). The 

PCA, MDS, and NeighborNetwork analyses using all three genetic data sets indicate 

that this subspecies is genetically distinct from the others (Figure 4.4, 4.7, S4.1–S4.4). 

To determine if San Gabriel manzanita is as distinct as other species are from each 

other, we analyzed genetic differentiation of five diploid species that are morphologically 

both distinct and consistent (Appendices S4.33–S4.35). The results showed that all 

species formed discrete clusters, and occupied well-separated regions of the MDS and 

PCA plots. In contrast, samples of San Gabriel manzanita fall relatively close to the other 

subspecies (Figure 4.4, 4.6, Appendices S4.19 and S4.22). The results of the 

NeighborNetwork analysis of the multispecies data set show genetic clusters completely 

coincide with species identity, with samples from each species grouping together, and 

separated from other species (Appendix S4.35). In contrast to this, NeighborNetwork 

analyses of Eastwood manzanita subspecies show that although San Gabriel manzanita 

samples form a unique cluster, they are not separated from the rest of the network 

(Figure 4.4, 4.6, Appendix S4.20). Although these results cannot be compared directly, 

the lack of discrete separation of the San Gabriel manzanita samples from the other 

subspecies suggests a closer relationship than seen in the multispecies analyses. 

However, we found that samples of San Gabriel manzanita from the type locality (Mill 

Creek Summit in the San Gabriel Mountains) showed greater differentiation from other 

samples of A. glandulosa than did the samples of San Gabriel manzanita from other 

https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0004
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0007
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#support-information-section
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#support-information-section
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0004
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0006
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#support-information-section
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#support-information-section
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#support-information-section
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0004
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0006
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#support-information-section
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localities (Appendix S4.36). The Mill Creek samples were also identified as a distinct 

cluster in the k-means and Gaussian clustering analyses (Figure 4.6, 

Appendices S4.12, S4.13, S4.15, S4.16). 

Our results may support the original status of San Gabriel manzanita as a distinct 

species, although it would possibly need to be circumscribed more narrowly as just the 

plants from Mill Creek Summit. It has been hypothesized that San Gabriel manzanita 

may be a hybrid of A. glandulosa and A. parryana (Keeley, Vasey, and Parker 2007; 

Kauffmann et al. 2015). The latter is a broadly sympatric species that has noticeable 

morphological similarities with San Gabriel manzanita, including shiny bright green 

leaves and fusion of the nutlets in the fruits (Kauffmann et al. 2015). The samples of San 

Gabriel manzanita from other localities, which have typical morphology for San Gabriel 

manzanita and are genetically intermediate between the Mill Creek Summit cluster and 

other samples, may be hybrids between A. glandulosa and the putatively distinct 

species A. gabrielensis. A definitive evaluation of this hypothesis, however, requires 

further sampling, including additional San Gabriel manzanita populations and A. 

parryana. 

Unlike PCA, MDS, and NeighborNetwork analyses, STRUCTURE analyses, with 

all three genetic data sets at most values of k, do not indicate that the genotype of San 

Gabriel manzanita is unique, although it is not common in other subspecies 

(Figure 4.5, 4.7, Appendix S4.21). PCA, MDS, and NeighborNetwork analyses use either 

allele frequencies (PCA) or distance measures (MDS and NeighborNetwork) to 

characterize genetic variability or relatedness in a given population of samples (Bryant 

and Moulton 2004; Jombart, Pontier, and Dufour 2009). These analyses invoke few 

https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#support-information-section
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0006
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#support-information-section
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#support-information-section
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#support-information-section
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#support-information-section
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0005
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0007
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#support-information-section


170 

assumptions regarding the structure of genetic diversity in the sample population. In 

contrast, STRUCTURE is based on the assumption of Hardy-Weinberg (HW) 

equilibrium, and constructs a genetic model that assigns samples to clusters that 

minimize HW disequilibrium (Pritchard, Stephens, and Donnelly 2000; Falush, Stephens, 

and Pritchard 2003). The evolutionary assumptions implemented to construct complex 

models in STRUCTURE analyses likely explain the differences in results obtained in 

these analyses. Moreover, the formula STRUCTURE uses to calculate expected 

genotype frequencies differs for diploid and polyploid samples, which may explain the 

differences in the results obtained using the 4N vs. the 2N or 2N-biallelic data sets 

(Dufresne et al. 2014). 

Taken together, our results indicate that San Gabriel manzanita shows a degree 

of genetic differentiation from the other subspecies and suggests it should remain of 

conservation concern, however a final determination regarding its taxonomic rank cannot 

be made without further sampling, including a disjunct population reported from Santa 

Barbara County. 

4.4.3 Using genetic loci potentially related to environmental adaptation produces a 

similar result to the full SNP data set 

Subspecies are often considered to arise through local adaptation (Grant 1981b; 

Patten and Unitt 2002; Haig et al. 2006; Walsh et al. 2017). This suggests that 

subspecies should differ genetically at loci related to responses to environmental factors. 

