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A M E R I C A N  J O U R N A L  O F  B O T A N Y

R E S E A R C H  A R T I C L E

                    Evolutionary radiations provide excellent opportunities to study 
the processes that drive phenotypic divergence and speciation. 
However, because rapid divergence is a hallmark of radiations, past 
eff orts to infer evolutionary relationships among their taxa oft en 
have been unsuccessful due to the low levels of sequence variation 
contained in the few genes typically used for phylogenetic analysis 
( Qiu et al., 1999 ;  Wolfe et al., 2006 ;  Jarvis et al., 2014 ). Advances in 
sequencing technology have overcome this limitation by greatly 
expanding the amount of the genome that can be queried. For ex-
ample, reduced representation techniques, like restriction site as-
sociated DNA sequencing (RADseq), can be used to obtain data 

from thousands of genomic regions that can be combined in a sin-
gle analysis ( Miller et al., 2007 ;  Baird et al., 2008 ). Th is approach has 
allowed relationships to be resolved in some radiations for the fi rst 
time ( Emerson et al., 2010 ;  Heliconius Genome Consortium, 2012 ; 
 Wagner et al., 2013 ;  Eaton and Ree, 2013 ;  Fontaine et al., 2015 ; 
 McCluskey and Postlethwait, 2015 ;  Wessinger et al., 2016 ;  Pease 
et al., 2016 ). 

 Although genomewide phylogenies provide an excellent frame-
work for understanding the history of radiations, a single bifurcating 
topology also may obscure important details about the divergence 
process ( Mallet et al., 2015 ;  Hahn and Nakhleh, 2016 ). One reason 
a bifurcating tree may be inappropriate is because the genomes of 
recently radiated taxa oft en are complex genealogical mosaics that 
have been shaped by a range of processes, including incomplete 
lineage sorting and introgressive hybridization ( Maddison, 1997 ; 
 Keller et al., 2013 ;  Fontaine et al., 2015 ;  Mallet et al., 2015 ;  Pease et al., 
2016 ). Although these processes once were considered to generate 
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  PREMISE OF THE STUDY:  Evolutionary radiations provide excellent opportunities to study the origins of biodiversity, but rapid divergence and ongoing 

gene fl ow make inferring evolutionary relationships among taxa diffi  cult. Consequently, combining morphological and genomic analyses will be neces-

sary to clarify the evolutionary history of radiations. We used an integrative approach to shed light on relationships within a diverse radiation of monkey-

fl owers ( Mimulus  section  Diplacus ) with a controversial taxonomic history. 

  METHODS:  We used genomewide single nucleotide polymorphism data and a combination of phylogenetic and population genomic analyses to infer the 

evolutionary relationships within the group. Tests for hybridization were performed to reveal sources of shared variation, and multivariate analyses of 

fl oral trait data were conducted to examine the correspondence between phenotypic and phylogenetic data. 

  KEY RESULTS:  We identifi ed four primary clades with evidence for some shared variation among them. We also detected evidence for recent gene fl ow 

between closely related subclades and populations. Strong discordance between fl oral trait and molecular data provides evidence for divergent and 

convergent phenotypic evolution. 

  CONCLUSIONS:   Mimulus  section  Diplacus  has all the hallmarks of a rapid radiation, including diverse taxa that are at diff erent stages of divergence, exten-

sive shared variation among taxa, and complex patterns of phenotypic evolution. Our fi ndings will direct future evolutionary research and have important 

taxonomic implications that highlight the need for a new revision of section  Diplacus.  
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 O C TO B E R    2017 ,  V O LU M E   104   •   C H A S E  E T  A L .  — E V O LU T I O N A RY R E L AT I O N S H I P S W I T H I N  M . AU R A N T I AC U S     •   1511 

noise that prevented the resolution of taxon-level relationships, re-
cent studies have shown that they oft en are important sources 
of adaptive alleles that can drive speciation ( Heliconius Genome 
Consortium, 2012 ;  Keller et al., 2013 ;  Fontaine et al., 2015 ; 
 Lamichhaney et al., 2015 ;  Pease et al., 2016 ;  Wallbank et al., 2016 ). 
Th us, a holistic understanding of relationships within radiations 
requires integrated approaches using both tree-based and nontree-
based analyses that can reveal patterns of divergence and sources of 
shared variation among taxa. 

 Th ese new insights from genomic data also have sparked discus-
sion about the nature of species, which has important implications 
for how we choose to delineate them. Although reproductive isola-
tion always has been the cornerstone of the biological species con-
cept ( Mayr, 1995 ), we now know that speciation is a continuous 
process, and radiations will contain taxa at diff erent stages of diver-
gence. During this process, reproductive barriers can remain highly 
porous for long periods of time ( Rieseberg et al., 1999 ;  Turner et al., 
2005 ;  Harrison and Larson, 2014 ). Indeed, the genic view of specia-
tion suggests that divergence occurs heterogeneously across the 
genome ( Wu, 2001 ), such that the loci that underlie isolating traits 
become diff erentiated before the rest of the genome ( Turner et al., 
2005 ;  Ellegren et al., 2012 ;  Malinsky et al., 2015 ;  Vijay et al., 2016 ). 
Th erefore, even taxa at intermediate levels of divergence typically 
continue to share alleles, leading to a “gray zone” for which species 
concepts fail to refl ect the realities of biological diversity ( Mallet 
et al., 2015 ;  Roux et al., 2016 ). Th ese issues are paramount to the 
way that we consider patterns of taxonomic diversity in radiations, 
and they indicate the need for a more fl uid, modern view of specia-
tion that takes into account the continuous and multifaceted nature 
of the process. 

 In this study, we combine genomic and morphological data to 
shed light on evolutionary relationships within a recent radiation 
of monkeyfl owers.  Mimulus  section  Diplacus  (Phrymaceae) is a 
monophyletic group of perennial shrubs distributed mainly in Cal-
ifornia ( Beardsley et al., 2004 ). Th e phenotypically and ecologically 
diverse group ( Fig. 1A )  consists of at most 13 previously described 
taxa that are interfertile and continue to hybridize in narrow areas 
where their geographic ranges overlap. Although evolutionary 
studies have focused primarily on divergence between two parapat-
rically distributed taxa in San Diego county ( Streisfeld and Kohn, 
2005 ,  2007 ;  Sobel and Streisfeld, 2015 ;  Stankowski et al., 2015 , 
 2017 ), little is known about the evolutionary history of divergence 
across the rest of the radiation. One reason for this is that the rela-
tionships among taxa remain unclear, as phylogenetic analyses 
have been limited to a handful of genes and included only some of 
the taxa ( Beardsley et al., 2004 ;  Stankowski and Streisfeld, 2015 ). 

