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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

                    Gaining a better understanding of how ecosystems will respond to 
the mounting pressures of climate change, invasions, and habitat 
modifi cation represents a primary goal for academics and practitio-
ners alike. Key to achieving this goal is obtaining accurate accounts 

of biodiversity, as ecosystem functioning has been shown to de-
pend on both the number and identity of constituent taxa (e.g., 
 Hooper et al., 2012 ). Especially in human-modifi ed ecosystems, 
which are globally pervasive ( Ellis and Ramankutty, 2008 ), invasive 
species oft en comprise substantial fractions of total biodiversity 
(e.g.,  Ellis et al., 2012 ) and have the potential to dramatically alter 
ecosystem structure and function ( Py š ek et al., 2012 ). Th us, accu-
rately identifying and enumerating exotic species is paramount, 
especially for invasives that continue to expand their range into 
new regions and ecosystems. 

 Unfortunately, invasive taxa oft en present great challenges to 
identifi cation eff orts (Pyšek et al., 2013). Newly introduced species 
are oft en not detected, usually due to a failure to distinguish them 
from other similar native or introduced species until they are already 
well established and spreading (e.g., plants:  Gaskin and Schaal, 
2002 ;  Saltonstall, 2002 ;  Wilson et al., 2006 ; marine invertebrates: 
 McGlashan et al., 2008 ; insects:  Humble et al., 2009 ). Particularly 
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  PREMISE OF THE STUDY:  Accurate assessments of biodiversity are paramount for understanding ecosystem processes and adaptation to change. Invasive 

species often contribute substantially to local biodiversity; correctly identifying and distinguishing invaders is thus necessary to assess their potential im-

pacts. We compared the reliability of morphology and molecular sequences to discriminate six putative species of invasive  Pilosella  hawkweeds (syn.  Hi-

eracium , Asteraceae), known for unreliable identifi cations and historical introgression. We asked (1) which morphological traits dependably discriminate 

putative species, (2) if genetic clusters supported morphological species, and (3) if novel hybridizations occur in the invaded range. 

  METHODS:  We assessed 33 morphometric characters for their discriminatory power using the randomForest classifi er and, using AFLPs, evaluated genetic 

clustering with the program  STRUCTURE  and subsequently with an AMOVA. The strength of the association between morphological and genotypic dissimilar-

ity was assessed with a Mantel test. 

  KEY RESULTS:  Morphometric analyses delimited six species while genetic analyses defi ned only four clusters. Specifi cally, we found (1) eight morphological 

traits could reliably distinguish species, (2)  STRUCTURE  suggested strong genetic diff erentiation but for only four putative species clusters, and (3) genetic 

data suggest both novel hybridizations and multiple introductions have occurred. 

  CONCLUSIONS:  (1) Traditional fl oristic techniques may resolve more species than molecular analyses in taxonomic groups subject to introgression. (2) Even 

within complexes of closely related species, relatively few but highly discerning morphological characters can reliably discriminate species. (3) By clarify-

ing patterns of morphological and genotypic variation of invasive  Pilosella , we lay foundations for further ecological study and mitigation. 
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troublesome for identifi cation are complexes of closely related 
plant taxa that are diffi  cult to diff erentiate morphologically, yet 
may be ecologically distinct. Many such complexes are the product 
of evolutionary processes such as polyploidization and hybridiza-
tion ( Linder and Rieseberg, 2004 ;  Marhold and Lihov á , 2006 ), with 
the resultant new species potentially demonstrating expanded or 
novel ecological niches, including new geographic ranges (e.g., 
 Lowry and Lester, 2006 ). Hybrid and polyploid speciation events 
result in novel genotypes that can colonize unoccupied ecological 
niches ( Mallet, 2007 ). Many studies of invasive plant taxa suggest 
that both polyploidization and hybridization are important geneti-
cally based contributors to increased invasiveness ( Ellstrand and 
Schierenbeck, 2000 ;  Ayres et al., 2009 ;  Schierenbeck and Ellstrand, 
2009 ;  Pandit et al., 2011 ). Th us, from both empirical and applied 
perspectives, being able to reliably diff erentiate among the taxa 
comprising newly established or evolving invasive plant complexes 
is imperative to predicting their eventual spread, potential ecologi-
cal impacts and mitigation priorities ( Beaumont et al., 2009 ). 

