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      ABSTRACT.—The California Channel Islands are unique relative to other island chains due to their close proximity to
the California mainland and the fact that individual islands, or groups of islands, vary in their distance to the mainland
and other islands. This orientation raises questions about whether island taxa with widespread distributions form cohesive
evolutionary units, or if they are actually composed of several distinct evolutionary entities, either derived from indepen-
dent mainland-to-island colonization events or divergence due to prolonged allopatric isolation. The 4 northern islands
are clustered in a line (6–8 km separation among islands), while the 4 southern islands are widely spaced (34–45 km sepa-
ration among islands), which should impact the amount of gene flow and genetic connectivity among islands. We used
nuclear microsatellite markers to examine the genetic structure and cohesion of 2 island shrubs, Acmispon dendroideus
and A. argophyllus, which are widely distributed across the California Channel Islands. Both focal species contain vari-
eties with multi-island distributions, with A. dendroideus exhibiting a greater distribution on the northern islands and
A. argophyllus exhibiting a greater distribution on the southern islands. Substantial genetic divergence was observed for
2 single-island endemic varieties, A. dendroideus var. traskiae and A. agrophyllus var. niveus, confirming that allopatric
isolation can lead to genetic divergence. The widespread Acmispon dendroideus var. dendroideus and single-island
endemic A. dendroideus var. veatchii formed a cohesive evolutionary group that spans all 4 northern islands and 1 southern
island, Santa Catalina, indicating that the northern and southern islands have been genetically linked in the past but do
not display evidence of contemporary gene flow. In contrast, widespread A. argophyllus var. argenteus was composed of
moderately distinct genetic groups on each of the 4 southern islands, with no evidence of recent gene flow among islands.
These results demonstrate that isolation among islands has led to significant divergence among the southern islands, but
that the commonly recognized split between northern and southern islands does not impact all taxa equally.

      RESUMEN.—Las Islas del Canal de California son únicas en comparación a otras cadenas de islas dada su proximidad
con California y al hecho de que las islas individuales, o grupos de islas, difieren en cuanto a su distancia con el continente
y con otras islas. Tal orientación plantea interrogantes sobre si los taxa insulares de amplia distribución forman unidades
evolutivas cohesivas o si se componen, en realidad, de diversas entidades evolutivas, sean derivadas por sucesos indepen-
dientes de colonización del continente a la isla o por divergencia debido al aislamiento alopátrico prolongado. Las cuatro
islas del norte se encuentran agrupadas en una línea (6–8 km de separación entre las islas), mientras que las cuatro islas
del sur están espaciadas (34–45 km de separación entre las islas), lo que seguramente repercute en la cantidad de flujo
genético y en la conectividad genética entre las islas. Utilizamos marcadores de microsatélites nucleares para examinar la
estructura genética y la cohesión de dos arbustos isleños, Acmispon dendroideus y A. argophyllus, ampliamente distribui-
dos en las Islas del Canal de California. Ambas especies focales presentan variedades con distribuciones multi-insulares,
A. dendroideus se encuentra mayoritariamente en las islas del norte, y A. argophyllus en las islas del sur. Se observó una
divergencia genética sustancial en dos variedades endémicas, A. dendroideus var. traskiae y A. agrophyllus var. niveus,
confirmando que el aislamiento alopátrico puede generar divergencia genética. Se descubrió que tanto Acmispon den-
droideus var. dendroideus (más generalizado) como el endémico A. dendroideus var. veatchii forman un grupo evolutivo
cohesivo que abarca las cuatro islas del norte y la isla del sur, Santa Catalina, evidenciando que las islas del norte y las del
sur estuvieron genéticamente vinculadas en el pasado, aunque no muestren evidencia de flujo genético contemporáneo.
Por el contrario, se conoció que el generalizado A. argophyllus var. argenteus está compuesto por grupos genéticos moder-
adamente diferenciados en cada una de las cuatro islas del sur, sin evidencia de flujo genético reciente. Tales resultados
demuestran que el aislamiento entre las islas produjo divergencias significativas entre las islas del sur, pero que la división
comúnmente reconocida entre las islas del norte y las del sur no afecta a todos los taxa por igual.
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    A primary goal of evolutionary and conser-
vation biology is to describe biological diver-
sity and determine the processes that have
created it. Although biological diversity can
be described in many ways (Gaston 2000),
most measures of diversity are dependent on
numerical approaches summing traditional
taxonomic ranks (e.g., species, subspecies,
varieties), which are analyzed to determine
metrics such as species richness or evenness
(Purvis and Hector 2000). Many studies have
addressed how biological diversity is impacted
by habitat area and isolation (reviewed in
Losos et al. 2009), particularly focusing on
island taxa due to the discrete nature of islands.
Historically, most taxonomic ranks have been
described based on morphology, but since the
1980s genetic tools have been applied to dis-
sect both historical evolutionary relationships
(Coyne and Orr 2004) and ongoing processes,
such as gene flow (Petit and Excoffier 2009),
to provide a more accurate representation of
units of biological diversity. The importance
of accurately describing biological diversity
persists, especially in the face of increasing
anthropogenic disturbance in many systems.
In this work, we examine the California Chan-
nel Island plant species Acmispon argophyllus
(A. Gray) Brouillet (Fabaceae) and A. den-
droideus (Greene) Brouillet and the varieties
they contain, and ask whether they form
genetically cohesive entities with distinct con-
tributions to biological diversity.
    Many studies of island taxa, particularly
sedentary plants, have supported the impor-
tance of allopatric isolation among islands as
a driver of biodiversity (Price and Wagner
2004, Comes et al. 2008, Ricklefs and Berm -
ingham 2008, Esselstyn et al. 2009). It follows
that island-restricted taxa, particularly those
with multi-island distributions, may contain
more evolutionary diversity than recognized
based solely on traditional taxonomy and
morphology. Within the Hawaiian Islands,
genetic data have documented both multi-
island genetic cohesion (McGlaughlin and
Friar 2011) and substantial divergence among
islands (Baldwin and Friar 2010) within mem-
bers of the Hawaiian silversword alliance
(Dubautia [Asteraceae]), and allopatric diver-
gence within a widespread Schiedea (Caryo -
phyllaceae; Wallace et al. 2009). Genetic work
with Macaronesian plants has documented pre-
viously unrecognized subspecific divergence