 In addition to an incomplete understanding of evolutionary re-
lationships, taxonomists have struggled to describe the extensive 
phenotypic diversity within  Diplacus . As a consequence, there have 
been 12 diff erent taxonomic revisions over the past century ( Fig. 1B ; 
 Grant, 1924 ;  Munz, 1935 ,  1959 ,  1973 ;  McMinn, 1951 ;  Pennell, 
1951 ;  Beeks, 1962 ;  Th ompson, 1993 ,  2005 ,  2012 ;  Tulig, 2000 ;  Tulig 
and Nesom, 2012 ). As few as two and as many as 13 species have 
been described, and many of the treatments also recognize addi-
tional subspecies or varieties. For example, the two most recent tax-
onomies were both published in 2012, but they diff er dramatically 
in how they delimit the taxa.  Th ompson (2012)  recognized two spe-
cies, one of which included six varieties. By contrast,  Tulig and 
Nesom (2012)  split this same variation into 13 species, three of which 
were reported to be of hybrid origin. While much of the disagreement 

about the number and status of species results from the absence of 
intrinsic barriers to gene fl ow and the natural hybridization that 
occurs across their ranges ( McMinn, 1951 ;  Beeks, 1962 ;  Streisfeld 
and Kohn, 2005 ), these taxonomic conclusions were based entirely 
on phenotypic data. Th erefore, integrating genomic data with this 
phenotypic information will allow for an explicit evaluation of 
these taxonomic hypotheses. 

 In this study, we used a combination of phylogenetic and popu-
lation genomic approaches to elucidate the evolutionary history 
and patterns of shared variation among taxa in section  Diplacus . 
In addition, we combined phylogenomic and morphological data 
from a nearly complete sampling of taxa to explore patterns of phe-
notypic evolution across the group. In doing so, we provide a criti-
cal assessment of previously published taxonomic hypotheses in 
the light of new genomic analyses. Th is work will inform conserva-
tion and management practices, and it provides a framework for 
guiding future taxonomic treatments of this group. Finally, this 
work creates new opportunities for comparative evolutionary, eco-
logical, and genomic studies of the history of divergence in this spe-
cies complex. 

 MATERIALS AND METHODS 

 Study system —   Members of  Mimulus  section  Diplacus  are peren-
nial shrubs that vary most notably in fl oral characteristics ( Fig. 1A ). 
Th ey occur throughout semi-arid regions of California, including 
most coastal sage scrub and inland chaparral communities, as well 
as some mountain peaks and deserts ( Beeks, 1962 ). Hummingbirds 
and insects are their primary pollinators ( Grant, 1994 ), and their 
preferences have been suggested to play an important role in the 
divergence of some taxa ( Grant, 1993a ,  1993b ;  Streisfeld and Kohn, 
2007 ). Intrinsic crossing barriers appear to be absent among 
all taxa. The only exception is that crosses involving  Mimulus 
clevelandii  Brandegee frequently are unsuccessful ( McMinn, 1951 ), 
which suggests that signifi cant reproductive isolation exists between 
 M. clevelandii  and other members of the group. Consistent with this 
observation, all previous taxonomies have recognized  M. clevelandii  
as a separate species. 

 By contrast, there has been little consensus about the ranks of 
other taxa ( Fig. 1B ). With the exception of  Th ompson (1993 ,  2005 , 
 2012 ), who treated most taxa as varieties of the species  Mimulus 
aurantiacus  Curtis, all other treatments consistently recognized six 
species ( Mimulus aridus  Abrams,  Mimulus parvifl orus  Greene, 
 Mimulus puniceus  Nutt.,  Mimulus longifl orus  Nutt.,  Mimulus gran-
difl orus  Groenland, and  M. aurantiacus ;  Fig. 1B ). Although  Mimulus 
stellatus  Kellogg is also treated consistently as a species, it has 
not been collected since 1940 ( McMinn, 1951 ), and most taxono-
mists make no mention of it other than noting it was recognized as 
a species by  Grant (1924) . As a consequence, we did not consider 
 M. stellatus  further in this study. Th e remaining taxa have been 
more controversial. For example,  Mimulus calycinus  Eastw. and 
 Mimulus rutilus  A.L.Grant have been described either as separate 
species ( McMinn, 1951 ;  Beeks, 1962 ;  Tulig, 2000 ;  Tulig and Nesom, 
2012 ) or as subspecies of  M. longifl orus  ( Grant, 1924 ;  Munz, 1935 , 
 1959 ,  1973 ;  Pennell, 1951 ). In addition,  M. linearis  Benth. has been 
described as a distinct species ( Pennell, 1951 ;  McMinn, 1951 ;  Tulig, 
2000 ), a subspecies of  M. longifl orus  ( Grant, 1924 ;  Munz, 1935 ), a 
subspecies of  M. grandifl orus  ( Munz, 1959 ,  1973 ), and as a species 
of hybrid origin between  M. aurantiacus  and  M. calycinus  ( Tulig 
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and Nesom, 2012 ). Diff erent treatments also 
have recognized  Mimulus lompocensis  McMinn 
as both a subspecies of  M. aurantiacus  ( Munz, 
1959 ,  1973 ) and as a species of hybrid origin 
between  M. aurantiacus  and  M. longiflorus  
( McMinn, 1951 ;  Tulig, 2000 ;  Tulig and Nesom, 
2012 ). Finally,  Mimulus australis  McMinn 
ex Munz has been described as its own species 
( McMinn, 1951 ), a subspecies of  M. aurantia-
cus  ( Munz, 1959 ,  1973 ), and most recently, as 
a hybrid species between  M. puniceus  and 
 M. longifl orus  ( Tulig, 2000 ;  Tulig and Nesom, 
2012 ). Each of these taxa has also at some 
point been considered a synonym of another, 
less controversial taxon ( Fig. 1B ). Due to this 
extreme confusion over naming conventions, 
we choose to be as inclusive as possible with 
the taxonomy by addressing every previously 
described taxon without regard to species 
concepts. Th erefore, unless otherwise noted, 
we refer to each taxon using its specifi c binomial 
epithet, according to  Tulig and Nesom’s (2012)  
treatment. 

 Taxonomic and population sampling —   A re-
cently published analysis of phylogenetic re-
lationships included the eight most widely 
distributed taxa but avoided some of the more 
controversial groups (i.e.,  M. lompocensis ,  M. 
linearis ,  M. rutilus ) ( Stankowski and Streis-
feld, 2015 ). Additionally, some taxa were sampled 
across a limited portion of their geographic 
range (i.e.,  M. puniceus  and  M. australis ). We 
include samples of these taxa here to provide a 
more complete examination of the group. 
Th us, our analyses included individuals from 
12 taxa from section  Diplacus  and one out-
group species ( Mimulus kelloggii  Curran, 
which is sister to  Diplacus  in section  Oenoe ; 
 Beardsley et al., 2004 ). 