 Molecular methods have been gaining increasing favor over 
more conventional morphologically based identifi cation for species 
delimitation ( Hillis, 1987 ;  Hebert et al., 2003 ;  Tautz et al., 2003 ; 
 Blaxter, 2004 ) because the latter approach has a number of limita-
tions ( Donoghue and Sanderson, 1992 ;  De Mattia et al., 2012 ; 
 Th ompson and Newmaster, 2014 ). For instance, high levels of mor-
phological polymorphism as a result of standing genetic variation, 
phenotypic plasticity, and local adaptation could complicate iden-
tifi cations or infl ate species estimates ( Duminil and Di Michele, 
2009 ). Practical impediments to morphological techniques include 
the cost of specimen collection, the challenge in collecting samples 
at the optimal time to capture the (fl owering) characteristics re-
quired for identifi cation, and the taxonomic expertise required for 
such identifi cations ( De Mattia et al., 2012 ;  Th ompson and New-
master, 2014 ). Th ese challenges may be particularly onerous for 
complexes of closely related nonnative taxa, which may be mor-
phologically similar, poorly represented in local fl oras and keys, 
and unfamiliar to local taxonomists. High morphological similarity 
has in many cases masked cryptic genetic, geographic, and ecologi-
cal diversity; with the rapid uptake of molecular methodologies, 
complexes of cryptic species are being uncovered at an unprece-
dented rate (e.g.,  Chan et al., 2002 ;  Heinrichs et al., 2009 ;  Yost et al., 
2012 ;  Vigalondo et al., 2015 ). Nonetheless, the quantitative analysis 
of morphology (morphometrics) has been widely applied to dis-
criminate among species complexes and determine species bound-
aries in plants (e.g.,  Bayer, 1990 ;  Chandler and Crisp, 1998 ;  Naczi 
et al., 1998 ;  Raulings and Ladiges, 2001 ;  Gengler-Nowak, 2002 ; 
 Henderson, 2006 ). 

 For taxonomic groups subject to introgression, molecular ap-
proaches may also have limitations. In some fl owering plants, par-
ticularly in the family Asteraceae, the evolutionary history may not 
conform to the linear branches of a phylogenetic tree but may be 
better represented as a network interconnected by polyploid and 
hybrid speciation events ( Linder and Rieseberg, 2004  and refer-
ences therein). Hybridization can lead to introgression, the stable 
integration of genetic material from one species into another 
through repeated back-crossing ( Rieseberg and Wendel, 1993 ). 
When introgression and hybrid speciation are rampant, the pres-
ence of “alien alleles” in the genome can confound the evolutionary 
history of the group ( Baack and Rieseberg, 2007 ) and can make dis-
criminating among closely related species using molecular genetic 
approaches alone diffi  cult. Th erefore, analyses of molecular data 

are increasingly being combined with morphological data (e.g., 
 Bremer and Struwe, 1992 ;  Gadek et al., 2000 ;  Hansen et al., 2000 ; 
 Lihov á  et al., 2004 ;  Gammon et al., 2007 ) in an eff ort to improve 
phylogenetic inference and may be of particular utility in groups 
subject to introgression. 

 Hawkweeds in the genus  Pilosella  Vaill. (syn.  Pilosella  Hill;  Hi-
eracium  subgenus  Pilosella  (Hill) S.F.; Asteraceae: Lactuceae; 
 Bräutigam and Greuter, 2007 ) are a group well known for morpho-
logical polymorphism and variation in reproductive modes, which 
attracted even Gregor  Mendel (1869)  to their study. Th e highly di-
verse and variable morphological characters typifying the  Pilosella  
species are the result of a varied and complex breeding system that 
includes sexual reproduction, facultative apomixis (i.e., asexual 
seed production), polyploidy, and occasional outbreeding ( Fehrer 
et al., 2005 ). When these reproductive variations are combined 
with frequent interspecific and introgressive hybridizations 
( Krahulec et al., 2004 ;  Fehrer et al., 2005 ), the outcome is a tremendous 
amount of morphological polymorphism ( Suda et al., 2007 ). Novel 
cytotypes or sexually produced hybrids can also be maintained and 
spread through clonal growth ( Krahulcov á  et al., 2013 ). Th e diffi  -
culties in defi ning stable, species-delineating morphological char-
acters within  Pilosella  has resulted in an astounding number of 
species, subspecies, varieties, and forms in various classifi cations 
( Nägeli and Peter, 1885 ;  Zahn, 1921 ,  1923 ,  1922–1930 ;  Fernald, 
1950 ;  Sell and West, 1976 ;  Bräutigam and Greuter, 2007 ). 

 Th e varied reproductive strategies and modes of speciation in 
 Pilosella  have likely contributed to their invasion success; apomixis, 
clonal growth, polyploidy, and hybridization are all traits associ-
ated with prolifi c invasion ( Ellstrand and Schierenbeck, 2000 ;  Ayres 
et al., 2009 ;  Schierenbeck and Ellstrand, 2009 ;  Pandit et al., 2011 ). 
In their native European distribution (including the British Isles, 
Scandinavia, and much of central and southern Europe),  Pilosella  
hawkweeds generally persist in nutrient poor, (semi) disturbed 
montane meadows, and upland pastures ( Bishop and Davy, 1994 ; 
 Moff at et al., 2013 ) and are considered aggressive invaders through-
out their introduced range in the Americas and Oceania ( Wilson 
et al., 1997 ;  Scott et al., 2001 ;  Wilson, 2007 ;  Cipriotti et al., 2009 ; 
 Wallace et al., 2010 ). 