between Azorean and Madeiran-Canarian
Polypodium (Polypodiaceae; Rumsey et al.
2014), clear genetic differentiation between
Cheirolophus (Asteraceae) species found on the
eastern and western portions of the Canary
Islands (Vitales et al. 2014), and Cistus (Cis-
taceae) colonization of the Canary Islands
following an east-to-west stepping-stone pat-
tern (Fernández-Mazuecos and Vargas 2011).
Collectively, these studies point to the poten-
tial importance of isolation among islands in
driving divergence both within and among
taxa, which has led to an increased apprecia-
tion for how gene flow is impacted by spatial
scale (Kisel and Barraclough 2010).
    The California Channel Islands are com-
posed of 8 oceanic islands located along Cali-
fornia’s southern coast (Fig. 1). Like many other
island chains, the California Channel Islands
have never been connected to the main land
(Vedder and Howell 1980), but the is lands are
much closer to a continental source (minimum
distance of 20 km, maximum distance of 98 km;
Moody 2009) than most well-studied island
chains. The islands are frequently divided into
2 groups: 4 northern islands (San Miguel,
Santa Rosa, Santa Cruz, and Anacapa) and 4
southern islands (San Nicolas, Santa Barbara,
Santa Cata lina, and San Clemente; Fig. 1).
The northern islands are closer to the main-
land (20–42 km) and to each other (6–8 km)
than the southern islands are, and they formed
a single large island, Santa Rosae, during the
last glacial maxi mum (Junger and Johnson
1980), whereas the southern islands are more
distant from the mainland (32–98 km) and from
each other (34–45 km). The 2 island groups also
vary in climate, with the northern islands con-
taining more mesic and the southern islands
more xeric plant communities (Philbrick and
Haller 1977). There is also a clear decrease in
annual rainfall from north to south (Junak et
al. 1995, Schoenherr et al. 2003).
    Few studies have investigated the phyloge -
ography and taxonomy of California Channel
Island taxa with multi-island distributions, es -
pecially plants. No consistent patterns of colo-
nization or diversification have been validated
for the chain, but Riley and McGlaughlin
(2016) have suggested that north-to-south col-
onization, following the dominant dry-season
wind direction, best explains the taxonomic
diversity of the archipelago-wide flora. In the
island animal groups, there is evidence of
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    Fig. 1. Locations of sampled populations of Acmispon on the California Channel Islands and California Mainland.
Population abbreviations are labeled as in Table 1. (A) A. argophyllus distribution is indicated by squares: A. a. var. niveus
(black), A. a. var. argenteus (open), and A. a. var. adsurgens (gray). Mainland populations of A. argophyllus var. argophyllus
are indicated by black triangles. The mainland population of A. agrophyllus var. fremontii is located approximately
660 km north of Los Angeles (not shown). Mainland A. glaber populations are indicated by open hexagons. Mainland
A. heermanii is indicated by a black hexagon. (B) A. dendroideus distribution is indicated by circles: A. d. var. traskiae
(black), A. d. var. dendroideus (open), and A. d. var. veatchii (gray). Mainland A. glaber populations are indicated by open
hexagons. Mainland A. heermanii is indicated by a black hexagon.



single colonization events followed by disper-
sal among islands (island foxes, Hofman et al.
2015; spotted skunks, Floyd et al. 2011), mul-
tiple independent colonization events (deer
mice, Ashley and Wills 1987; Horned Larks,
Mason et al. 2014; Song Sparrows, Wilson et
al. 2015), and genetic divergence between
northern and southern islands (Loggerhead
Shrikes, Caballero and Ashley 2011). The lim-
ited number of completed studies of plants
with multi-island distributions show strong
differentiation among southern islands for
rare plants (California rockflower, Wallace and
Helenurm 2009; Santa Cruz Island rock cress,
McGlaughlin et al. 2015) and a clear split
between northern and southern populations
with a pattern of north-to-south colonization
in a widespread species (St. Catherine’s lace,
Riley et al. 2016).
    In this study, we examine patterns of
genetic structure within 2 species of Acmi -
spon Raf. (Fabceae), A. argophyllus and A.
dendroideus, which each contain 3 varieties
that occur on the California Channel Islands.
Both focal species were historically placed in
Lotus, with the same varietal circumscrip-
tion, but A. dendroideus varieties were nested
within L. scoparius (Torr. & A. Gray) Ottley
(now A. glaber (Vogel) Brouillet). The 2 focal
taxa are closely related but are not sister taxa
(Allan and Porter 2000), and are small to
medium-sized perennial shrubs. Acmispon
argo phyllus has a decumbent growth form,
while A. dendroideus has an erect growth
form. The 2 taxa are rarely found growing
together, with A. argophyllus primarily found
in more open habitats. Both species are visited
by generalist bees (Thorp et al. 1994), but
nothing is known about fruit or seed disper-
sal. Acmispon argophyllus is composed of 3 is -
land endemic varieties (found on 1 northern
island, all 4 southern islands, and 1 Mexican
island) and 2 mainland varieties: A. argophyl-
lus var. adsurgens (Dunkle) Brouillet on San
Clemente Island; A. argophyllus var. argenteus
(Dunkle) Brouillet on San Nicolas Island, Santa
Barbara Island, Santa Catalina Island, San
Clemente Island, and Guadalupe Island, Mex-
ico; A. argophyllus (A. Gray) Brouillet var.
argophyllus on the mainland in central and
southern California; A. argophyllus var. fre-
montii (A. Gray) Brouillet on the mainland in
the northern Sierra Nevada; and A. argophyl-
lus var. niveus (Greene) Brouillet on Santa