 Leaf tissue was collected either from the 
fi eld or from fi eld-collected seeds grown in the 
University of Oregon greenhouses. For ingroup 
taxa, samples included between one and 14 
individuals across the taxon’s geographic 
range, totaling 73 individuals ( Fig. 2 ;  Appen-
dix S1, see the Supplemental Data with this 
article). One individual from the outgroup 
species  M. kelloggii  also was included. Samples 
were identifi ed according to  Tulig and Nesom 
(2012) . Sixty-one of the 73 ingroup individu-
als were sequenced previously ( Stankowski 
and Streisfeld, 2015 ); the new individuals in-
cluded here are two  M. lompocensis , four  M. 
rutilus , one  M. parvifl orus , one  M. aridus , and 
two additional  M. puniceus  and  M. australis  
from the northern portion of their range. 
Forty-fi ve of our samples come from locations 
that were previously visited by  Tulig (2000)  
in a study of floral trait variation. Therefore, 

  FIGURE 1  Morphological diversity and taxonomic history within  Mimulus  sect.  Diplacus . (A) Rep-

resentative photos in front and side view of some of the fl oral diversity present in  Mimulus  sect. 

 Diplacus . Taxa included here are (a)  M. australis , (b)  M .  puniceus , (c)  M. longifl orus , (d)  M. rutilus , (e) 

 M. calycinus , (f )  M. aurantiacus , (g)  M. aridus , (h)  M. parvifl orus , (i)  M. grandifl orus,  and (j)  M. cleve-

landii . (B) A summary of the 12 taxonomic revisions that have been published over the past 

century, beginning with  Grant (1924) . Across the diff erent treatments, species status is repre-

sented by colored rectangles, and subspecies or variety status is represented by smaller rectan-

gles with black outlines that occur within the colored rectangle for a species. The color of the box 

is associated with the name given by  Tulig and Nesom (2012) , presented to the right of the fi g-

ure. Other names previously used to defi ne taxa are included in parentheses. The location of the 

taxon names lines up with their treatment in each taxonomy. Hatched boxes indicate that a 

taxon is described as a hybrid species, with the color of the two lines representing the proposed 

progenitor species.   
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morphological data are available for these populations (described 
below). Although hybridization is known to occur between some 
taxa, we avoided sampling from zones of contact, because we did 
not want our analysis of broadly distributed taxa to be impacted by 
dynamics in narrow hybrid zones (except in the case of  M. rutilus , 
which only occurs within populations described as  M. longifl orus ). 

 Analyses of evolutionary relationships —   To generate genome-
wide data to infer the evolutionary history of section  Diplacus , we 
used Illumina sequencing of restriction-site-associated DNA tags 
(RADtags). DNA was isolated using either the modifi ed CTAB ex-
traction described by  Sobel and Streisfeld (2015)  or ZYMO Plant/
Seed DNA miniprep kits. RAD libraries were then prepared using 
the PstI restriction enzyme, followed by single-end 100-bp Illumina 
HiSeq 2000 sequencing, according to methods described previously 
( Etter et al., 2011 ;  Sobel and Streisfeld, 2015 ). We used the  process_
radtags  module of the Stacks v. 1.35 package ( Catchen et al., 2013 ) 
to remove reads with low quality or uncalled bases. Errors in the 
barcode and restriction site sequences were corrected before down-
stream analysis. Reads were aligned to an initial draft  reference as-
sembly from  M. puniceus  (described by  Stankowski et al., 2017 ) 
using the  very-sensitive  option in bowtie2 ( Langmead and Salzberg, 
2012 ). Loci were constructed with the  ref_map.pl  script in Stacks v. 
1.35 ( Catchen et al., 2011 ,  2013 ). Single nucleotide polymor-
phisms (SNPs) were identifi ed for our phylogenetic analysis using 
the  populations  module in Stacks v. 1.35, requiring that SNPs were 
present in at least 90% of the individuals and had a minimum 

minor allele frequency of 0.02 to exclude any SNPs found in a single 
heterozygote. 

 To infer relationships among samples, we used a maximum-
likelihood method, implemented in the program RAxML v. 8.2.3 
( Stamatakis, 2014 ). For each sample, we generated an alignment of all 
24,699 polymorphic 95-bp RAD-tags, which included invariant sites 
(specifi ed using the  –phylip_var_all fl ag  option in the  populations  
module). Methods of phylogenetic reconstruction were devel-
oped for the use of sequence data that include invariant sites; there-
fore, using whole RAD-tags is more appropriate than including 
only polymorphic sites ( Stamatakis, 2014 ).  RAxML  was run using 
the GTR+GAMMA model of nucleotide substitution. Support for 
each node was obtained by running 100 bootstrap replicates. Previ-
ous analyses using Bayesian, distance, and coalescent-based approaches 
yielded qualitatively similar results ( Stankowski and Streisfeld, 2015 ). 

 Closely related populations oft en share high levels of sequence 
variation as a result of both incomplete lineage sorting (ILS) and 
ongoing hybridization ( Lamichhaney et al., 2015 ;  Mallet et al., 
2015 ;  Hahn and Nakhleh, 2016 ;  Pease et al., 2016 ). Th erefore, forc-
ing individuals to conform to a bifurcating tree may obscure the 
complex evolutionary history of a group ( Huson and Bryant, 2006 ). 
Th us, we also constructed a split network using the program Splits-
Tree v4 ( Huson and Bryant, 2006 ). Th is method allowed us to visu-
alize more complex signals in the data by adding splits that were 
not permitted in a bifurcating tree. 

 We then used the Bayesian clustering algorithm implemented in 
 structure  2.3.4 ( Pritchard et al., 2000 ) as an alternative method 

  FIGURE 2  Geographic range and distribution of sampled individuals. Red dots represent the sampling locations used in this study. Population codes 

that begin with the letter “T” followed by a number indicate populations that were sampled previously for fl oral trait data by  Tulig (2000) . The region 

depicted by the inset in southern California is shown by the dashed line.   
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for inferring patterns of ancestry within  Diplacus . Unlike phyloge-
netic methods,  structure  reveals shared variation among inferred 
genetic groups, which could result from admixture or ancestral 
polymorphism. Because the phylogenetic analysis revealed four 
major clades, we conducted six replicate runs at  K  = 4, assuming the 
admixture model with correlated allele frequencies, 50,000 itera-
tions of burn-in, and 200,000 iterations of sampling. Additional 
runs were added with subsets of the individuals to address hypoth-
eses that emerged from the phylogenetic analysis (see below).  Mim-
ulus clevelandii  and  M. kelloggii  were not included in these analyses. 
Due to computational limitations, we used a reduced data set of 
6095 SNPs, generated by including one SNP per RAD-tag and a 
minimum minor allele frequency of 0.15. Results from each run 
were evaluated using Structure Harvester ( Earl, 2012 ), and mul-
tiple runs were summarized in CLUMPP ( Jakobsson and Rosen-
berg, 2007 ). 