Although we found that Eastwood manzanita subspecies are not differentiated on the 

basis of genome-wide genetic data, we investigated whether an analysis of 

environmentally linked genetic loci might uncover differences among subspecies. Both 



171 

PCA and MDS using the 50 2N-biallelic SNPs that varied in correlation with 

environmental variables showed a largely similar pattern to the analyses of the full SNP 

data set (Figure 4.13, Appendices S4.19, S4.22), with perhaps even more pronounced 

results showing tight clustering of most samples and divergence of samples of 

subspecies gabrielensis. However, with this strongly reduced genetic data set, 

subspecies cushingiana also is found to be partly distinct. Some samples of this 

subspecies cluster with the other subspecies, but five samples, corresponding to those 

from the northern part of our sampling range (Figure 4.3), are divergent. This suggests 

that local adaptation may play a role in genetic differentiation of 

subspecies gabrielensis and cushingiana, which is consistent with the habitat 

differentiation found in a previous study (Keeley, Vasey, and Parker 2007). The partial 

genetic distinction within subspecies cushingiana is also supported by other analyses 

that suggest that the subspecies can be subdivided into a north and a south component 

(e.g., Figure 4.9). This reflects our sampling from two geographically separated regions 

(Figure 4.2, 4.3). Further investigation, including sampling across the range, is needed to 

elucidate the patterns of genetic variation of subspecies cushingiana. 

A goal of molecular analyses is to draw direct lines from genetic variants to 

phenotypes. We evaluated the genes containing environmentally correlated SNPs to 

determine if we could identify such connections between genotype and environmental 

adaptation. However, identification of genes containing environmentally associated 

SNPs did not reveal any genes that can readily be related to adaptation to habitat 

differences. Many of these genes function in multiple biological processes, making 

connection with specific environmental adaptations impossible. Establishing such a link 

would take carefμL analysis of gene function, which is not possible at this time because 

https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0013
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#support-information-section
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#support-information-section
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0003
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0009
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0002
https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0003
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of limits posed by the plants themselves, including difficult culturing and long generation 

times. 

4.4.4 Subspecies recognition in Eastwood manzanita 

Although Eastwood manzanita has been divided into multiple subspecies, our 

analyses suggest that with the exception of San Gabriel manzanita, the eight subspecies 

we sampled are not well differentiated genetically. This is consistent with the overlapping 

morphological boundaries among the subspecies. Within the ranges of many subspecies 

there are populations that are fairly uniform phenotypically, and that represent the 

archetype for that subspecies. However, in between those populations are 

heterogeneous populations that obscure much of those distinctions. Recognition of the 

individual phenotypically uniform populations as subspecies leaves the plants found in 

much of the range of the species as unclassifiable. Furthermore, such population-level 

variation may allow recognition of different phenotypes, but currently we do not have 

data to suggest any degree of genetic differentiation, which would be required for 

subspecies to be evolutionarily significant units, according to our definition. Given that 

some populations of A. glandulosa show consistent morphologies that can be identified 

as a single subspecies, but our analyses detected no genetic differentiation, the complex 

may be something akin to the syngameon concept sometimes applied to groups of 

woody plants species that show extensive interspecific gene flow (Grant 1981b; 

Cavender-Bares 2018). 

One hypothesis that could explain the existence of populations with mixed 

phenotypes in these long-lived perennial shrubs is that populations that had uniform 

phenotypes when they were established may have become more variable over time due 
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to subsequent gene flow from other populations. This is consistent with the predicted 

very long lifespan of these plants and the fact that recruitment is tied to infrequent fires. 

These factors may create populations composed of plants of varying ages with genetic 

admixture from multiple genetic lineages within the species. Studies have shown that the 

seeds are dispersed by mammals, including large mammals, which may allow them to 

be moved over large distances (Keeley and Hays 1976; Parker 2015). Although nothing 

is known about the distance that pollen travels in this species, solitary bees, honey bees, 

and bumblebees, which have been documented pollinating manzanitas including A. 

glandulosa subsp. mollis, can travel up to several miles (Fulton and Lynn Carpenter 

1979; Osborne et al. 2007; Zurbuchen et al. 2010; Hagler et al. 2011). Such mixing of 

genetic material, leading to diverse phenotypes, is therefore possible, however little is 

known about the demographic structure of Eastwood manzanita populations—an area 

that needs further investigation. 

Another hypothesis to explain the morphological variability in this species is that 

Eastwood manzanita may be a heterogeneous assemblage of tetraploid hybrids that 

arose multiple times, possibly from a number of different progenitor species pairs. An 

additional factor contributing to the variability might be introgression into these tetraploid 

populations from diploid species via unreduced gametes (Ramsey and Schemske 1998). 

This is consistent with the regionally localized ranges of many of the subspecies 

(Figure 4.2). Much more in-depth sampling across the ranges of these subspecies, and 

inclusion of potential progenitor species, will be needed to evaluate this hypothesis. This 

would include more northern populations, including A. glandulosa subsp. howellii, which 

is an unsampled subspecies from the central coast of California, as well as expanded 

https://bsapubs.onlinelibrary.wiley.com/doi/full/10.1002/ajb2.1496#ajb21496-fig-0002
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sampling of Mexican subspecies. These analyses will benefit from the sequencing of a 

manzanita genome, which is underway. 

Subspecies concepts have not historically focused on plants, particularly not on 

long-lived perennial plants. It is possible that because of the differences in population 

structure that result from the long lifespan, dynamics of gene flow, and immobility of 

individuals, subspecific differentiation in these species may not be well described by 

available concepts. Further consideration of subspecies concepts, and aspects of 

practical application, are needed to encompass a wider variety of organisms with diverse 

life histories. As we now have greater power than ever to assess genetic structure within 

a species, we have an opportunity to evaluate diversity in an ever-greater array of 

groups, and must ensure our conceptual framework keeps pace accordingly. 