Cruz Island (Fig. 1a). Acmispon dendroideus is
composed of 3 island varieties, of which 2 are
island endemics found on all 4 northern and
2 southern islands: A. dendroideus (Greene)
Brouillet var. dendroideus on Santa Rosa
Island, Santa Cruz Island, Anacapa Island,
and Santa Catalina Island; A. dendroideus
var. traskiae (Eastw. ex Abrams) Brouillet on
San Clemente Island; and A. dendroideus
var. veatchii (Greene) Brouillet on San Miguel
Island and northwestern Baja California
(Fig. 1b). The exact circumscription of A. d.
var. veatchii, which originally contained
specimens from San Miguel Island and
northwestern Baja California, has been ques-
tioned, but a detailed study verifying the
cohesion of the variety has not been con-
ducted (Isley 1981) and specimens from all
4 northern islands have been identified as
A. d. var. veatchii. Three taxa in this group are
of conservation concern: A. a. var. adsurgens
and A. a. var. niveus are California Endan-
gered species (California Department of Fish
and Wildlife 2017), and A. d. var. traskiae is
both state listed as endangered and federally
listed as Threatened (USFWS 1977, Califor-
nia Department of Fish and Wildlife 2017).
Wallace et al. (2017) recently conducted a
phylogeographic study of this group utilizing
nuclear DNA sequence, chloroplast DNA
sequence, and chloroplast microsatellite data
to resolve historical patterns of colonization
and divergence.
    Here, we analyze nuclear microsatellite
data to resolve recent evolutionary patterns
within A. argophyllus and A. dendroideus. Our
sampling focused on the California Channel
Island taxa and close mainland southern Cali-
fornia relatives, excluding any occurrences in
Mexico. Given the multi-island distribution
of the 2 focal species and their varieties, our
goal was to address 3 major questions related
to evolutionary cohesion in Acmispon on the
California Channel Islands: (1) Are A. argo-
phyllus and A. dendroideus genetically cohe-
sive species? (2) Are the Acmispon varieties that
contain a multi-island distribution genetically
cohesive taxa? (3) How has the pattern of
island isolation impacted the genetic structure
observed in both focal taxa? Answers to these
questions will allow a greater understanding
of how island placement within the California
Channel Islands has impacted diversity and
divergence.
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METHODS

Sampling and Microsatellite Amplification

     We sampled a total of 709 individuals of the
island taxa throughout their respective ranges:
1 population of A. a. var. adsurgens, 8 popula-
tions of A. a. var. argenteus, 3 populations of
A. a. var. niveus, 6 populations of A. d. var.
dendroideus, 3 populations of A. d. var. trask-
iae, and 2 populations of A. d. var. veatchii
(Table 1, Fig. 1). We also sampled 172 individu-
als of mainland taxa: 2 populations of A. a. var.
argophyllus, 1 population of A. a. var. fremontii,
2 populations of A. glaber, and 1 population of
A. heermannii (Durand & Hilg.) Brouillet
(Table 1, Fig. 1). The number of individuals
sampled from each population ranged from
20 to 40, with an average of 30.4 individuals
per pop ulation. Detailed collection informa-
tion and voucher specimens (when avail able)
are shown in Supplementary Material 1. Out-
group taxa were selected to represent all per -
ennial Acmi spon taxa that occur in southern
California adjacent to the California Channel
Islands. Due to the clear genetic and morpho-
logical differences between A. dendroideus and
A. argo phyllus, analyses were conducted on 2
separate data sets containing 1 island taxon
and relevant mainland outgroups: (1) all A. den-
droideus samples and mainland taxa A. glaber
and A. heermannii, and (2) all A. argophyllus
samples, including mainland varieties, and
main land taxa A. glaber and A. heermannii.
    DNA was extracted from frozen leaf tissue
using a modified C-TAB protocol (Friar 2005).
Microsatellite data were collected from 15
loci developed for Acmispon (McGlaughlin
et al. 2011). Amplification was carried out in
12-mL reactions on a MJ Research PTC-200,
Eppendorf Mastercycler EP, or BioRad S1000
thermalcycler, following the protocols in Mc -
Glaughlin et al. (2011). Amplification prod-
ucts were diluted with water and combined
into multiplexes containing 2 to 5 loci each,
depending on the population. Each multiplex
was electrophoresed with the LIZ-500 size
standard on an Avant-3100 Genetic Analyzer
(Applied Biosystems, Foster City, CA), follow-
ing the manufacturer’s instructions. Fragments
were sized with GeneMapper version 3.7
(Applied Biosystems).

Analysis of Genetic Diversity

    Deviations from Hardy–Weinberg equilib-
rium (HWE) were assessed using GenAlEx

version 6.5 (Peakall and Smouse 2012), while
the presence of linkage disequilibrium (LD)
between loci was assessed with GENEPOP
(Rousset 2008). Deviations were considered
significant at P < 0.01, because the test statis-
tics underestimate the error rate for both multi -
allelic data and small sample sizes (Lauretto et
al. 2009). We used GenAlEx to characterize
parameters for each population, including num-
ber of alleles per locus (NA), effective number
of alleles per locus (NE), observed (HO) and
expected (HE) heterozygosity, and inbreeding
coefficient (FIS).