 Tests for introgressive hybridization —   Of the four primary clades 
identifi ed in the phylogenetic analysis, one clade (Clade D) was es-
pecially diverse and contained up to six described taxa from 
southern California. Although three subclades are evident in the 
phylogenetic analysis,  structure  revealed substantial levels of 
shared variation among the subclades. To investigate whether this 
shared variation refl ects ancestral polymorphism or recent gene 
fl ow, we calculated Patterson’s  D  statistic ( Green et al., 2010 ). Pat-
terson’s  D  is calculated using four taxa with the relationship (((P 

1
 , 

P 
2
 ), P 

3
 ), O) and provides a test for introgression between the donor 

population, P 
3
 , and either of the two ingroup taxa, P 

1
  and P 

2
  ( Green 

et al., 2010 ). Th e statistic is calculated as the ratio of SNPs that fi ts 
an ABBA pattern to the number of SNPs that fi ts a BABA pattern 
across the four taxa, where A is the ancestral allele and B is the de-
rived allele. Under random sorting of ancestral variation, the num-
ber of SNPs fi tting both patterns is expected to be equal; however, 
an excess of either pattern indicates introgression has occurred be-
tween the donor taxon and one of the ingroup taxa ( Green et al., 
2010 ). Th e taxa used in this data set include  M. longifl orus  (P1),  M. 
calycinus  (P2),  M. australis  and  M. puniceus  (P3), and  M. grandifl orus  
(O).  M. australis  and  M. puniceus  were combined to form P3, 
because the two formed a single phylogenetic group (see results). 
Two  M. calycinus  individuals that grouped in Clade C and showed 
high levels of admixture (see results) were not included in this anal-
ysis. SNPs included in this data set were required to be present in 
90% of the individuals included and to have a minimum minor al-
lele frequency of 0.02. To reduce the eff ects of linkage, we included 
only a single SNP per RAD-tag. We did not require SNPs to be fi xed 
within a taxon, and 16,920 polymorphic sites were included in the 
analysis. To assess whether  D  was signifi cantly diff erent from 0, 
we followed the approach of  Eaton and Ree (2013)  to calculate a 
 p- value from the  Z -score obtained from 1000 bootstrap replicates 
of the test statistic. 

 In addition to exploring the origins of shared variation revealed 
by our analyses, we tested  Tulig’s (2000)  hypothesis that  M. australis  
is of hybrid origin between  M. puniceus  and  M. longifl orus .  Tulig 
(2000)  used multivariate analysis of fl oral traits (see below) to iden-
tify two groups that diff ered in fl ower size. Th e small-fl owered 
group included  M. puniceus ,  M. aurantiacus , and  M. parvifl orus , 
while the large-fl owered group included  M. grandifl orus ,  M. longi-
fl orus , and  M. calycinus . Populations of  M. australis  were intermediate 
in size and overlapped with populations of  M. lompocensis , which 
 McMinn (1951)  previously suggested was of hybrid origin.  Tulig 

(2000)  took these patterns to be evidence that  M. australis  also is of 
hybrid origin.  Tulig and Nesom (2012)  further speculated that, 
based on their geographic range and phenotypic similarity,  M. lon-
gifl orus  and  M. puniceus  were likely to be the progenitors of mod-
ern day  M. australis . 

 We used the F3 test ( Reich et al., 2009 ) to ask whether there was 
genomic evidence that  M. australis  arose through hybridization be-
tween  M. longifl orus  and  M. puniceus . Th e F3 test compares three 
populations, X, Y, and W, and evaluates whether Y is of mixed an-
cestry between X and W. Th e test is calculated by measuring the 
allele frequency diff erence between Y and either X or W, and taking 
the product of the two values. In this case, we combined all  M. aus-
tralis  individuals as population Y, and  M. puniceus  and  M. longifl o-
rus  were populations X and W, respectively. A negative value would 
support the hybrid origin of  M. australis , and a non-negative value 
would refute it. Th e F3 statistic was calculated from the data set 
used to calculate Patterson’s  D , with 3204 sites polymorphic among 
these three taxa. We applied the same bootstrap approach as 
described above to determine the signifi cance of the observed F3 
statistic. Th e F3 and Patterson’s  D  statistics were calculated using 
the program ADMIXTOOLS ( Patterson et al., 2012 ). 

 Analyses of fl oral trait data —   Previous studies used morphological 
characteristics—mainly floral traits—to delimit taxa in section 
 Diplacus  ( Pennell, 1951 ;  McMinn, 1951 ;  Beeks, 1962 ;  Munz, 1973   ; 
 Tulig and Nesom, 2012 ;  Th ompson, 2012 ). However, given that 12 
revisions have been published over the past century, a critical 
assessment of the taxonomic utility of fl oral traits is warranted. In-
deed, the two most recent treatments diff er considerably in how 
taxa are delimited ( Th ompson, 2012 ;  Tulig and Nesom, 2012 ;  Fig. 
1B ). Th erefore, we used an existing morphometric data set that 
consisted of 18 fl oral traits that were measured on 1–30 plants from 
45 of our collection sites (mean = 6 plants per site; SD = 4.17;  Tulig, 
2000 ; trait descriptions provided in Appendix S2) to ask how 
well each of these treatments performed at delineating taxa. We 
performed separate discriminant function analyses (DFA) with 
either  Tulig and Nesom’s (2012)  taxonomy or  Th ompson’s (2012)  
taxonomy as the grouping variable. If morphological characteris-
tics alone can be used to delineate taxa, we would expect that one of 
the treatments would assign individuals to taxa more reliably than 
the other. 

 In addition, by combining fl oral trait data with phylogenetic and 
population genomic analyses, we now have the capacity to test 
whether trait variation can be used to reconstruct an accurate pic-
ture of evolutionary relationships. Specifi cally, if traits have strong 
phylogenetic signal, individuals within the same clade should be 
more phenotypically similar than individuals in diff erent clades. 
However, this relationship may be obscured by the eff ects of con-
vergent and divergent phenotypic evolution, which are common 
during radiations ( Berner and Salzburger, 2015 ). For example, we 
would expect convergent evolution to result in phenotypic overlap 
among taxa from diff erent clades, while divergence would cause 
pronounced phenotypic differences among taxa within clades. 
Th erefore, to examine how trait variation is partitioned within and 
among clades, we summarized the multivariate trait data using a 
principal components analysis (PCA) and mapped the four phylo-
genetic clades in the bivariate space of the fi rst two principal com-
ponents. Th is approach separates samples based on the two largest 
sources of phenotypic variation across the entire data set. Th ere-
fore, if these trait data refl ect the evolutionary history of divergence, 
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the fi rst two principal components should correspond to the deep-
est evolutionary divisions in the group. However, convergent and 
divergent phenotypic evolution would prevent the accurate recon-
struction of evolutionary history from these traits. 

 Finally, although it may be possible that the primary sources of 
fl oral trait variation fail to refl ect the history of this group, there 
may be more subtle trait variation that does carry a phylogenetic 
signal. To test for such traits, we used DFA with phylogenetic clade 
as the grouping variable to examine how oft en individuals were as-
signed to the correct clade using the 18 fl oral traits. If this analysis 
reliably assigns individuals to the correct clade, then we can iden-
tify the traits that vary in accordance with the main evolutionary 
history of the group. All analyses of fl oral trait data were performed 
in R (R Foundation for Statistical Computing, Vienna, Austria). 