4.5 Conclusion 

Our results show that genetic structure within Eastwood Manzanita does not 

correspond to current subspecies circumscriptions, but rather reflects geographic 

distribution. We also found that of the two subspecies recognized by state and federal 

authorities as rare or endangered, only A. glandulosa subsp. gabrielensis appears to be 

genetically distinct, and not A. glandulosa subsp. crassifolia. This implies that genotype 

preservation is important in the conservation of the former subspecies but that additional 

data are needed to fully evaluate the genetic distinctiveness of  A. glandulosa subsp. 

crassifolia. Our study suggests that next-generation sequencing data may provide novel 

insight into diversification among morphologically defined manzanita taxa. 
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4.7 Appendix 

Appendix S4.1 Modification of DNA extraction using the Qiagen DNEasy Plant Mini Kit 

(Qiagen: Hilden, Germany). We modified the manufacturer’s protocol in the following 

ways: (1) the lysis buffer was heated to 60° C before mixing with the tissue sample, (2) 

TE buffer was preheated to 60° C before using for elution, and (3) the extraction column 

was eluted only once to improve concentration. 
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Appendix S4.2 LGC ddRAD-seq protocol:ddRAD library construction on 96 samples 

Actostaphylos;PstI-MspI (provided by LGC, Berlin, Germany) 

1. Restriction digest: 100-200 ng of genomic DNA were digested with 2 Unit each MspI 

and PstI-HF(NEB) in 1 times Cutsmart buffer in 20µl volume for 2 hours at 37°C. The 

restriction enzymes were heat inactivated by incubation at 80°C for 20 min.  

2. ddRAD library construction:  

• Ligation Reaction: 10 µl of each restriction digest were transferred to a new 96-

well PCR plate, mixed on ice first with 1.5 µl of one of 96 inline-barcoded forward 

PstI Adaptors (pre-hybridized, concentration 5 pM/µl), followed by addition of 

20µl Ligation master mix (contains: 15 µl NEB Quick ligation buffer, 0.4 µl NEB 

Quick Ligase, 5 pM prehybridized common reverse MspI Adaptor). Ligation 

reactions were incubated for 1h at RT, followed by heat inactivation for 10 min at 

65°C.  

• Library purification: all reactions were diluted with 30 µl TE 10/50 (10mM 

Tris/HCl, 50mM EDTA, pH:8.0) and mixed with 50 µl Agencourt XP beads, 

incubated for 10 min at RT and placed for 5 min on a magnet to collect the 

beads. The supernatant was discarded and the beads were washed two times 

with 200 µl 80% Ethanol. Beads were air dried for 10 min and libraries were 

eluted in 20 µl Tris Buffer (5 mM Tris/HCl pH:9).  

• Library amplification: 10 µl of each of the 96 Libraries were separately amplified 

in 20 µl PCR reactions using MyTaq (Bioline) and standard Illumina TrueSeq 

amplification primers. Cycle number was limited to 14 Cycles.  
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3. Pooling and clean up of ddRAD libraries: 5 µl from each of the 96 amplified libraries 

were pooled. PCR primer and small amplicons were removed by Agencourt XP bead 

purification using 1 Volume of beads. The PCR enzyme was removed by an 

additional purification on Qiagen MinElute Columns. The pooled library was eluted in 

a final volume of 20µl Tris Buffer (5 mM Tris/HCl pH:9).  

4. Normalisation: Normalisation was done using Trimmer Kit (Evrogen). 1 µg pooled 

ddRAD library in 12 µl was mixed with 4 µl 4x hybridization buffer, denatured for 3 

min at 98°C and incubated for 5 hours at 68°C to allow reassociation of DNA 

fragments. 20 µl of 2x DSN master buffer was added and the samples were 

incubated for 10 min at 68°C. One Unit of DSN enzyme (1U/µl) was added and the 

reaction was incubated for another 30 min. Reaction was terminated by the addition 

of 20µl DSN Stop Solution, purified on a Qiagen MinElute Column and eluted in 10µl 

Tris Buffer (5 mM Tris/HCl pH:9). 

5. Reamplification: The normalized library pool was re-amplified in 100µl PCR reactions 

using MyTaq (Bioline). An i5-Adaptor primer was used to include an i5-Index into the 

library, allowing parallel sequencing of multiple libraries on the Illumina NextSeq 500 

sequencer. Cycle number was limited to 14 cycles.  

6. Size selection: The ddRAD library was size selected on Blue Pippin, followed by a 

second size selection on a LMP-Agarose gel, removing fragments smaller than 200 

bp and those larger than 500 bp.  

7. Sequencing: Sequencing was done on an Illumina NextSeq 500 using V2 Chemistry 

(300 cycles) 
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Appendix S4.3 UCR ddRAD-seq protocol 

1. Primer and adapter sequences (similar to Peterson et al. 2012): 

PstI adapter p1.1 

ACACTCTTTCCCTACACGACGCTCTTCCGATCTnnnnnnTGCA 

PstI adapter p1.2 

NNNNNAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT 

where “NNNNNNN” is a unique 4-7 bp sequence for each of 96 barcoded adapters. 

If you plan to use PstI, avoid ending the barcode with “C.” 

MspI adapter 1: 

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT 

MspI adapter 2: 

CGAGATCGGAAGAGCGAGAACAA 

ILLPCR1 primer: 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG 

Indexed PCR2 Primers: each unique pcr2 primer lets you reuse the 96 barcodes in 

the same lane. E.g., if you plan to run 192 samples/lane, order two pcr2 primers. If 

using two indexed primers, Illumina recommends 6 and 12. If three primers, use 4, 

16, 12. If six primers, 2,4,5,6,7,12. 