 At least eight species of  Pilosella  are considered invasive within 
the Pacifi c Northwest of North America, including British Colum-
bia (BC), Canada ( Table 1 )  where they are known for a high rate of 
misidentifi cation ( Wilson et al., 2006 ;  Ensing et al., 2013 ). Taxo-
nomic keys used to distinguish species of  Pilosella  employ a variety 
of morphological traits, including the placement, type, and amount 
of pubescence; the number of capitula per fl owering stem; stem 
height; and stolon morphology (e.g.,  Sell and West, 1976 ;  Strother, 
2006 ). Despite the availability of dichotomous keys for hawkweeds 
in North America ( Strother, 2006 ;  Wilson, 2007 ), identifi cations 
beyond genus level are rare.  Pilosella  are commonly recorded sim-
ply as hawkweed species or yellow hawkweed in invasive species 
databases, failing to discriminate not only among  Pilosella  species, 
but also between  Pilosella  and  Hieracium  sensu stricto (s.s.), of 
which there are several native and introduced species. When they 
are identifi ed to species, we estimate the misidentifi cation rate in 
invasive species databases to be at least 40% ( Ensing et al., 2013 ; 
D. J. Ensing, C. E. Moff at, and J. Pither, unpublished data). 

 Accurate identifi cations of invasive species are crucial for imple-
menting eff ective management strategies ( Makepeace, 1985 ;  Lass 
and Callihan, 1997 ;  Wilson et al., 1997 ;  Wilson, 2007 ;  Wallace 
et al., 2010 ;  Frid et al., 2013 ) because ecological niches, invasion 
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potential, and impacts on biodiversity and ecosystem functioning 
can vary even among closely related taxa ( Saltonstall, 2002 ;  Ensing 
et al., 2013 ). Correct identifi cations of species targeted for classical 
biological control are especially important because mismatches be-
tween a target species and natural enemies could seriously hinder 
invasion control eff orts (see  Rosen, 1986 ;  Nissen et al., 1995 ;  Huber 
et al., 2002 ;  Goolsby et al., 2006 ;  Le Roux and Wieczorek, 2009 ; 
 Gaskin et al., 2011 ). Particularly for  Pilosella , accurate identifi ca-
tions are paramount for management. Previous misidentifi cations 
of even very closely related species of  Pilosella  have led to the failure 
to detect additional invasive  Pilosella  present in North America 
(i.e., the failure to discern the putative hybrid  P. glomerata  from its 
parent  P. caespitosa  in the Pacifi c Northwest;  Wilson et al., 2006 ). 
Unreliable and misidentifi cations of  Pilosella  generate infl ated esti-
mates of the ecological niche (via ecological niche model predic-
tions;  Ensing et al., 2013 ), which could lead to exaggerated estimates 
of invasion potential and misguide scarce management resources. 
Further, both prospective and currently released biological control 
agents (e.g., cynipid wasps in the genus  Aulacidea  Ashmead) read-
ily discriminate among  Pilosella  species ( Grosskopf et al., 2008 ; 
 Moff at, 2012 ), underscoring the importance of discerning among 
even closely related  Pilosella  to mitigate their impacts in the intro-
duced range. 

 Here, we present the analytical results of morphological char-
acters and genetic analyses of hundreds of  Pilosella  samples 
collected throughout the invaded range of British Columbia, 
Canada ( Fig. 1 ).  We asked (1) which, if any, morphological traits 
dependably discriminated among putative (field-identified) 
species, (2) if genetic clustering supported our morphological 
species, and (3) if novel hybridizations were occurring in the in-
vaded range. 

 MATERIALS AND METHODS 

 Nomenclature—  Th e placement of  Pilosella  within the genus  Hi-
eracium  L. has long been controversial.  Pilosella  fi rst gained recog-
nition as a distinct Palearctic genus early on (e.g.,  Vaillant, 1754 ; 
 Hill, 1756 ;  Schultz and Schultz, 1862 ;  Sell and West, 1976 ). Th e des-
ignation has recently reached new acceptance with the elucidation 
of molecular phylogenetic relationships within  Hieracium  sensu 
lato (s.l.), which clearly demonstrate the distinctness of  Pilosella  
( Bräutigam and Greuter, 2007 ;  Fehrer et al., 2007 ). Th ere is ample 
evidence to support the splitting of  Pilosella  from  Hieracium . First, 
 Hieracium  s.l. is not monophyletic based on nuclear (ITS) DNA 
(whereas  Pilosella  is); to include  Pilosella  within  Hieracium  s.l. and 
satisfy monophyly, two other genera,  Andryala  L. and  Hispidella  