 RESULTS 

 Evolutionary relationships within section Diplacus —   Aft er quality 
fi ltering and aligning raw reads to the  M. puniceus  reference ge-
nome, an average of 69.8% of reads mapped uniquely when exclud-
ing  M. kelloggii . Th e high percentage of reads aligning across taxa 
refl ects the recent history of the group. In contrast, only 37.61% of 
the  M. kelloggii  reads aligned uniquely, as it is more distantly re-
lated to  M. puniceus . Th e fi nal data set for phylogenetic analysis 
included 24,699 loci (RAD-tags), totaling 2,346,405 bp, with 68,889 
variable sites. Of these loci, 38.3% were missing from  M. kelloggii.  
Aft er further fi ltering for  structure  analyses, we retained 6095 of 
the most informative SNPs. 

 Phylogenetic analysis revealed four highly supported (100% 
bootstrap support) clades (A–D;  Fig. 3A ),  consistent with those 
previously identifi ed by  Stankowski and Streisfeld (2015) . Clade A 
consists of all samples of  M. grandifl orus  and  M. linearis , which 
are reciprocally monophyletic. Clade B includes all samples of 
 M. aridus  and  M. parvifl orus , which are reciprocally monophyletic. 
Clade C contains  M. aurantiacus  as a monophyletic group, but also 
includes one  M. lompocensis  individual and two individuals that 
phenotypically resemble  M. calycinus . Clade D contains the highest 
number of described taxa, including  M. australis ,  M. puniceus ,  M. 
rutilus ,  M. longifl orus , the remaining  M. calycinus  samples, and one 
 M. lompocensis  individual. 

 By including  M. kelloggii  as an outgroup, we were able to test the 
phylogenetic position of  M. clevelandii . Although  M. clevelandii  
frequently has been described as a separate species ( Fig. 1B ) and 
was used as the outgroup in a past analysis ( Stankowski and Streis-
feld, 2015 ), the only previous molecular phylogenetic analysis re-
vealed that  M. clevelandii  grouped within the rest of the taxa 
( Beardsley et al., 2004 ). However, by rooting with  M. kelloggii , we 
confi rmed that  M. clevelandii  indeed is sister to the remaining taxa. 

 In addition to the phylogenetic tree, we illustrated relationships 
through a split network (Appendix S3). Th is analysis highlights the 
deep division that separates Clades A and B from Clades C and D, 
and it reveals the complex nature of the relationships among taxa, 
especially within the rapidly radiating Clades C and D. 

 Prevalence of shared variation between and within clades —   As an 
alternative to phylogenetic analysis, we used  structure  to infer 
patterns of admixture among the individuals. Th e analysis at  K  = 4 
revealed clusters of individuals that largely agreed with the clades 
recovered in the phylogenetic analysis. However, it also revealed 

shared variation among Clades B, C, and D that was not apparent 
from the bifurcating tree ( Fig. 3C ). For example, we detected exten-
sive admixture in the two  M. lompocensis  individuals and the two 
 M. calycinus  individuals that group within Clade C. Th e intermedi-
ate  structure  scores of these  M. calycinus  individuals suggest that 
they are hybrids, so they were excluded from other analyses. In ad-
dition, consistent with previous evidence of introgressive hybrid-
ization ( Stankowski and Streisfeld, 2015 ),  M. puniceus  and  M. 
australis  from Clade D show some mixed ancestry with individuals 
in Clade B. 

 We performed an additional  structure  analysis to test for di-
vergence and admixture in Clade D. Th e  structure  analysis at 
 K  = 3 recapitulated the three highly supported subclades from the 
phylogeny (one that includes both  M. puniceus  and  M. australis , 
one that only includes  M. calycinus , and one that includes  M. longi-
fl orus  and  M. rutilus ). However, it also revealed extensive shared 
variation across all of Clade D ( Fig. 3C ). For example, southern 
populations of  M. calycinus  share some ancestry with individuals of 
 M. longifl orus , and the four southern populations of  M. longifl orus  
and  M. rutilus  share variation with individuals of  M. puniceus  and 
 M. australis.  

 Th is shared variation may be due to retained ancestral polymor-
phisms or recent gene fl ow. To determine whether gene fl ow can 
explain some amount of shared variation among taxa, we per-
formed an ABBA–BABA test within clade D. Because  M. puniceus  
and  M. australis  are indistinguishable based on  structure  analy-
ses, we treated them as one taxon for this test. Moreover, since this 
test requires sister ingroup taxa, we used  M. calycinus  and  M. longi-
fl orus  as the ingroups. Patterson’s  D  for the test was 0.1672 ( Table 1 ),  
which refl ects a 16.7% excess of BABA sites over ABBA sites and 
suggests likely introgression between the  M. australis  and  M. puni-
ceus  lineage and the  M. longifl orus  lineage. Bootstrap analysis re-
vealed that the value of Patterson’s  D  was highly signifi cant ( Table 1 , 
 P  < 0.00001). 

 To address  Tulig and Nesom’s (2012)  claim that  M. australis  is a 
hybrid species, we also tested whether  M. australis  individuals are 
signifi cantly admixed between  M. puniceus  and  M. longifl orus . Th e 
result from the F3 test, designed to measure whether population Y 
is admixed between populations X and W, was 0.024408, which is a 
signifi cantly positive value ( Table 1 ,  P  < 0.00001). Th is result sug-
gests that  M. australis  is not the product of hybridization between 
 M. puniceus  and  M. longifl orus , as proposed by  Tulig and Nesom 
(2012) . Although it remains possible that  M. australis  arose due to 
hybridization between other taxa, neither the split network nor the 
 structure  analysis provides substantial evidence for admixture 
that would support this conclusion. 

 Patterns of phenotypic variation —   Both discriminant function 
analyses reliably assigned individuals to the set of taxa described by 
each taxonomic treatment.  Tulig and Nesom’s (2012)  treatment 
and  Th ompson’s (2012)  treatment each correctly assigned 97.06% 
of the individuals into taxa ( Fig. 4A, B ).  Based on  Tulig and Nesom’s 
(2012)  treatment, the traits that loaded most highly on discrimi-
nant function 1 (DF1) were pedicel width (PDWD), corolla height 
(CRHT), and the length of the short fi lament (FSLN;  Table 2 ).  By 
contrast, width of the throat opening (THRO), calyx height (CAHT), 
and length of the lower central petal lobe (LLCL) loaded most 
strongly on discriminant function 2 (DF2). Based on  Th ompson’s 
(2012)  treatment, the traits that explained most of the variation on 
both DF1 and DF2 were pedicel width (PDWD), width of the throat 
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opening (THRO), and length of the lower central petal lobe (LLCL). 
Th us, these traits appear to be most important in separating taxa. 
Notably, both taxonomies performed equally well at separating 
taxa based on this floral trait variation. Consequently, given the 
substantial differences between the taxonomic treatments, this 
analysis provides little guidance as to which taxonomy more accu-
rately describes the diversity. 