Analysis of Genetic Divergence 
and Population Structure

    GenAlEx 6.5 was used to conduct principal
coordinate analyses (PCoA) based on Codem-
Genotypic genetic distance calculation with
Covariance-Standardized. The software also
calculated pairwise FST and Jost’s D (Jost
2008) values among all population pairs. FST
and Jost’s D values were averaged within
taxon-island groups when multiple populations
of a taxon were sampled on a single island.
BAYESASS 1.3 (Wilson and Rannala 2003)
was used to assess recent migration events
among populations with 20,000,000 iterations,
a sampling frequency of 2000, a burn-in of
5,000,000, and the following acceptance rate
parameters optimized for the 2 data sets: A.
dendroideus migration rate = 0.30, allele fre-
quencies = 0.35, inbreeding coefficient = 0.35;
A. argophyllus migration rate = 0.30, allele
frequencies = 0.30, inbreeding coefficient =
0.40. BAYESASS reports the fraction of indi-
viduals in a population that are migrants
derived from another population. Migration
values were considered negligible if <2% of
genotypes in a population were inferred to be
derived from another population.
    Population membership based on genotype
was estimated using the Bayesian analysis
implemented in STRUCTURE 3.2 (Pritchard
et al. 2000, Falush et al. 2003, Hubisz et al.
2009). The admixture model with correlated
allele frequencies was used, varying the num-
ber of inferred populations, K, from 1 to 20.
Ten independent runs with a burn-in of
50,000 steps followed by 50,000 steps of data
collection were performed for each K. The
method of Evanno et al. (2005) was used to
determine the “true” K value, as implemented
in STRUCTURE HARVESTER (Earl 2012).
OBSTRUCT 1.0 was used as an additional
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test to determine the number of K genetic
clusters based on canonical discriminant analy-
sis (Gayevskiy et al. 2014). Analysis of molecu-
lar variance (AMOVA; Excoffier et al. 1992)
was estimated in GenAlEx 6.5 for A. d. var.
dendroideus and A. d. var. veatchii, or A. a.
var. argenteus, grouping populations within
islands. POPTREEW (Takezaki et al. 2014)
was used to construct neighbor-joining
phenograms using the DA distance (Nei et
al. 1983) with 1000 bootstrap replicates.

RESULTS

    All loci amplified successfully in all popula-
tions except for locus LOAR_216 in L. a. var.
argenteus from San Clemente (18% amplifica-
tion success) and locus LOAR_21 in L. d. var.
dendroideus and L. d. var. veatchii (28% ampli-
fication success). Principal coordinate analyses
were run excluding either locus LOAR_216 or
locus LOAR_21 and no changes in the group-
ings were observed, so both loci were included
in the final data sets. Tests for Hardy–Weinberg
equilibrium indicated significant disequilib-
rium for 182 of the 435 locus-by-population
comparisons with a corresponding deficiency
of heterozygotes (data not shown). Locus
LOAR_104 had the greatest amount of dis -
equilibrium, with 22 of 29 sampled popula-
tions in violation of Hardy–Weinberg equilib-
rium. Previous analyses (McGlaughlin et al.
2011) have documented that only locus
LOAR_104 exhibited potential null alleles.
Given the small and isolated nature of the
sampled populations, deviations from Hardy–
Weinberg equilibrium are expected based on
population-level processes such as inbreeding.
Very limited linkage disequilibrium was ob -
served, with only 86 of 3045 locus-by-popula-
tion comparisons showing significant linkage
(data not shown).

Genetic Variation

    All measures of genetic variation are shown
in Table 1. The number of alleles per locus (NA)
and average number of alleles per locus (NE)
ranged from 1.267 to 6.733 and 1.018 to
3.480, respectively, with the highest values
observed in A. d. var. dendroideus from Santa
Cruz (Adde-6, NA) and A. glaber (Agl-1, NE).
Observed (HO) and expected (HE) heterozy-
gosity ranged from 0.008 to 0.465 and from
0.016 to 0.600, respectively, with the highest
values obtained in A. glaber (HO Agl-1; HE

Agl-2). The lowest values of HO and HE were
observed in populations on the 2 smallest
islands, A. a. var. argenteus from Santa Barbara
and A. d. var. dendroideus from Anacapa, and
taxa restricted to single islands, A. a. var. ad -
surgens from San Clemente and A. a. var.
niveus from Santa Cruz (Table 1). Estimates of
inbreeding (FIS) varied substantially from a
low in A. glaber (Agl-1; FIS = 0.137) to a high in
A. d. var. dendroideus from Anacapa (Adde-9;
FIS = 0.730).