Lam., would also need to be included ( Fehrer et al., 2007 ). Second, 
while there is evidence of both historical and novel hybridizations 
 within  each of  Pilosella  and  Hieracium  s.s., no hybrids  between  
these two groups are known ( Bräutigam and Greuter, 2007 ). Fi-
nally,  Pilosella  is morphologically distinct from  Hieracium  s.s. 
based on several characters, most notably cypsela features ( Bräuti-
gam and Greuter, 2007 ). 

 We follow the classifi cation of  Bräutigam and Greuter (2007) , 
who detail 20 basic species (including species aggregates with their 
constituent subspecies) and >100 hybrid or intermediate (“collec-
tive”) species, hypothesized to be hybrid off spring of various basic 
species (postulated parental species). We treat  P. piloselloides  subsp. 
 praealta  as distinct from the basic species  P. piloselloides  and refer 
to the former as  P. praealta  for simplicity. We depict the hypothe-
sized species relationships of taxa included in our study in  Fig. 2 .  

 Specimen collection—  Six species of yellow-flowered  Pilosella  
( Table 1 ,  Fig. 2 ) were encountered during our surveys, which en-
compassed an area of over 185 000 km 2  in British Columbia (BC), 
Canada. Collection sites were selected during surveys of highways 
and major rural and forest service roads (FSRs) conducted in east-
ern BC during 2011 (23 June–20 July) and 2012 (3 July–25 July) 
as described by D. J. Ensing, C. E. Moff at, and J. Pither (unpub-
lished manuscript) ( Fig. 1 ).  Pilosella  spp. were identifi ed in the fi eld 
by C.E.M. and D.J.E., who were previously trained by  Pilosella  ex-
perts at the Czech Institute of Botany and have previous experience 
identifying  Pilosella  in Central Europe, using a 10 ×  hand lens and 
appropriate identifi cation keys (e.g.,  Sell and West, 1976 ;  Strother, 
2006 ;  Wilson, 2007 ). 

 At selected sites, we collected fi ve individuals (where possible) of 
each  Pilosella  species present for morphological measurement and 
genetic analyses. Individuals of each species were selected by run-
ning 30 m of transect through the site across the environmental 
gradient (usually from the most disturbed section of the site to the 
least disturbed) and collecting the nearest plant at randomly gener-
ated distances along the transect. From each harvested individual, 
we preserved a 4-cm 2  portion of leaf tissue and ~20 ligules from 1 to 
3 fl orets of the infl orescence in 20 g granulated silica gel for genetic 
analysis. Specimens were pressed in the fi eld and are stored in the 
herbarium of the Biodiversity and Landscape Ecology Research Fa-
cility at UBC’s Okanagan campus in Kelowna, BC. All  Pilosella  sur-
vey records available in the British Columbia Invasive Alien Plant 
Program (IAPP) Application. 

 Because we collected many more samples than feasible to geno-
type and measure for morphological traits, we used the program 
ArcGIS v. 10.1 ( ESRI, 2011 ) to select sites that were at least 50 km 
apart (where possible) for fi ve of six species; we used all collected 

  TABLE 1.  Currently accepted homotypic synonyms (previously accepted) and common names of  Pilosella  hawkweeds invasive in British Columbia. 

Accepted botanic name  a Homotypic synonym  b Common name  c 

 Pilosella aurantiaca  (L.) F.W.Schultz & Sch.Bip.  Hieracium aurantiacum  L. orange hawkweed
 Pilosella caespitosa  (Dumort.) P.D.Sell & C.West  Hieracium caespitosum  Dumort. meadow hawkweed
 Pilosella fl agellaris  (Willd.) Arv.-Touv.  Hieracium fl agellare  Willd. whiplash hawkweed
 Pilosella fl oribunda  (Wimm. & Grab.) Fr.  Hieracium fl oribundum  Wimm. & Grab. kingdevil hawkweed
 Pilosella glomerata  (Froel.) Fr.  Hieracium glomeratum  Froel. yellowdevil hawkweed
 Pilosella offi  cinarum  Vaill.  Hieracium pilosella  L. mouse-ear hawkweed
 Pilosella piloselloides  (Vill.) Soj á�k  Hieracium piloselloides  Vill. tall hawkweed
 Pilosella piloselloides  subsp.  praealta  (Gochnat) S.Bräut. & Greuter  Hieracium praealtum  Gochnat queendevil hawkweed

  a   Bräutigam and Greuter, 2007 ;  b   Bräutigam and Greuter, 2007–2009 ;  c   Wilson, 2007 . 
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 P. fl agellaris  specimens, regardless of the distance between collec-
tion sites, because it was restricted in its distribution. We used a 
geographically dispersed subset of our total collection for the re-
maining fi ve species to ensure analyzed populations encompassed 
the geographical spread of each species and captured a diversity of 
populations and habitats ( Table 2 ) . Specimens sampled in this 
study are listed in Appendix S1 (see Supplemental Data with the 
online version of this article). 