 To test whether fl oral trait variation can reconstruct evolution-
ary history, we performed a PCA with individuals colored by phy-
logenetic clade and performed a DFA with phylogenetic clade as 

the grouping variable. The first two principal components ex-
plained 75.8% of the variation among the 18 floral traits (PC1: 
60.4%; PC2: 15.4%). However, rather than revealing a series of dis-
crete groups, the samples were distributed along a continuum of phe-
notypic variation. In addition, there was almost no discrete clustering 
of samples from the same clade in PC space. Rather, individuals 
from diff erent clades broadly overlapped one another. Th e only ex-
ception was Clade B, which was distinct from the other three clades 
and formed two clusters corresponding to  M. parvifl orus  and  M. 
aridus . Th is analysis indicates that the largest sources of phenotypic 

  FIGURE 3  Evolutionary relationships within  Mimulus  sect.  Diplacus.  (A) Maximum-likelihood tree illustrating the relationships among samples. Nodes 

with 100% bootstrap support are represented with two stars; nodes with >90% bootstrap support are represented with one star. We identifi ed four 

highly supported clades (a–d), which are labeled on the tree, with branches colored according to clade. (B) Taxonomic identity of samples that is based 

on the two most recent taxonomies. Colors in the rectangles correspond with  Fig. 1 . (C)  STRUCTURE  analyses that show ancestry scores ( Q ) for all samples 

at  K  = 4 (left), and only for Clade D at  K  = 3 (right). Individuals line up with tips of the phylogeny. Dashed lines separate the four clades.   
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variation present in the data set do not separate the samples into 
distinct groups that correspond to the deep evolutionary divisions 
revealed by the phylogenetic and population genomic analyses. Al-
ternatively, substantial phenotypic overlap exists among the indi-
viduals from Clades A and D, and among individuals from Clades 
C and D, indicating convergence on similar phenotypes across 
clades. Moreover, the distinctness of the two taxa in Clade B, and 
the well-studied differences in floral traits between the closely 
related  M. puniceus  and  M. australis  ( Streisfeld and Kohn, 2005 ; 
 Stankowski et al., 2015 ), reveal a complex history of phenotypic 
evolution in this group that involves both convergent evolution be-
tween clades and divergent evolution within clades. 

 Although the most conspicuous traits do not carry a phyloge-
netic signal, more subtle characters might distinguish the major 
clades from one another. To test for such traits, we conducted a 
discriminant function analysis using phylogenetic clade as the 
grouping variable. In contrast to the PCA, the individuals within 
each clade were largely separated from each other across discrimi-
nant space and were correctly assigned to clade 94.12% of the time 
( Fig. 4D ). Clade B is once again distinct from all other groups, but 
it no longer forms two separate clusters. Clades A and D are dif-
ferentiated more clearly in discriminant space than in PC space, 
with only minor overlap between them. Th e greatest overlap oc-
curred between Clades C and D, but there was less overlap evident 
than in the PCA. Pedicel width (PDWD) and the width of the 
throat opening (THRO) loaded most heavily on these canonical 
axes ( Table 3 ),  suggesting that these traits carried the strongest 
phylogenetic signal based on the clustering of clades. 

 DISCUSSION 

 Evolutionary relationships in radiations can be complex, and their 
resolution oft en requires detailed sampling and integrated analyses. 
By combining phylogenetic, population genomic, and phenotypic 
analysis, we show that these monkeyfl owers exhibit the hallmarks 
of a rapid radiation, including a range of diverse taxa at diff erent 
stages of divergence, extensive shared variation across the group, 
and evidence for divergent and convergent phenotypic evolution. 
Our results also have taxonomic implications, and we discuss how 
they might inform a future revision. 

 Patterns of divergence and shared variation across the radia-

tion —   Our analysis of genomic data provides some of the first 
insight into the evolutionary history of this diverse group of 
monkeyflowers. Specifically, we show that the taxa are closely 
related but are at diff erent stages of divergence, which creates exciting 
opportunities for comparative studies across the speciation con-
tinuum. For example, in the early stages of speciation, the genomes 
of taxa are thought to be largely undiff erentiated as a result of their 

very recent history ( Rundle and Nosil, 2005 ;  Nosil, 2012 ). Th is is 
the case between  M. puniceus  and  M. australis  from clade D, which 
have divergent fl oral phenotypes as a consequence of pollinator-
mediated selection ( Streisfeld and Kohn, 2007 ;  Handelman and 
Kohn, 2014 ;  Sobel and Streisfeld, 2015 ), but do not form separate 
monophyletic groups in our phylogenetic analysis. In contrast, an-
other pair of ecologically divergent taxa from Clade D,  M. calycinus  
and  M. longifl orus , form shallow monophyletic sister clades, sug-
gesting they are at an intermediate stage of speciation ( Beeks, 1962 ; 
 Grant, 1993a ,  1993b ). A much more distantly related pair of taxa, 
 M. parvifl orus  from Clade B and  M. longifl orus  from Clade D, are 
able to co-occur in sympatry on Santa Cruz Island off  the coast of 
California despite hybridization between them ( Wells, 1980 ; M. 
Chase, personal observation). Future comparative, ecological, and 
genomic studies in these and other taxa will examine how the 
factors that generate and maintain diversity change with progress 
toward speciation. 

 While our phylogenetic analysis provides insight into the pat-
terns of divergence between taxa, our population genomic analyses 
reveal a complex pattern of shared variation among taxa. Although 
incomplete lineage sorting probably accounts for most of the 
shared variation within and between clades, our analyses indicate 
that some is due to introgressive hybridization. Hybridization is a 
relatively common phenomenon in radiations, and in some cases, it 
can be so extensive that relationships cannot be illustrated accu-
rately with a tree ( Malinsky et al., 2017 ). In  Mimulus  section  Diplacus , 
many studies have noted hybridization between taxa in areas where 
their ranges overlap. Although this mixing has been a major cause 
of taxonomic confl ict in this group ( McMinn, 1951 ;  Beeks, 1962 ; 
 Th ompson, 1993 ,  2005 ,  2012 ;  Tulig, 2000 ), our data indicate that 
hybridization does not have a major eff ect on the core structure of 
clades and taxa. Rather, hybridization probably occurs in areas that 
coincide with transitions between diff erent environments, which is 
consistent with the observations that fl oral trait diff erences between 
the taxa are stable over large geographic areas and that hybrid zones 
are narrow in comparison. 

 Evidence for divergent and convergent phenotypic evolution —   By 
examining fl oral trait variation in combination with phylogenetic 
analyses, we show striking phenotypic similarity between compara-
tively distantly related taxa, and remarkable dissimilarity between 
very closely related taxa. Th is pattern of convergent and divergent 
evolution has been observed in many rapidly diverging groups 
( Muschick et al., 2012 ;  Heliconius Genome Consortium, 2012 ; 
 Mahler et al., 2013 ) and is common in adaptive radiations ( Schluter, 
2000 ;  Berner and Salzburger, 2015 ). 