Genetic Structure

    Analyses of genetic structure were con-
ducted on 2 separate data sets containing one
island taxon and relevant mainland outgroups:
(1) all A. dendroideus samples and mainland
taxa A. glaber and A. heermannii, and (2) all
A. argophyllus samples, including mainland
varieties, and mainland taxa A. glaber and A.
heermannii. The A. dendroideus PCoA indi-
cates clear genetic structure with all A. d. var.
dendroideus and A. d. var. veatchii clustering
together, A. d. var. traskiae clustering together,
A. glaber clustering together, and A. heerman-
nii clustering near to, but distinctive from, A.
glaber (Fig. 2A). In total, the A. dendroideus
PCoA explained 66.58% of the observed genetic
variability, with axes 1, 2, and 3 (not shown)
accounting for 38.69%, 16.24%, and 11.65% of
the variability, respectively. PCoA axis 1 sup-
ports substantial genetic distinction of A. d.
var. dendroideus and A. d. var. veatchii relative
to A. d. var. traskiae. The A. argophyllus PCoA
was less clear with respect to current taxo-
nomic designations and explained only 47.97%
of the observed genetic variability, with axes 1,
2, and 3 (not shown) accounting for 19.07%,
15.95%, and 12.95% of the variability, respec-
tively (Fig. 2B). The varieties of A. argophyllus
were widely scattered, with no clear cluster-
ing among samples of A. a. var. argenteus or
A. a. var. argophyllus. Within the A. a. var.
argenteus samples, populations generally clus-
tered by island: Santa Catalina populations
formed a group, and San Nicolas populations
were associated with Santa Barbara in close
proximity. San Clemente A. a. var. argenteus
had a central position in the PCoA plot, with
each sampled population being closely associ-
ated with a mainland population of A. glaber
or A. heermannii.
    Pairwise measures of genetic differentiation,
FST and Jost’s D, are shown for A. denroideus
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   Fig. 2. Principal coordinate analyses (PCoA) based on the Codom-Genotypic genetic distance calculation with
Covariance-Standardized as implemented in GenAlEx 6.5 (Peakall and Smouse 2012). (A) Comparison of Acmispon
dendroideus varieties (A. d. var. dendroideus, A. d. var. traskiae, and A. d. var. veatchii) to A. heermannii and A. glaber
with a total of 54.93% of variation represented on axis 1 (38.69%) and axis 2 (16.24%). (B) Comparison Acmispon argo-
phyllus varieties (A. a. var. adsurgens, A. a. var. argophyllus, A. a. var. argenteus, A. a. var. fremontii, and A. a. var. niveus)
to A. heermannii and A. glaber, with a total of 35.02% of the variation represented on axis 1 (19.07%) and axis 2 (15.95%).
The collection location is given for each point.
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(Table 2) and A. argophyllus (Table 3). Low
genetic differentiation values indicate limited
genetic divergence, with values >0.2 indica-
tive of substantial divergence. Both genetic
differentiation measures compared between
populations of A. d. var. dendroideus and A. d.
var. veatchii show limited divergence between
Santa Cata lina, Santa Cruz, and Santa Rosa,
and limited divergence between San Miguel
and Santa Rosa, indicative of high historical
gene flow (Table 2). The FST comparisons also
support limited differentiation between Ana -
capa and the other populations of A. d. var.
dendroideus and A. d. var. veatchii, as well as
limited differentiation of A. d. var. dendroideus
Santa Cruz from mainland A. glaber. Acmispon
dendroideus var. traskiae shows high levels of
differentiation compared to all other sampled
taxa. In contrast, within A. argophyllus, lim-
ited genetic differentiation as measured by
FST and Jost’s D is only observed among popu-
lations within a taxon and island, or between
Santa Catalina A. a. var. argenteus and main-
land A. glaber for FST (Table 3). BAYESASS
analysis of recent gene flow documented mea-
surable gene flow within islands for several
taxa: A. d. var. traskiae on San Clemente (Adtr-1
into Adtr-3; 2%), A. d. var. veatchii (Adve-1 into
Adve-2, 24%), A. a. var. argenteus on San Cle -
mente (Aaag-2 into Aaag-3, 21%), A. a. var.
argenteus on Santa Catalina (Aaag-6 into Aaag-5,
22%), and A. a. var. niveus (Aani-3 into Aani-1,
22%; Aani-2 into Aani-1, 22%). BAYESASS
inferred only within-population mating for all
other populations (data not shown).
    Analyses using STRUCTURE supported the
strong signal of genetic differentiation con-
tained in the A. dendroideus data set (Fig. 3)
and the conflicting signal in the A. argophyllus
data set (Fig. 4). STRUCTURE HARVESTER
(Supplementary Material 2) and OBSTRUCT
(R2 = 0.97; Supplementary Material 3) both
supported grouping the A. dendroideus sam-
ples into 3 genetic groups, K = 3, containing
A. d. var. traskiae alone, A. d var. dendroideus
and A. d. var. veatchii, or mainland samples
(Fig. 3). Although not strongly supported,
dividing the A. dendroideus data into 4 genetic
groups, K = 4, splits the A. d var. dendroideus
and A. d. var. veatchii samples into 2 island
groups, with San Miguel and Santa Rosa
forming one group, and Santa Cruz, Anacapa,
and Santa Catalina forming a second group
(Fig. 3), as observed in Wallace et al. (2017).
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The A. argophyllus STRUCTURE HAR-
VESTER analyses supported groupings of 2
and 10 genetic clusters (Supplementary Mate-
rial 4). OBSTRUCT best supported K = 2
(R2 = 0.96) and K = 3 (R2 = 0.94), with the
population plot for K = 3 and all higher K
values clearly segregating into 3 groups (Sup-
plementary Material 5). Based on the STRUC-
TURE HARVESTER and OBSTRUCT results,
K = 2, K = 3, and K = 10 are shown (Fig. 4).
The result for 2 genetic clusters, K = 2, infers
that the samples of A. a. var. argenteus San
Nicolas and Santa Barbara, all A. a. var. niveus,
and one population of A. a. var. argophyllus
form a group and that all other populations
form a second group (Fig. 4). When the num-
ber of clusters is increased to three, K = 3
(Fig. 4), A. a. var. adsurgens (San Clemente
Island) clusters with A. a. var. niveus (Santa
Cruz Island) and one population of A. a. var.
argophyllus, while the other 2 clusters are
unchanged: A. a. var. argenteus San Nicolas
and Santa Barbara and one population of A. a.
var. argophyllus form one group, and all other
populations (A. a. var. argenteus San Clemente
and Santa Catalina, one mainland population