 Morphological character assessment—  We selected 33 traits for 
morphological analysis following  Tyler (2006) , plus those we deter-
mined useful while identifying species in the fi eld. In addition to 
 Tyler (2006) , many of these traits have been used in previous keys 
(e.g.,  Sell and West, 1976 ;  Wilson, 2007 ;  Strother, 2006 ). Several of 
the traits measured in  Tyler (2006)  are specifi c to  Hieracium  s.s. 
(e.g., leaf dentation) and are not relevant to  Pilosella ; they are not 
included in our analysis. Traits measured included those on the 
leaves, fl owering stems, and fl ower heads ( Table 3 ) . All leaf traits 
were measured on the third stem-leaf down the whorl (moving 

  FIGURE 1  Positions of sampled sites in eastern British Columbia where the colored points correspond to 

the species sampled from that site. When multiple species were sampled at a single location, the points 

have been jittered to show all colors. Inset depicts research location in western North America. Map was 

produced using ArcGIS 10.1 ( ESRI, 2011 ), map projection is BC Albers; the datum is NAD 1983.   

basipetally) on the main fl owering 
stem, or on a randomly selected ro-
sette leaf in the rare event there were 
not three whole leaves present (e.g., 
when damaged, senesced, or on indi-
viduals with few leaves). Leaf and 
stem pubescence traits were mea-
sured in a 1-cm-wide window placed 
across the widest point of the selected 
leaf and at the top (below the pedi-
cels) and bottom (above the highest 
rosette leaf) of the stem. Defi nitions 
of leaf shapes are based on those of 
 Harris and Harris (2001) . Morpho-
logical characters were not measured 
by the same individuals who identi-
fi ed the specimens. 

 Analysis of morphometric charac-

ters—  To address our fi rst question, 
which, if any, morphological traits 
dependably discriminated putative 
species identifi ed in the fi eld, we em-
ployed two methods: (1) constrained 
analysis of principal coordinates 
(CAP) ( Anderson and Willis, 2003 ) 
and (2) randomForest classifi cation 
( Breiman, 2001 ). We used CAP be-
cause it provides for the familiar or-
dination plot that helps visualize 
whether and how individuals and 
species diff er in multivariate, distance-
based morphometric space. However, 
as described below, randomForest 
is arguably much better suited to our 
purposes. CAP analysis is similar to 
distance-based redundancy analy-
sis, but accommodates the use of 
non-Euclidean distance (dissimilar-
ity) measures (discussed below). 
We implemented CAP using the cap-

scale package within the vegan program ( Oksanen et al., 2013 ) in 
R ( R Core Team, 2013 ). Our factor variable “species” served as the 
constraining variable. Because our morphological measurements 
included continuous, ordinal, and nominal characters, we com-
puted the Gower dissimilarity among all samples ( Gower, 1971 ; 
 Podani, 1999 ) using the full morphological data set (33 characters) 
and the gowdis package within FD of the program R ( Laliberté 
and Legendre, 2010 ;  Laliberté et al., 2014 ). As implemented, the 
Gower dissimilarity measure is non-Euclidean. We tested the sig-
nifi cance of the constraining variable (species) using a permutation 
test (anova.cca in the vegan package, 999 permutations). We in-
cluded the argument add = T within the capscale function, as this 
adjusts for the presence of negative eigenvalues, which can arise 
with the Gower dissimilarity measure. 

 Th e randomForest method (RF) is increasingly being used in 
taxonomic studies (e.g.,  Shipunov et al., 2011 ;  Skoracka et al., 2014 ), 
owing in part to its accommodation of mixed variable types (e.g., 
nominal, ordinal, continuous) that are typical of morphometric 
analyses and also because it can provide reliable assessments of 
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variable importance, even in the presence of covariation among 
variables. Th e reader is referred to  Touw et al. (2013)  for a clear 
description of the RF procedure and to  Strobl et al. (2008)  for ex-
planations as to why accounting for mixed variable types and co-
variation among variables is crucial for obtaining reliable estimates 
of variable importance. We conducted our RF analyses using both 
the randomForest ( Liaw and Wiener, 2002 ) and party packages in R, 
and specifi cally the cforest function in the latter ( Hothorn et al., 
2006 ;  Strobl et al., 2007 ,  2008 ). We used the tuneRF function from 
the randomForest package to determine the optimal number of 
variables (characters) to be randomly selected for each split with 
the RF procedure. Th e number identifi ed with the highest fre-
quency within 100 iterations of the tuneRF function was chosen. 
We then used the cforest function in the party package to imple-
ment the main RF procedure, setting the number of trees to 1000 
for each implementation. Th e output from this analysis was then 
used to construct a confusion matrix, from which the overall and 
“species”-specifi c misclassifi cation rates were calculated. 