ILLPCR2-06 

CAAGCAGAAGACGGCATACGAGATATTGGCGTGACTGGAGTTCAGACGTGTGC 

ILLPCR2-12 

CAAGCAGAAGACGGCATACGAGATTACAAGGTGACTGGAGTTCAGACGTGTGC 

2. Preparation of specialized reagents: 

• Barcoded SbfI/PstI adapter combinations: 



187 

PstI adapter p1.1(100 μM stock)  5 uL 
PstI adapter p1.2(100 μM stock)  5 uL 
water  90uL 

Anneal oligo pairs by mixing 5 μL of each oligo in a pair (100 μM stock) with 90 μL of 

water to make 100 μL of 5 pmole/μL (5 uM) of annealed, doubled stranded adaptor 

stock.  Heat to 95° C for 5 minutes and slowly cool to room temperature.  Keep the 

set of adaptors organized in plate format that is convenient for later use in setting up 

reactions. 

• MspI adapter: 

Mix 100 μL of the MspI-adap1 and MspI-adap2 oligos (100 μM stock) with 800 μL of 

water to make 1000 μL of 10 pmole/μL (10 μM) stock.  

MspI adapter p1.1(100 μM stock) 

MspI adapter p1.1(100 μM stock) 100 uL 
MspI adapter p1.2(100 μM stock) 100 uL 
water 800 uL 

Heat to 95° C for 5 minutes and slowly cool (0.1 C/s) to room temp (18 C) to anneal 

µoligos into double-stranded adaptor.   

• PCR primers:  

Mix 50 μL of the Illpcr1 and Illpcr2 oligos with 900 μL of water to make a working 

solution (5 μM of each oligo).  The dual-indexing barcode is incorporated in the 

Illpcr2-## oligo, so this step must be repeated for each dual-indexing barcode 

(mixing each uniquely indexed version of Illpcr2 with Illpcr1, which will be the same 

oligo in all working solutions). 
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ILLPCR1 primer 50uL 
ILLPCR2-06 50uL 
water 900uL 

 
ILLPCR1 primer 50uL 
ILLPCR2-12 50uL 
water 900uL 

 

3. Restriction Digest 

Restriction Master Mix 

Reagent 1x 1.1x  96x 

Cutsmart buffer (10x) 2 uL 2.2 211.2 

PstI-HF 0.1 μL (= 2 units) 0.11 10.56 

MspI 0.1 μL (= 2 units)  0.11 10.56 

• Prepare the 96 well plate and load 100-200ng gDNA into each well and add 

specific amount of water to make the total volume to be 17.8μL. 

• Add 2.2 μL Restriction Master Mix into every well. 

• Incubate at 37°C for 3 hours. 

4. Adaptor Ligation 

Reagents Volume for 1 sample Volume for  9 samples (* 
1.1) 

10x Cutsmart 0.26uL 2.57uL 
100 mM ATP 0.12uL 1.19uL 
MspI adaptor (10pM/uL) 1uL 9.90uL 
Water 0.05uL 0.50uL 
T4 DNA Ligase 0.17uL 1.68uL 

 

• Ligation master mix 

• Mix 9 μL restriction digest with 1 μL of PstI adaptors (5pM/uL) on ice 
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• Add 1.6 μL ligation master mi 

• The total reaction volume should now be 11.6 μL. Cover, seal and centrifuge the 

plate then incubate in thermocycler according to the following program: 

16°C for 3 hours (cover temp: 70°C, reaction volume: 12 μL) 

12°C indefinitely 

5. Purification (short fragment removal) using Agencourt AMPure 

• Mix the reaction mixture from step 4 with 39μL water 

• Add 41.13μL Agencourt XP beads. Pipet 10 times. Incubate the mixture for 5 min 

at Room Temperature. 

• Place the plate in magnet for 10min. 

• Still on the magnet plate, discard the supernatant. 

• Still on the magnet plate, add 190 μL 70% ethanol (freshly prepared same day 

• from absolute ethanol) to each well. 

• Incubate at room temperature for 1 min. 

• Still on the magnet plate, aspirate out the ethanol and discard 

• Still on the magnet plate, repeat the wash steps. 

• Still on the magnet plate, let the plate at room temperature for 10 minutes to 

remove all traces of ethanol. Not too long; avoid over-drying the beads. 

• Remove the plate from the magnet plate. Add 20 ìL ddH2O by pipetting the mix 

10-30 times. 

• Put the plate on the magnet plate again for 1 minute to separate the beads from 

the solution. 

• Still on the magnet plate, transfer the eluate with DNA into a new plate. Be 

carefμL not to move the plate or move/touch the beads. 
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6. PCR Amplification 

• This PCR step uses the Illumina PCR primers to amplify fragments that have our 

adapters + barcodes ligated onto the ends. To ameliorate stochastic differences 

in PCR production of fragments in reactions, we run four separate 5 μL reactions 

per restriction-ligation product, and later combine them. 

• Prepare master mix III in a 2mL tube per the recipe below, vortex and centrifuge. 

Be sure to prepare separate master mixes for samples to be indexed with 

different Illumina index sequences- these will each require a different primer mix 

Reagent 1x (uL) 1.1x (uL) 1 Plate (uL) 
ddH20 5.06 5.566 534.336 
Q5 Buffer 4 4.4 422.4 
dNTP (10mM) 0.4 0.44 42.24 
PCR Primer Mix 1.34 1.474 141.5 
Q5 High GC Enhancer 4 4.4 422.4 
Q5 Hot Start DNA Polymerase 0.2 0.22 21.12 

 

• Add 15 μL of the combined Master Mix III to the first set of 8 wells of a new 384 

well plate, using a multichannel. 