of A. a. var. argophyllus, and the populations of
A. a. var. freemontii, A. heermanni, and A.
glaber) form the other group. The result for 10
genetic clusters, K = 10, infers a division of
each taxon or island-taxon group into separate
clusters, except for one population of A. a. var.
argophyllus which groups with A. heermannii
(Fig. 4).
    Tree-based clustering analyses support the
lack of distinction between A. d. var. den-
droideus and A. d. var. veatchii, and the unique-
ness of A. d. var. traskiae (Fig. 5A). Additionally,
the phenogram joins all varieties of A. den-
droideus into a single group, but with limited
bootstrap support. The A. argophyllus pheno -
gram demonstrates the conflict and lack of
resolution among taxa in this data set (Fig. 5B).
Similar to the STRUCTURE analyses, each
island of A. a. var. argenteus forms a well-
supported grouping, but other than A. a. var.
argenteus populations on San Nicolas and
Santa Barbara being moderately associated,
all other island groups are more closely
related to mainland populations, albeit with
limited support, than they are to each other.
All populations of A. a. var. niveus also form a
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well-supported group, which is distinctive from
other island A. argophyllus populations.
    An AMOVA of a subset of populations was
utilized to examine genetic cohesion within the
island taxa with multi-island distributions. The
AMOVA of all populations of A. d. var. den-
droideus and A. d. var. veatchii supports the
lack of distinction among these populations
with only 8% of the variability being parti-
tioned among islands, and the vast majority,
81%, contained within populations (Table 4).
In contrast, the AMOVA of A. a. var. argenteus
populations found that 33% of the variability is
partitioned among islands, 8% among popula-
tions within islands, and the remaining 58%
within populations (Table 5).

DISCUSSION

    The results presented here demonstrate
the important role of isolation among islands
in shaping genetic divergence and organis-
mal diversity. Although both focal Acmispon
taxa share many traits and similar distribu-
tions, the results show that they have unique

evolutionary histories and different levels of
connectivity among islands. Acmispon den-
droideus had substantial genetic cohesion
among islands for 2 of its 3 varieties, while
A. argophyllus exhibited considerable genetic
divergence among islands.

Acmispon dendroideus Taxonomy 
and Genetic Structure

    As currently recognized, A. dendroideus
contains 3 varieties, one of which, A. d. var.
dendroideus, occurs on 3 northern (Anacapa,
Santa Cruz, and Santa Rosa) and 1 southern
(Santa Catalina) island, while A. d. var. veatchii
and A. d. var. traskiae are single-island en -
demics of San Miguel and San Clemente,
respectively (Fig. 1b). Under all analyses, A. d.
var. traskiae was substantially diverged from
other members of A. dendroideus confirming
the result of Wallace et al. (2017). Although
our mainland sampling is not detailed enough
to determine whether A. d. var. traskiae is
descended from an independent mainland-to-
island colonization event, A. d. var. traskiae is
equally diverged from both mainland and
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island populations (Table 2), the PCoA analysis
places it as the most distant grouping of all
sampled populations (Fig. 2A), and the pheno -
gram places the A. d. var. traksiae clade sister
to A. dendroideus (Fig. 4A) with limited boot-
strap support. This leads us to conclude that
A. d. var. traskiae represents a unique genetic
entity deserving recognition at the rank of
species. In contrast, A. d. var. veatchii was
undistinguishable from A. d. var. dendroideus
in all analyses, which also supports the find-
ings of Wallace et al. (2017). Based on the
results of Wallace et al. (2017) and our data
presented here, we suggest that additional
research should examine the consistency of
A. d. var. veatchii morphological traits in rela-
tionship to A. d. var. dendroideus populations
on Santa Rosa to determine whether multiple
taxa should be recognized. Our examination of
the taxonomy of the entirety of A. dendroideus
shows that there is 1 substantially diverged
lineage, A. d. var. traskiae, and 2 very similar
varieties, A. d. var. dendroideus and A. d. var.
veatchii. This result leaves the group com-
posed of only 2 genetic entities throughout
the California Channel Islands.
    The genetic structure contained within A.
dendroideus greatly expands our understand-
ing of genetic connectivity among populations
and islands. The lack of distinction among
A. d. var. dendroideus and A. d. var. veatchii sug -
gests that there has been considerable genetic
connectivity among populations and islands
during this group’s evolutionary history. The
historical island Santa Rosae, the large north-
ern island that existed during the last glacial

maximum (Junger and Johnson 1980), may
have facilitated dispersal among populations
that are now located on distinct islands. The
STRUCTURE analysis dividing genotypes
into 4 groups (K = 4, Fig. 3), although sub -
optimal, does show a distinction between pop-
ulations of A. d. var. veatchii on San Miguel
and A. d. var. dendroideus on Santa Rosa from
A. d. var. dendroideus on Santa Cruz and Ana -
capa as observed in the phylogenetic analyses
of Wallace et al. (2017). This genetic structure
within the northern islands may be attribut-
able to the Santa Cruz Channel, which sepa-
rates Santa Rosa and Santa Cruz and served as
the first major split of Santa Rosae when sea
levels rose after the last glacial maximum. Our
results also confirm the findings of Wallace et
al. (2017) documenting genetic cohesion of
A. d. var. denroideus and A. d. var. veatchii across
both northern and southern islands. Although
there is significant genetic structure based on
AMOVA (P = 0.001), only 8% of the genetic
variability is explained among islands (Table
4), while the remaining 92% is within islands
and populations. This is the first example of
genetic cohesion within plants distributed on
northern and southern islands, where previous
studies of widespread taxa have found clear
distinctions among island groups (Riley et al.
2016, Helenurm unpublished data). Interest-
ingly, we did not find evidence of recent gene
flow between the northern islands and Santa
Catalina (Table 2) or data to infer the pattern
of colonization of the California Channel
Islands and subsequent dispersal. The genetic
distinction of A. d. var. traskiae lends support
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    TABLE 4. AMOVA results testing genetic subdivision among islands within A. dendroideus var. dendroideus and
A. dendroideus var. veatchii.