 To address which morphological traits are most important for 
distinguishing among putative species identifi ed in the fi eld, we 
used the varimp function from the party package to calculate the 
mean decrease in accuracy (MDA), for which larger values equate 
with greater variable importance. It is important to note that the 
absolute values of MDA depend upon characteristics of the data set 

  FIGURE 2  Hypothesized species relationships of  Pilosella  sampled, in-

cluding the postulated parental species for hybrid (intermediate) species 

( Bräutigam and Greuter, 2007 ; modifi ed after  Hand et al., 2015 ).   

  TABLE 2.  Number of sites where specimens of each species were collected 

and assessed for both morphology and AFLP loci. Genotypes refer to the 

number of AFLP genotypes identifi ed for each species; PLP refers to the 

proportion of loci that are polymorphic, per species and for all plants. 

Species Sites Specimens Genotypes G/N PLP

 Pilosella caespitosa 13 60 3 0.05 0.09
 P. fl agellaris 10 40 1 0.03 0.00
 P. fl oribunda 16 76 9 0.12 0.39
 P. glomerata 10 47 4 0.09 0.31
 P. piloselloides 18 75 7 0.09 0.54
 P. praealta   a 13 55 5 0.09 0.20
Total 353 29 0.08 0.94

  a   We treat  P. piloselloides  subsp.  praealta  as distinct from  P. piloselloides  and, for simplicity, refer 
to it as  P. praealta . 

and randomForest tuning parameters and so should not be inter-
preted in relation to the MDA values of other studies ( Strobl et al., 
2009 ). Interpretation should primarily focus on the ranking of 
MDA values. Given that morphological traits typically covary (as 
they do here), we calculated conditional importance by setting the 
conditional argument to true. In contrast with the importance 
function implemented in randomForest, the varimp function in the 
party package provides for more reliable assessments of variable 
importance in the presence of multiple variable types and intercor-
related variables ( Strobl et al., 2008 ), though its implementation 
takes longer to complete. Importantly, failing to use this approach 
would provide misleading results, as traditional assessments tend 
to bias importance toward continuous variables or variables with 
many levels. We ran the variable importance procedure 10 times to 
explore consistency in variable rankings. Lastly, we reran the RF 
analysis using subsets of the most important traits (8 and 3; see Re-
sults), each time recalculating the misclassifi cation rate. Using the 
top three most important traits, we conducted a log-linear analysis 
to formally test for diff erences among species in trait values. Th is 
test is analogous to using MANOVA to test for group (species) dif-
ferences with respect to multiple continuous traits, but in our case, 
a log-linear analysis was required because we have nominal and or-
dinal traits. 

 DNA extraction and AFLP scoring—  Genomic DNA was extracted 
from ~20 mg of silica-dried material using a modifi ed CTAB 
method ( Hillis et al., 1996 ). Th e AFLP method followed  Vos et al. 
(1995)  with modifi cations as in  Gaskin and Kazmer (2009) . All 15 
selective primer combinations of MseI + CAA, CAC, CAT, CTA, or 
CTA and EcoRI + AAG, ACC, or ACT were prescreened for PCR 
product quality and number of variable loci using eight samples, 
and the most polymorphic primer pair was chosen (MseI + CTC/
EcoRI + ACC). We generated AFLP data on an Applied Biosystems 
(ABI, Foster City, CA, USA) 3130 Genetic Analyzer and scored 
presence/absence data using GeneMapper v4.0 (ABI). We then 
manually chose the most robust, unambiguous to score and non-
overlapping AFLP loci. Th ese loci were scored by GeneMapper, 
and we also manually checked the AFLP data and corrected any 
GeneMapper scoring errors, making this a semiautomatic scoring 
method, as suggested by  Papa et al. (2005) . We also reran AFLPs for 
46 of the 353 samples (13%) and scored these blindly, then com-
pared them with the original AFLP data to calculate AFLP error 
rate. Using a spreadsheet, we manually calculated the number of 
genotypes ( G ) and proportion of polymorphic loci (PLP), for popu-
lations and all samples combined. 