 Multiple processes can cause the patterns of phenotypic evolu-
tion we observe. Divergent phenotypic evolution is thought to 
occur most commonly when populations adapt to contrasting en-
vironments, which can cause ecological isolating barriers to evolve 

  TABLE 1.  Results from Patterson’s  D  and F3 tests. 

Test Comparison Test statistic  Z  score  P  value BABA sites ABBA sites Total sites

 D P1:  M. longifl orus 0.1672 7.578 <0.00001 196 140 16920
P2:  M. calycinus 
P3:  M. australis/puniceus 
O:  M. grandifl orus 

F3 X:  M. puniceus 0.0244 6.135 <0.00001 N/A N/A 3204
Y:  M. australis 
W:  M. longifl orus 
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  FIGURE 4  Phenotypic variation within section  Diplacus . (A, B) Discrimi-

nant function analyses on 18 fl oral traits, based on individuals from the 

45 populations that were previously phenotyped by  Tulig (2000) . Indi-

viduals within each plot are grouped according to the taxonomy of (A) 

 Tulig and Nesom (2012)  or (B)  Thompson (2012) . (C) Principal component 

analysis on fl oral traits, with individuals colored according to phyloge-

netic clade, as identifi ed in  Fig. 3 . (D) Discriminant function analysis on 

fl oral traits using phylogenetic clade as the grouping variable. Individu-

als are colored by clade. Based on these 18 traits, individuals were cor-

rectly assigned to Clade A 94% of the time, Clade B 100% of the time, 

Clade C 93.3% of the time, and Clade D 90.8% of the time.   

( Rundle and Nosil, 2005 ;  Nosil, 2012 ). Previous work indicates that 
this is the case between  M. puniceus  and  M. australis , which have 
low levels of genomic diff erentiation despite selection on fl ower 
color and other fl oral traits ( Streisfeld and Kohn, 2005 ;  Handelman 
and Kohn, 2014 ;  Stankowski et al., 2015 ). However, in other cases, 
sister taxa are geographically isolated from each other. Th us, phe-
notypic divergence may be the result of neutral processes rather 
than adaptation ( Schluter, 2009 ). For instance,  M. aridus  and  M. 
parvifl orus  have entirely distinct ranges, but they diff er in fl ower 
color ( Fig. 1 ) and are completely separated from each other in the 
DFA of fl oral traits ( Fig. 4 ). Given their allopatric distributions, drift  
or selection may have played a role in their phenotypic divergence. 
Th us, further study is required to determine the evolutionary forces 
responsible for phenotypic divergence across diff erent taxa. 

 Convergent phenotypic evolution also may arise through vari-
ous processes. Shared features among clades could result from in-
dependent origins of a trait through new mutations, the sharing of 
ancestral polymorphisms, or through introgressive hybridization. 
Th e latter two possibilities may be especially common in systems 
marked by rapid diversifi cation ( Hahn and Nakhleh, 2016 ), and 
they signal the need for caution when interpreting phenotypic 
evolution in the context of a phylogeny. Although our phylog-
eny refl ects the demographic history of divergence, there are likely 
regions of the genome with discordant evolutionary histories, some 
of which may underlie adaptive traits. Indeed, previous work in this 
system has provided evidence that a mutation causing red fl owers 
was shared between Clade B and  M. puniceus  through historical 
introgression ( Stankowski and Streisfeld, 2015 ). Future analyses, 
aided by an improved, chromosome-level genome assembly, will 
allow us to reveal the underlying genomic features responsible for 
the patterns of divergent and convergent phenotypic evolution we 
observe. In addition, these data will provide new opportunities to 
document the evolutionary history of ecologically important phe-
notypic transitions associated with adaptive divergence in a recent 
radiation. 

 Taxonomic implications and recommendations for formal revi-

sion —   Although our primary focus was to infer the evolutionary 
relationships in this group, this work has important taxonomic 
implications and highlights the need for a new revision of section 
 Diplacus . Over the last century, all 12 of the published treat-
ments disagree to some extent on the appropriate number and 
rank of the taxa described. Th e disagreement is most apparent in 
the two most recent treatments that were published in 2012 ( Tulig 
and Nesom, 2012 ;  Th ompson, 2012 ), as our results indicate that 
neither one is better at describing the fl oral trait variation ana-
lyzed here. Th is uncertainty is especially problematic for managers 
and conservationists, as well as for evolutionary biologists, who are 
left  without a clear conceptual framework for how to appropriately 
refer to the diversity in the group. While we do not provide a formal 
revision here, we present recommendations for future changes that 
are based on the integration of genomic and phenotypic analyses 
that emerge from this study. 
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 Five of the taxa that we examined have faced frequent revision, 
including  M. calycinus ,  M. rutilus ,  M. linearis ,  M. lompocensis , and 
 M. australis.  Both  M. calycinus and M. rutilus  have been described 
previously as subspecies of  M. longifl orus , and  M. calycinus  recently 
has been grouped together with  M. longifl orus  to form  M. aurantiacus  
var.  pubescens  ( Thompson, 2005 ,  2012 ). Although the genomic 
and phenotypic data clearly separate  M. calycinus  from  M. longifl orus , 
 M. rutilus  is not genetically distinct from  M. longiflorus , even 
though they diff er considerably in fl ower color ( Fig. 1 ). Th us, based 
on these results, we would recommend that  M. calycinus  be treated 
as a distinct entity. However, given that red-fl owered  M. rutilus  is 
found growing only within otherwise yellow-fl owered populations 
of  M. longifl orus , the genomic data suggest that  M. rutilis  should be 
recognized more appropriately as a simple fl ower color polymor-
phism that is restricted to a few geographic areas. 

  Mimulus linearis  has had many proposed evolutionary histories, 
including being a subspecies of either  M. longifl orus  or  M. grandi-
fl orus , as well as being a species of hybrid origin between  M. auran-
tiacus  and  M. calycinus . Our data reveal that even though  M. 
linearis  and  M. grandifl orus  are geographically distinct from each 
other, they emerge as sister taxa in both the phylogeny and the split 
network, and there is little shared variation between  M. linearis  and 
taxa from other clades. Th erefore, it remains unclear whether a fu-
ture taxonomic revision should consider  M. linearis  to be its own 
entity or a form of  M. grandifl orus , as proposed previously ( Munz, 
1959 ,  1973 ;  Th ompson, 2005 ,  2012 ). 