                                                                                                                                                    Variance               Percentage 
Source of variation                                                   df                     Sum of squares              component             of variation

Among islands                                                             4                           254.353                         0.360                           8
Among populations/within islands                             3                             95.023                         0.476                         11
Within populations                                                 460                         1647.541                         3.582                         81
TOTAL                                                                       467                         1996.917                         4.417                             

    TABLE 5. AMOVA results testing genetic subdivision among islands within A. argophyllus var. argenteus.

                                                                                                                                                    Variance               Percentage 
Source of variation                                                   df                     Sum of squares              component             of variation

Among islands                                                             3                           820.266                         2.027                         33
Among populations/within islands                            4                           137.950                         0.502                           8
Within populations                                                 486                         1720.012                         3.539                         58
TOTAL                                                                      493                         2678.229                         6.067                             



to the long-held view that San Clemente is the
most distinct of the California Channel Islands
based on its isolation and dry climate (Raven
1967, Philbrick and Haller 1977, Moody 2000).

Acmispon argophyllus Taxonomy 
and Genetic Structure

    In contrast to A. dendroideus, A. argophyl-
lus shows a less clear signal when the genetic
units contained within the California Channel
Islands are considered. Of the 3 varieties, 
A. a. var. argenteus is the most widespread,
occurring on all 4 southern islands, while A. a.
var. adsurgens and A. a. var. niveus are single-
island endemics found on San Clemente and
Santa Cruz, respectively. The phylogenetic
data of Wallace et al. (2017) clearly placed 
A. a. var. niveus as a monophyletic group, dis-
tinctive from all other varieties of A. argophyl-
lus and worthy of elevation to the rank of
species. Although our current data support the
conclusion that A. a. var. niveus is a distinc-
tive genetic entity that is not breeding with
other A. argophyllus varieties, the degree of
genetic divergence is equal to that of the other
varieties, not offering clear support for recog-
nition as a distinct species. Our data also sup-
port recognition of A. a. var. adsurgens as a
distinctive genetic entity, although the rela-
tionship to other taxa is unclear. Phylogenetic
analyses by Wallace et al. (2017) nested A. a.
var. adsurgens within A. a. var. argenteus, and
based on their findings, taxonomic changes
are not currently warranted. Finally, A. a. var.
argenteus is the most perplexing of the sam-
pled taxa. STRUCTURE analyses indicated
that A. a. var. argenteus splits into 2 genetic
groups, San Nicolas and Santa Barbara or
Santa Catalina and San Clemente (Fig. 4),
while the PCoA and phenogram further split
Santa Catalina and San Clemente into sepa-
rate groups (Fig. 2B, Fig. 5B). What is more
interesting is that depending on the analysis,
individuals of A. a. var. argenteus from differ-
ent islands have an affinity for different
mainland relatives. This is best seen in the
STRUCTURE analysis dividing all samples
into 2 or 3 groups (K = 2 or 3, Fig. 5), where
the 2 major A. a. var. argenteus groups have
an affinity for different mainland taxa. Al -
though we did not investigate the timing of
divergence within groups, the lack of genetic
structure within A. a. var. argenteus could be
indicative of a fairly recent colonization of

the California Channel Islands. An examina-
tion of the taxonomy of the entirety of A.
argophyllus makes it clear that there are 2
cohesive varieties composed of the single-
island endemic taxa A. a. var. niveus and A. a.
var. adsurgens, and a final widespread variety,
A. a. var. argenteus, with divergence among
islands, leaving a minimum of 3 genetic enti-
ties, but possibly more depending on how 
A. a. var. argenteus is parsed.
    Despite the lack of strong signal in the A.
argophyllus data set, our data do inform our
thinking of evolutionary patterns on the Cali-
fornia Channel Islands, particularly the south-
ern islands. The genetic distinction of A. a. var.
niveus indicates that there was one coloniza-
tion event of the northern islands, but that
there was limited further gene flow between
the northern and southern islands as docu-
mented in other phylogeographic studies
(Cabal lero and Ashley 2011, Riley et al. 2016).
The strong distinction among islands for 
A. a. var. argenteus based on the STRUCTURE
(K = 10, Fig. 5) and phenogram analyses
(Fig. 4B) confirms that connectivity among
southern islands is limited. This conclusion is
supported by the fact that 33% of A. a. var.
argenteus genetic variation is partitioned
among islands (Table 5), and there is no evi-
dence of recent gene flow among islands
(Table 3). What remains unclear is whether all
A. a. var. argenteus populations are derived
from a single colonization event followed by
interisland dispersal, which is the conclusion
reached by Wallace et al. (2017) based on
phylogenetic analyses, or whether A. a. var.
argenteus is derived from multiple coloniza-
tion events. In studies of Aegean Nigella
(Ra nun culaceae), Comes et al. (2008) con-
cluded that genetic drift is the primary mecha-
nism leading to divergence among islands due
to evidence of genetic structure and a lack of
gene flow. In A. a. var. argenteus, we observed
structure among islands, a lack of gene flow,
and low diversity on the smallest islands San
Nicolas and Santa Barbara (see below; Table 1),
all of which would be expected results associ-
ated with high rates of genetic drift. Future
studies with A. a. var. argenteus should exam-
ine breeding system, particularly whether
selfing is possible, and the timing of diver-
gence among islands based on a molecular
clock to better understand the observed
genetic structure.