 Analysis of genetic clustering—  To address our second question, 
whether genetic clustering supported our morphometrically delin-
eated species, we again used CAP analysis to visually assess how our 
putative species segregated within distance-based multivariate 
space based on AFLP data and to test the signifi cance, via permuta-
tion, of our putative species categorization as a constraining factor. 
Th e CAP analysis was based on the Dice dissimilarity matrix of 
AFLP bands. We calculated the  Dice (1945)  similarity coeffi  cient 
among samples: 2 a /(2 a  +  b  +  c ), where  a  = number of bands present 
in both samples,  b  and  c  = number of bands present in only one or 
the other sample, respectively. We calculated  a ,  b , and  c  using the 
betadiver function in the vegan R package. 

 We also assessed genetic structure with the Bayesian clustering 
program  structure v . 2.3.4 ( Pritchard et al., 2000 ;  Falush et al., 
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2003 ;  2007 ). We set  structure  to 500 000 runs with 10% burn in 
and 10 replicate runs at each tested number of clusters ( K ); we 
tested  K  = 1 – 10. For all  structure  runs, we used an admixture 
model, identifi ed species as putative populations and specifi ed that 
AFLP loci were correlated as recommended for detecting weak 
population (species) structuring ( Falush et al., 2003 ;  Pritchard et al., 
2010 ) because  Pilosella  species are known to hybridize and dif-
ferentiation among samples may therefore be low. Identifi cation 
of optimal  K  clusters was based on the method of  Evanno et al. 
(2005)  as implemented in  structure harvester v. 0.6.93  (www.
structureharvester.com;  Earl and vonHoldt, 2012 ). Visualization of 
 structure  results was achieved using the programs  clumpp  
( Jakobsson and Rosenberg, 2007 ) and  distruct  ( Rosenberg, 2003 ). 

 Following the method of  Vaha and Primmer (2006 ; see also  Austin 
et al., 2011 ) we used a cluster assignment threshold of 0.9 to indi-
cate membership to a cluster and all values between 0.1 and 0.9 to 
indicate cluster hybrids. Values <0.1 indicate that cluster did not 
contribute to the genotype of the sampled individual. To confi rm 

such assignments represent putative hybridization and not statisti-
cal artifacts, we used the print credible regions option in  struc-
ture  (ANCESPINT function) to calculate 90% probability intervals 
around the estimated  q  values for each individual; 90% represents a 
conservative estimate. We implemented the criteria of  Blair and 
Hufb auer (2010)  to distinguish truly hybrid individuals: plants 
whose  q  value may have indicated hybridization (0.1–0.9 member-
ship coeffi  cient in a given group) but whose probability intervals 
included values of 0 or 1.00 were not considered as true hybrids 
(See also  Szücs et al., 2011 ). 

 On the basis of the fi ndings of our initial  structure  analysis 
(see Results), we conducted a second  structure  run and also par-
titioned genetic variance using an AMOVA in GenAlEx v. 6.5 
( Peakall and Smouse, 2006 ;  2012 ) on the raw AFLP data. 

 Finally, we used a Mantel test to evaluate the strength of the 
association between the morphology-based (Gower) dissimilar-
ity matrix (see above) and the AFLP-based Dice dissimilarity 
matrix. 

  TABLE 3.  The 33 morphological traits measured on all  Pilosella  specimens included in this study. Leaf traits were measured on the third mature leaf down 

the whorl from the stem (when present). Pubescence traits were measured in a 1-cm window at the midpoint of the third leaf in the whorl and at the lower 

and upper portion of the stem. All pubescence traits were ranked as absent, sparse, common, or dense. Traits identifi ed in boldface font are the eight most 

important variables identifi ed in the varimp randomForest routine. Type refers to the variable type: NC = numeric continuous, ND = numeric discrete, O = 

ordinal (i.e., ranked variables), and N = nominal variables (e.g., presence/absence). 