  Mimulus lompocensis  has been described as a hybrid species 
between  M. aurantiacus  and  M. longiflorus  by several authors 
( McMinn, 1951 ;  Tulig, 2000 ;  Tulig and Nesom, 2012 ). Th e two indi-
viduals included in this study grouped in diff erent clades in the tree 
and split network (Clades C and D), and they showed high levels of 
admixture in the  structure  analysis. While these results are consis-
tent with a history of hybridization, it will be necessary to determine 
whether  M. lompocensis  is ecologically distinct from its presumed pro-
genitors ( Gross and Rieseberg, 2004 ) before concluding that this ad-
mixture refl ects a stable taxon of hybrid origin (as done by  Tulig and 
Nesom, 2012 ) rather than a product of recent natural hybridization. 

 Finally,  M. australis  has been described as a subspecies of  M. 
aurantiacus , its own species, a species of hybrid origin, or in some 
treatments,  M. australis  has not been described at all ( Grant, 1924 ; 
 Munz, 1935 ;  Pennell, 1951 ;  Beeks, 1962 ;  Th ompson, 1993 ,  2005 , 
 2012 ). Based on the genomic data analyzed in the current study,  M. 
australis  is not distinguishable from  M. puniceus , and the two are 
interdigitated in the phylogeny. In addition, populations described 
as  M. australis  show no evidence of being hybrids between  M. 
puniceus  and  M. longifl orus  ( Table 1 ), as proposed previously by 
 Tulig and Nesom (2012) . Nevertheless, partial reproductive isolation 
has evolved between western red-fl owered populations and eastern 
yellow-fl owered populations ( Sobel and Streisfeld, 2015 ). More-
over, multiple fl oral and vegetative traits are diff erentiated along 
this same geographical transition ( Stankowski et al., 2015 ; J. M. Sobel 
et al., Binghamton University, unpublished manuscript), indicating 
an early stage of ecological divergence between the taxa. Th erefore, 
based on these data, we would not recommend that  M. puniceus  
and  M. australis  be defined as distinct entities. However, even 
though no previous description of the red-fl owered  M. puniceus  
exists that also would include the yellow-fl owered  M. australis , we 
suggest that future revisions incorporate these genomic and eco-
logical patterns into a description that recognizes this divergence in 
the form of “ecotypes” of the consistently recognized  M. puniceus  
( Streisfeld et al., 2013 ). 

 In addition to delimiting taxa, a new treatment also must con-
sider the appropriate taxonomic rank for each entity. Th e diffi  culty 
of assigning ranks at or below the species level for this group has 
been recognized for a long time, as demonstrated by  McMinn 
(1951 , p. 34) who wrote, “…since complete agreement has not been 
reached by botanists as to the status of species, subspecies, and variet-
ies, I have chosen to treat all these field entities (taxa) simply as 
binomials. Inasmuch as binomials to most botanists indicate spe-
cies, I have endeavored not to use the word species when writing of 
these various entities. I must point out, however, that if sterility and 
geographical distribution tests were the main criteria applied in de-
limiting species and subspecies, then the fi eld entities … probably 
would be classified as two taxonomic species, eleven subspecies, 
and numerous hybrids.” 

  TABLE 2.  Loadings for the fi rst two discriminant function axes using the 

taxonomy of  Tulig and Nesom (2012)  or  Thompson (2012)  as the grouping 

variable. Descriptions of trait name abbreviations can be found in Appendix S2. 

 Tulig and Nesom (2012)  Thompson (2012) 

Trait DF1 DF2 DF1 DF2

CRLN −0.05332177 0.05981519 −0.098544301 0.049198411
CULN 0.11349505 −0.027188252 −0.064752232 −0.178416174
CLLN −0.11456936 −0.16278508 0.012548931 −0.061930311
BLLN −0.09347819 0.196527236 −0.042122811 0.017305656
UCOS 0.08753006 −0.074278674 −0.107440042 −0.083783893
INFL −0.07794273 −0.104483587 −0.133694509 −0.01175704
UCIS −0.0581908 −0.067652583 −0.036843668 0.004904862
WLCL −0.08329381 −0.044438801 0.000161317 −0.026132869
LLCL 0.09515379 0.383080129 0.461992819 0.447229467
THRO −0.26309451 0.646242479 −0.384743181 0.683290511
CRHT −0.56351185 0.213665212 0.145023746 −0.096769739
CAHT 0.09380583 −0.598988778 −0.229591581 −0.239920631
PDLN 0.07142001 0.040301165 0.100065766 0.149577015
PDWD −1.461039 0.01673164 −0.44245656 −2.063862501
CTN −0.27308312 −0.329314029 −0.209082137 −0.092024316
FLLN 0.3154864 −0.000242331 0.333242237 −0.148756483
FSLN 0.35834455 0.092175164 0.131968689 0.153662132
STLN −0.02811806 −0.00905903 0.080392938 0.116118715

  TABLE 3.  Loadings for the fi rst two principal components and fi rst two 

discriminant functions using phylogenetic clade as the grouping variable. 

Descriptions of trait name abbreviations can be found in Appendix S2. 

Trait PC1 PC2 Clade DF1 Clade DF2

CRLN 0.87484 0.38394 −0.007534267 −0.23149174
CULN 0.64359 0.63356 0.133768577 0.03993585
CLLN 0.67048 0.68768 0.082474462 −0.03988584
BLLN 0.91132 −0.32478 −0.049643515 −0.0069482
UCOS 0.90306 −0.31785 0.112837875 −0.21298351
INFL 0.87773 −0.36545 0.065978965 −0.42316548
UCIS 0.83717 −0.42061 −0.129622483 0.32149581
WLCL 0.75442 −0.09692 0.050158241 −0.07255096
LLCL 0.85984 −0.38537 −0.412127261 0.40931716
THRO 0.87132 −0.34805 −0.791635928 0.09593173
CRHT 0.83665 −0.22986 0.026632214 −0.18093956
CAHT 0.71113 0.39742 0.203823105 −0.16578586
PDLN −0.48729 −0.07971 −0.082918263 −0.07242255
PDWD 0.84532 0.0959 1.750621312 1.4659284
CTN 0.77697 0.53037 −0.019122676 0.20307343
FLLN −0.67735 0.16934 0.121460739 0.44573151
FSLN −0.74221 0.11235 0.083141571 −0.39595641
STLN 0.52842 0.6334 −0.132464288 0.16109519
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 Although  McMinn (1951)  ends by considering the biological spe-
cies concept as one way to delimit taxa, this statement foreshadowed 
the need for integrative taxonomic approaches that considered the 
diff erent stages of divergence present among taxa in radiations. In 
most of the previous treatments of this group, the rank employed 
appears arbitrary and oft en was not justifi ed by the authors. How-
ever, given the interfertility, natural hybridization, and shared ge-
nomic variation present among taxa, we support the view by  McMinn 
(1951) , and more recently by  Th ompson (2012) , who treated the taxa 
(with the exception of  M. clevelandii ) as intraspecifi c subspecies or 
varieties of  M. aurantiacus . Th is view, which acknowledges the re-
productive continuity and close relationships among these taxa, em-
phasizes our need to understand how and why so much diversity 
arose and has been maintained within this group. 
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