MCGLAUGHLIN ET AL. ♦ ACMISPON INTERISLAND GENETIC COHESION 753



Conservation Implications

    California Channel Island Acmispon has
faced historical and ongoing threats due to
small population sizes, isolation, nonnative
taxa, and human-induced habitat modification,
all of which can reduce genetic diversity and
impact evolutionary potential. Previous work
(McGlaughlin et al. 2014) indicated that mean
levels of microsatellite diversity within A.
argophyllus and A. dendroideus are similar
to levels observed in other Channel Island
endemic taxa (e.g., Furches et al. 2009, Wal-
lace and Helenurm 2009, Riley et al. 2016)
and levels generally observed in other en -
demic plant taxa (Nybom 2004). However,
there is considerable variability in levels of
diversity among taxa and islands (Table 1),
with several groups that are of concern. In
particular, the lowest levels of diversity are
seen in populations on the smallest islands,
A. a. var. argenteus on Santa Barbara and A. d.
var. dendroideus on Anacapa, which have
substantial constraints on total population
size due to limited available habitat. These
populations should be monitored to avoid
unnecessary disturbance which could further
reduce population size and genetic diversity.
Furthermore, A. d. var. dendroideus on Ana -
capa (East Anacapa) exhibited high levels of
inbreeding (FIS), suggesting that this island
may warrant active management to boost the
total population size. Given the lack of genetic
distinction among A. d. var. dendroideus pop-
ulations, introduction of plants from nearby
Santa Cruz could help bolster genetic diver-
sity. Of the 3 taxa of conservation concern,
A. a. var. niveus and A. a. var. adsurgens show
low levels of genetic diversity, while A. d. var.
traskiae is moderately diverse (Table 1). In -
breeding is also a concern for A. a. var. niveus,
but given the recent removal of large non -
native mammals from Santa Cruz, recent
population size increases (McGlaughlin per-
sonal observation), and measureable gene
flow among populations, no current manage-
ment is recommended. Genetic management
for A. a. var. adsurgens is more challenging
given its limited distribution, predominantly
in the Shore Bombardment Area (SHOBA) on
San Clemente, and low diversity observed in
other populations (McGlaughlin unpublished
data). Management of A. a. var. adsurgens
populations should focus on reducing distur-
bance and maintaining the largest populations

possible. Although the remaining A. argophyl-
lus and A. dendroideus populations are not
highly diverse, limited evidence suggests that
they are in need of active management for the
maintenance of genetic diversity. Interestingly,
we found very limited evidence for contempo-
rary gene flow among populations within
islands, despite strong evidence of historical
genetic connectivity within A. dendroideus.
This result raises questions about whether
rates of gene flow have been impacted by
anthropogenic disturbance, which could im pact
the long-term survival of these taxa.

Conclusions

    The research presented here adds to our
understanding of connectivity and isolation
among islands, and taxonomic accuracy within
endemic California Channel Island Acmispon
species. Contrary to previous research with
California Channel Island plants (Riley et al.
2016, Helenurm unpublished data), it is clear
that there was historical genetic connectivity
within A. d. var. dendroideus between the
northern islands and Santa Catalina, although
the directionality of that connectivity is unclear
and no evidence of contemporary gene flow is
evident. Within A. a. var. argenteus, genetic
isolation among the southern islands was
observed, which fits with the geography of
the southern islands and studies that have
examined taxa on San Clemente and Santa
Catalina (Wallace and Helenurm 2009, Mc -
Glaughlin et al. 2015). Collectively, these
results demonstrate that closely related taxa
may undergo very different evolutionary tra-
jectories, even when they are functioning in
the same system. When considering Acmispon
taxonomy, we identified a single taxon, A. d. var.
veatchii, that was not supported genetically.
However, when considering the species rank,
we identified one taxon, A. d. var. traskiae,
that is substantially differentiated and worthy
of recognition as a distinct species. Overall,
these data add to a growing understanding of
how allopatric isolation among islands and
limited gene flow have impacted diversity in
the California Channel Islands.

SUPPLEMENTARY MATERIAL

    Five online-only supplementary files accom-
pany this article (scholarsarchive.byu.edu/wnan/
vol78/iss4/24).
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SUPPLEMENTARY MATERIAL 1. Locations and
voucher references for populations of Acmispon
sampled for this study.

SUPPLEMENTARY MATERIAL 2. Acmispon den-
droideus STRUCTURE HARVESTER results
showing the rate of change of delta K for K = 1–20.

SUPPLEMENTARY MATERIAL 3. OBSTRUCT canon-
ical discriminant analysis plots of the median and
50% ellipse for each taxon by island: 1, Acmispon
dendroideus var. traskiae San Clemente; 2, A. d.
var. dendroideus Santa Catalina; 3, A. d. var. den-
droideus Anacapa; 4, A. d. var. dendroideus Santa
Cruz; 5, A. d. var. dendroideus Santa Rosa; 6, A. d.
var. veatchii San Miguel; 7, A. glaber Mainland 1;
8, A. glaberMainland 2; 9, A. heermannii Mainland.

SUPPLEMENTARY MATERIAL 4. Acmispon argo-
phyllus STRUCTURE HARVESTER results show-
ing the rate of change of delta K for K = 1–20.

SUPPLEMENTARY MATERIAL 5. OBSTRUCT canon-
ical discriminant analysis plots of the median and
50% ellipse for each taxon by island: 1, Acmispon
argophyllus var. adsurgens San Clemente; 2, A. a.
var. argenteus San Clemente; 3, A. a. var. argenteus
Santa Catalina; 4, A. a. var. argenteus San Nicolas;
5, A. a. var. argenteus Santa Barbara; 6, A. a. var.
niveus Santa Cruz; 7, A. a. var. argophyllus Main-
land 1; 8, A. a. var. argophyllusMainland 2; 9, A. a.
var. fremontii Mainland; 10, A. heermannii
Mainland; 11, A. glaber Mainland 1; 12, A. glaber
Mainland 2.
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