• Add 5μL of the diluted purified restriction-ligation DNA. Mix well by pipetting 10-

20 times. 

• Distribute 5μL into the 3 adjacent wells for each sample for a total of four 5μL 

reactions per restriction-ligation product. 

• Run the reaction in a thermocycler according to the following PCR profile: 98°C 

for 30 sec (cover temp: 105°C, reaction volume: 5ìL); 20 cycles of: 98°C for 20 

sec, 60°C for 30 sec, 72°C for 40 sec; 72°C for 2 min; 12°C indefinitely 
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• Pool the four PCR product of each sample together. Run >=3 uL(adjust if 

necessary) of PCR product in a gel to find out which samples successfully 

amplified. 

• Pool all samples that successfully amplified, using 5 μL from each amplified 

sample. 

7. Clean-up of pooled dd-RAD library: Use 1 Volume of Agencourt XP beads to 

purify the library and use 20μL Tris Buffer(5mM Tris/HCl pH: 9) to elute 

8. Normalization: Trimmer Kit (Evrogen): 

• Mix 1 μg pooled ddRAD library in 12 μl total volume with 4 μl 4x hybridization 

buffer. This may require concentrating the library. Buffer will be the same as 

elution buffer in the bead purification step. 

• Denature for 3 min at 98°C. 

• Incubate for 5 hours at 68°C to allow reassociation of DNA fragments. 

• Add 20 μl of 2x DSN master buffer to the samples. 

• Incubate for 10 min at 68°C. 

• Add one Unit of DSN enzyme (1U/μl) and incubate the reaction for another 30 

min. 

• Terminate the reaction by the addition of 20μl DSN Stop Solution. 

• Purify on a Qiagen MinElute Column and elute in 10μl Tris Buffer (5 mM Tris/HCl 

pH:9). 

9. Reamplification: 100 μL PCR system 

• Prepare master mix III, again, in a 1mL/0.5mL tube per the recipe below, vortex 

and centrifuge. Remember to make separate master mixes if using indexing 

primers. 
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PCR (Master Mix III)    
Reagent 1x (uL) 1.1x (uL) 2 sample (uL) 
ddH20 3.66 4.026 8.052 
Q5 Buffer 4 4.4 8.8 
dNTP (2.5mM) 1.6 1.76 3.52 
PCR Primer Mix 1.34 1.474 2.948 
Q5 High GC Enhancer 4 4.4 8.8 
Q5 Hot Start DNA Polymerase 0.4 0.44 0.88 

 

• Add 10 μL of the normalized library and 30 μL of Master Mix III to a new PCR 

tube, and distribute this volume across 8 wells so that you have 4 separate 

replicates of 10 μL each. Mix well by pipetting 10-20 times. 

• Run the reaction in a thermocycler according to the following PCR profile: 98°C 

for 30 sec (cover temp: 105°C, reaction volume: 10ìL); 14 cycles of: 98°C for 20 

sec, 60°C for 30 sec, 72°C for 40 sec; 72°C for 2 min; 12°C indefinitely 

• Pool the four replicates (10 μL PCR product each) together for a total volume of 

40 μL. 

• Prepare Master Mix IV (see below, 2 μL per sample), remember to account for 

dual-indexing primers; they need to be prepared in separate mixes. In order to 

make the ingredient volumes tractable and avoid error associated with pipetting 

small volumes (< 1uL), prepare the volumes given below which are calculated for 

ten samples. 

PCR (Master Mix IV)    
Reagent 1x (uL) 1.1x (uL) 10 samples 1x (uL) 
ddH20 0.1 0.11 1 
Q5 Buffer 0.4 0.44 4 
dNTP (25mM) 0.16 0.176 1.6 
PCR Primer Mix 1.34 1.474 13.4 
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• Add 4μL Master Mix IV to the pooled 40 μL PCR product in step 

• Run the reaction in a thermocycler according to the following PCR profile: 98°C 

for 3 min (cover temp: 105°C, reaction volume: 44μL); 60°C for 2 min; 72°C for 

12 min; 12°C indefinitely 

10. Gel Purification and Size Selection: 

• Fill a gel rig with new, clean TBE buffer. Run the PCR product on 2.5% agarose 

gel at 100 volts for 2.5 hours. Include a good ladder on multiple gel lanes so that 

a clear line can be visualized across the gel. Ethidium bromide in the gel will not 

interfere after gel purification. The best approach is to tape two gel combs 

together to allow for larger wells, and to load 50-80 μL of sample into 8-12 lanes. 

• Cut the 200 bp to 500 bp region out of the gel using a scalpel. Minimize gel 

exposure to UV by turning off UV table after each gel extraction. When cutting 

the gel try to choose the region by avoiding clear bands resulting from repetitive 

elements that might appear on the DNA distribution. 

• Purify the excised gel punches using MinElute gel extraction kit or similar gel 

purification kit. One spin column can be used for two gel punches. 

• Pool all the gel extracted products, quantify them using the Qubit, and perform an 

AMPure purification step using a 1:1 ratio as described in step 3. Elution volume 

should be chosen according to the concentration found by Qubit quantification. A 

15% loss should be expected while calculating the optimal elution volume. 

Volumes lower than 40 μL should be avoided in order to get a good elution on a 

1.5ml tube AMPure purification. 

11. Preparing final template for Illumina sequencing: Use the Qubit to measure DNA 

concentration of the prepared library. Also run 2 to 5 μL of library on agarose gel to 
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verify size and concentration. A total concentration of >5 ng/μL is ideal for Illumina 

sequencing, but we can go as low as 2 ng/μL. 
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Appendix S4.4: Number of herbarium records for each Eastwood manzanita 

subspecies included in the analyses of subspecies habitat differentiation. 

Subspecies Number of herbarium records used in 
habitat differentiation analysis 

A. glandulosa subsp. adamsii 112 
A. glandulosa subsp. crassifolia 66 
A. glandulosa subsp. cushingiana 221 
A. glandulosa subsp. gabrielensis 35 
A. glandulosa subsp. glandulosa 830 
A. glandulosa subsp. howellii 32 
A. glandulosa subsp. leucophylla 66 
A. glandulosa subsp. mollis 266 
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Appendix S4.7 Subspecies identification and environmental data for Eastwood 

manzanita herbarium records included in analysis of subspecies habitat differentiation. 
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Appendix S4.8 Histograms of adjusted p-values of LFMM analyses for seven climatic 

variables when K=1, 2, 3, and 4. 
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Appendix S4.9 K-means clustering results for k = 2 to k = 4 on a two-dimensional MDS 

of the 4N data set. Polygons mark the boundaries of the resulting clusters of samples  at 

each k value.  Results for the 2N and 2N-biallelic data sets differed in details but, like the 

4N results, did not produce conclusive results and are not shown. 
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Appendix S4.10 Statistical evaluations for the best supported number of clusters in the 

k-means clustering analyses of MDS dimensions. The top, middle, and bottom rows 

show evaluations for analyses based on MDS of the 4N, 2N, and 2N-biallelic SNP 

datasets, respectively. The left, middle, and right columns show evaluations using the 

within cluster sum-of-squares method, silhouette, and gap statistic methods. Plots of gap 

statistic results (in the right column) show mean values for 100 bootstrap replicates as 

points, and error bars show plus or minus one standard error from the mean. Vertical 

dashed lines indicate the inferred best supported number of clusters. No vertical lines 

are provided for the within cluster sum-of-squares method, as this method relies on 

visual interpretation of the slope of the curve, rather than finding extrema. 
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Appendix S4.11 Results of k-means clustering, for k = 2, on the MDS of the 4N SNP 

data set. a. Two-dimensional MDS. Polygons mark the boundaries of the k-means 

clusters. b. Plot of cluster assignment by subspecies identity. Points are individual 

samples, plotted with random jitter at each subspecies-cluster intersection. c.  Map of 

collection localities for each sample, colored to indicate cluster assignment. Because 

some samples would overlap on the map, a random jitter value between -0.15 and 0.15 

degrees longitude and latitude was applied to each point. 
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Appendix S4.12  Results of k-means clustering, for k = 3, on the MDS of the 4N SNP 

data set. a. Two-dimensional MDS. Polygons mark the boundaries of the k-means 

clusters. b. Plot of cluster assignment by subspecies identity. Points are individual 

samples, plotted with random jitter at each subspecies-cluster intersection. c.  Map of 

collection localities for each sample, colored to indicate cluster assignment. Because 

some samples would overlap on the map, a random jitter value between -0.15 and 0.15 

degrees longitude and latitude was applied to each point. 
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Appendix S4.13 Results of k-means clustering, for k = 4, on the MDS of the 4N SNP 

data set. a. Two-dimensional MDS. Polygons mark the boundaries of the k-means 

clusters. b. Plot of cluster assignment by subspecies identity. Points are individual 

samples, plotted with random jitter at each subspecies-cluster intersection. c.  Map of 

collection localities for each sample, colored to indicate cluster assignment. Because 

some samples would overlap on the map, a random jitter value between -0.15 and 0.15 

degrees longitude and latitude was applied to each point. 
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Appendix S4.14 Results of Gaussian clustering with prabclust, for k = 2, on the NMDS 

of the 4N SNP data set. a. Assessment of cluster distinction by linear discriminant 

analysis (LDA) with leave-one-out cross-validation. X-axis shows cluster assignment and 

y-axis shows the LDA-predicted cluster assignment. Percentage values plotted at top 

are the percentage of samples from each cluster with correct LDA-predicted cluster 

assignment. b. Plot of cluster assignment by subspecies identity. Points are individual 

samples, plotted with random jitter at each subspecies-cluster intersection. c.  Map of 

collection localities for each sample, colored to indicate cluster assignment. Because 

some samples would overlap on the map, a random jitter value between -0.15 and 0.15 

degrees longitude and latitude was applied to each point. 
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Appendix S4.15  Results of Gaussian clustering with prabclust, for k = 3, on the NMDS 

of the 4N SNP data set. a. Assessment of cluster distinction by linear discriminant 

analysis (LDA) with leave-one-out cross-validation. X-axis shows cluster assignment and 

y-axis shows the LDA-predicted cluster assignment. Percentage values plotted at top 

are the percentage of samples from each cluster with correct LDA-predicted cluster 

assignment. b. Plot of cluster assignment by subspecies identity. Points are individual 

samples, plotted with random jitter at each subspecies-cluster intersection. c.  Map of 

collection localities for each sample, colored to indicate cluster assignment. Because 

some samples would overlap on the map, a random jitter value between -0.15 and 0.15 

degrees longitude and latitude was applied to each point. 
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Appendix S4.16 Results of Gaussian clustering with prabclust, for k = 4, on the NMDS 

of the 4N SNP data set. a. Assessment of cluster distinction by linear discriminant 

analysis (LDA) with leave-one-out cross-validation. X-axis shows cluster assignment and 

y-axis shows the LDA-predicted cluster assignment. Percentage values plotted at top 

are the percentage of samples from each cluster with correct LDA-predicted cluster 

assignment. b. Plot of cluster assignment by subspecies identity. Points are individual 

samples, plotted with random jitter at each subspecies-cluster intersection. c.  Map of 

collection localities for each sample, colored to indicate cluster assignment. Because 

some samples would overlap on the map, a random jitter value between -0.15 and 0.15 

degrees longitude and latitude was applied to each point. 
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Appendix S4.17 NeighborNetwork of the 4N SNP data set, with tips representing 

samples of A. glandulosa subsp. gabrielensis marked with orange points. Square and 

round points represent samples from the type locality and from other localities, 

respectively. Unmarked tips represent samples not identified as A. glandulosa subsp. 

gabrielensis. The inset at bottom is a zoomed-in view of the shared edge length 

(segments in the red rectangle) unique to the five samples of A. glandulosa subsp. 

gabrielensis from the type locality. 
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Appendix S4.18 Statistical values used to determine the optimal number of clusters (k) 

in STRUCTURE analyses, using the Delta-k method. 

K Reps Mean LnP(K) Stdev LnP(K) Ln'(K) |Ln''(K)| Delta K 
1 15 -29194.7733 0.128 NA NA NA 
2 15 -28132.6333 0.9053 1062.140000 357.120000 394.487626 
3 15 -27427.6133 1.4525 705.020000 263.113333 181.142865 
4 15 -26985.7067 10.4442 441.906667 17.873333 1.711311 
5 15 -26561.6733 22.9985 424.033333 59.486667 2.586543 
6 15 -26197.1267 14.5175 364.546667 42.393333 2.920144 
7 15 -25874.9733 24.9218 322.153333 31.860000 1.278400 
8 15 -25584.68 23.2985 290.293333 1.686667 0.072394 
9 15 -25292.7 40.8335 291.980000 NA NA 
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Appendix S4.19 MDS analysis of 2N-biallelic data set. Two dimensional representation 

of genetic distance among samples, calculated using multidimensional scaling (MDS). 

Points and polygons are colored by subspecies identification. Polygons are minimum 

areas that enclose all samples of each subspecies. 
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Appendix S4.20 NeighborNetwork for 2N-biallelic data set. Tips are labelled and 

colored by subspecies identification. 
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Appendix S4.21 STRUCTURE results for k = 2, 3 and 4 for the 2N-biallelic data set. 

Vertical bars represent individuals. Colors within bars represent ancestral clusters of 

differing genotypes. The proportion of each color in each bar represents the probability 

of assignment (Q) to each cluster. Individuals are sorted along the x-axis by subspecies, 

then by latitude of collection. Two samples undetermined to subspecies (farthest right in 

graph) are not labeled. 
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Appendix S4.22 PCA for the 2N-biallelic data set. Points represent individual samples. 

Polygons are the minimum areas that enclose all samples of a given subspecies. Points 

and polygons are colored by subspecies identification. 
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Appendix S4.23 Comparison of 4N STRUCTURE results sorted by subspecies then 

latitude (a), with results sorted by latitude then subspecies (b). Vertical bars represent 

individuals. Colors within bars represent ancestral clusters of differing genotypes. The 

proportion of each color in each bar represents the probability of assignment (Q) to each 

cluster. Two samples in (b) undetermined to subspecies (farthest right in graph) are not 

labeled. 
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Appendix S4.24 Geographically labelled MDS (a) and NeighborNetwork (b) analyses of 

the 4N data set. (a) Two dimensional representation of genetic distance among samples 

in the 4N data set. Points are colored by region of collection: red points were collected in 

the northern part of the collection area (Transverse Ranges); black points were collected 

south of Transverse Ranges. (b) Black tips are samples collected south of the 

Transverse Ranges and red tips are those collected within the Transverse Ranges. 

Shorthand labels at tips indicate mountain range or area of collection: BAJA = NW Baja 

California; LAGM = Laguna Mountains; OTAY = Otay Mountain; PM = Palomar 

Mountain; SANA = Santa Ana Mountains; SBERN = San Bernardino Mountains; SDCST 

= San Diego Coast; SEMIG = San Emigdio Mountains; SGAB = San Gabriel Mountains; 

SJAC = San Jacinto Mountains; SMON = Santa Monica Mountains; SYNEZ = Santa 

Ynez Mountains. 
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Appendix S4.25 Uncorrected p genetic distance plotted as a function of geographic 

distance (in kilometers) between every sample pair in the 4N data set. Points represent 

sample pairs. Points are plotted with 5% opacity to aid visual interpretation, as point 

density is high. 
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Appendix S4.26 Uncorrected p genetic distance plotted as a function of geographic 

distance (in kilometers) between every sample pair in the 2N data set. Points represent 

sample pairs. Points are plotted with 5% opacity to aid visual interpretation, as point 

density is high. 
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Appendix S4.27 Uncorrected p genetic distance plotted as a function of geographic 

distance (in kilometers) between every sample pair in the 2N-biallelic data set. Points 

represent sample pairs. Points are plotted with 5% opacity to aid visual interpretation, as 

point density is high.  
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Appendix S4.28 PCA of the environmental data (19 Bioclimatic variables, soil pH and 

solar radiation). Points represent individual samples and are colored by subspecies 

identification. Arrows represent environmental variables, which are presented as the 

vectors. Four environmental variables contribute most to the separation of samples: 

solar radiation, BIO 4 Temperature Seasonality (standard deviation * 100), BIO 12 

Annual Precipitation and BIO16 Precipitation of Wettest Quarter. The remaining 17 

variables do not contribute significantly to variation across samples and appear 

superimposed as a red rectangle at the origin. 
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Appendix S4.29 SNPs associated with five environmental variables in latent factor 

mixed models (LFMM) in which the number of latent factors is set as two. Points 

represent SNPs and the dashed line represents the threshold for statistical significance 

at p = 1e-5 for the correlation of SNP and environmental variable. Solid points are 

significantly associated with that environmental variable. 
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Appendix S4.30 STRUCTURE results for k = 2, for the environment-associated SNP 

data set. Vertical bars represent individuals. Colors represent ancestral clusters of 

differing genotypes. The proportion of each color in each bar represents the probability 

of assignment (Q) to each ancestral cluster. Individuals are sorted along the x-axis by 

descending latitude of collection, and then by subspecies identification. 
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Appendix S4.31 Venn Diagram showing the overlap among contigs identified using 

K=1, 2, 3, and 4 in LFMM analysis. 
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Appendix S4.32 Genes containing the environment-associated SNPs and their 

predicted functions based on BLAST search results. 
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Appendix S4.33 MDS for the multispecies data set. Two dimensional representation of 

genetic distance among samples. Dashed boxes delimit samples from each species. 
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Appendix S4.34 PCA for the multispecies data set. Dashed boxes delimit samples from 

each species. 
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Appendix S4.35 NeighborNetwork for the multispecies data set. Shaded areas were 

drawn in to highlight the clustering of tips belonging to each species in the analysis.  
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Appendix S4.36 Two-dimensional MDS of the 4N SNP data set, with points 

representing samples of A. glandulosa subsp. gabrielensis marked with orange points. 

Square and round orange points represent samples from the type locality and from other 

localities, respectively. Hollow points represent samples not identified as A. glandulosa 

subsp. gabrielensis. 
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5 Conclusion 

The diversity and essential ecological roles of manzanitas have long fascinated 

scientists in diverse areas, including taxonomy, ecology, evolution, and conservation. In 

the second chapter, I annotated the first genome assembly of manzanitas and compared 

it with other Ericales assemblies to gain insight into manzanita adaptation and evolution. 

Multiple evaluation statistics, visualization of genomic architecture across 13 pseudo 

chromosomes, and syntenic relationships between the manzanita genome and other 

chromosome-level assemblies of Ericaceae species support the conclusion that we have 

obtained a well-annotated chromosome-level assembly for the Big Berry Manzanita (A. 

glauca). Synteny analyses support multiple independent, family-specific whole-genome 

duplication (WGD) events for the Ericales, the WGD history of which has the subject of 

debate (Larson et al. 2020; Wang et al. 2021; One Thousand Plant Transcriptomes 

2019). Comparative analyses between manzanita genome and other genomes of 

Ericales support my hypothesis and highlight the potential importance of terpenoids in 

the fire- and drought-adaptation of manzanitas in the California Floristic Province. This 

annotation will serve as an invaluable reference resource for ecological, evolutionary, 

and conservation studies of manzanitas, and facilitate the identification and classification 

of genetic variants across different populations, subspecies and/or species.  

In the third chapter, I presented the first quantitative analysis of habitat 

diversification of manzanita species. In contrast to my hypothesis, my results did not 

show that any narrowly-distributed manzanita species are ecologically distinct when 

comparing all available species and weighting all available environmental variables 

equally. However, when I restricted the analyses to species from the same geographic 
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region and altered the machine learning algorithm to eliminate the effect of some 

invariant environmental factors, some species appeared ecologically distinct from other 

species in the same region. We found that the only species on Santa Catalina island, A. 

catalinae, appears to live in a different habitat, which differs in the temperature, 

precipitation, solar radiation, soil carbon and nitrogen stock, from other species from the 

Southern California-Baja California region. This finding highlights the importance of 

conserving the unique habitat of Santa Catalina Island to the preservation of A. catalinae 

and other flora endemic to the island. In addition, this study revealed 11 manzanita 

species that should potentially be considered critically endangered based on their small 

geographical range, but that have not been given any conservation status by state and 

federal agencies. 

In the fourth chapter, we applied reduced-representation genomic sequencing 

technology to test the genetic distinctiveness of Eastwood Manzanita (A. glandulosa) 

subspecies, especially two that are state or federally listed. I found that most Eastwood 

manzanita subspecies are not differentiated by genetic data, except for one of the two 

rare subspecies, A. glandulosa subsp. gabrielensis. This finding highlights the 

importance of genotype preservation in the conservation of this subspecies. We did not 

find similar genetic distinctiveness for A. glandulosa ssp. crassifolia, thus our results do 

not support targeted conservation efforts for this federally endangered subspecies. 

Nevertheless, more data are needed to reach conclusions about the conservation status 

of this subspecies. In addition, our study suggests that genetic differentiation among 

manzanita taxa does not correspond to current species/subspecies delineation, but 

rather forms a gradient that follows a northwest-southeast geographic pattern. This study 

suggests that similar genetic studies in other Arctostaphylos species with currently 
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recognized subspecies, as well as other rare or endangered species and subspecies, 

will clarify our understanding of differentiation within this diverse woody genus. 
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