Code Trait Type Description

 Plant 
 plant_height Height NC Plant height
 Infl orescence 
  inf_num_fl o  Number  ND  Number of fl owers per stem (1, 2, 3, 4, or  ≥ 5) 
 inf_blk_glan Black glandular N Presence of black tipped glandular hairs on phyllaries
 inf_clr_glan Clear glandular N Presence of clear tipped glandular hairs on phyllaries
 inf_gry_glan Gray / brown glandular N Presence of brown or gray tipped glandular hairs on phyllaries
  inf_ylw_glan  Yellow glandular  N  Presence of yellow tipped glandular hairs on phyllaries 
 Stem 
  stem_low_glan  Lower stem glandular  O  Glandular hairs on lower stem 
  stem_low_simp  Lower stem simple  O  Simple hairs on lower stem 
  stem_low_stel  Lower stem stellate  O  Stellate hairs on lower stem 
 stem_ up_glan Upper stem glandular O Glandular hairs on upper stem
 stem_ up_simp Upper stem simple O Simple hairs on upper stem
 stem_ up_stel Upper stem stellate O Stellate hairs on upper stem
 Leaf 
  leaf_text  Texture  O  Leaf surface hairs (short and stiff , long and fl exible, hairs absent) 
 leaf_leng Length NC Leaf length
 leaf_mid_wid Middle width NC Leaf width at midpoint of length
 leaf_max_wid Maximum width NC Leaf width at widest point
 leaf_num_acu Number acute ND Number of acute leaf tips in rosette
 leaf_num_obt Number obtuse ND Number of obtuse leaf tips in rosette
 leaf_num_ell Number narrowly elliptical ND Number of narrowly elliptical leaves in rosette
 leaf_num_obl Number oblanceolate ND Number of oblanceolate leaves rosette
 leaf_num_spa Number spatulate ND Number of spatulate leaves in rosette
 leaf_low_simp Lower simple O Simple hairs on lower surface
  leaf_low_stel  Lower stellate  O  Stellate hairs on lower surface 
 leaf_mid_simp Midrib simple O Simple hairs on lower midrib
 leaf_mid_stel Midrib stellate O Stellate hairs on lower midrib
 leaf_up_simp Upper simple O Simple hairs on upper surface
 leaf_up_locn Upper simple location O Simple hair location on upper surface (absent, even, mostly near 

margin, exclusively near margin)
  leaf_up_stel  Upper stellate  O  Stellate hairs on upper surface 
 Stolon 
 pres_abs_stol Stolons N Stolon presence/absence
 num_stol Number of stolons ND Total number of stolons
 num_lat_stol Number of lateral stolons ND Number of lateral stolons
 num_vert_stol Number of vertical stolons ND Number of rising (capitulate) stolons
 stol_leav Stolon leaves N Stolon leaves increasing or decreasing from rosette to tip of stolon
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 RESULTS 

 Morphological variation —   We assessed 33 morphological charac-
ters on a total of 353  Pilosella  plants from 77 unique fi eld sites ( Ta-
bles 2, 3 ). In general, the morphological traits we assessed were 
eff ective at distinguishing among our six fi eld-identifi ed species. 
Our CAP analysis was highly signifi cant based on the permutation 
test (999 permutations;  P  < 0.001), but only 8% of the variation in 
the distance-based ordination of morphological variables was ac-
counted for by the constraining variable “species”. Nevertheless, 
our putative species exhibited reasonable segregation in the ordina-
tion biplots ( Fig. 3 ).  In general,  P. fl agellaris ,  P. caespitosa , and  P. 
glomerata  were clearly distinguished from  P. fl oribunda ,  P. praealta , 
and  P. piloselloides  on the basis of morphology ( Fig. 3A, B ). Some 
species were clearly more distinguishable than others, e.g., indi-
viduals assigned to  P. flagellaris  and  P. floribunda  plotted as 
morphologically relatively distinct (although  P. fl oribunda  overlaps 
in morphospace with  P. praealta  and  P. piloselloides  to a certain 
extent, shown in  Fig. 3A ), whereas individuals assigned to  P. glom-
erata  and  P. caespitosa  overlapped somewhat ( Fig. 3A, B ), as 
did individuals assigned to  P. praealta  and  P. piloselloides  
( Fig. 3A, C ). 

 Th e more ideal test of the eff ectiveness of morphological traits at 
delimiting species, conducted using the randomForest classifi er, 
correctly assigned specimens to their fi eld-identifi ed species greater 
than 95% of the time (i.e., a misclassifi cation rate of <5%). How-
ever, upon re-examination in the laboratory, 10 of the misclassifi ed 
samples were found to have been misidentifi ed in the fi eld; we thus 
relabeled these samples in our genetic and morphometric data sets. 
Using the corrected data set, our revised RF analysis yielded an 
overall misclassifi cation rate of only 1.4%, with all individuals of 
 P. fl agellaris ,  P. piloselloides , and  P. praealta  individuals being clas-
sifi ed correctly ( Table 4 ).  

 Our variable importance analysis revealed eight traits that were 
consistently the most important based on their mean decrease in 
accuracy values (averaged over the 10 iterations) and three traits 
that stood out as highly reliable: the density of simple hairs on the 
lower stem (stem_low_simp), the texture of hairs on the upper leaf 
surface (leaf_text), and the density of stellate hairs on the lower leaf 

surface (leaf_low_stel) ( Table 3 ). When only the top eight traits 
were used, the misclassifi cation rate remained below 6% (5.95%), 
and with the top three traits the misclassifi cation rate increased to 
just over 10% (10.20%) ( Table 4 ). Using the top three traits, our 
log-linear analysis of the cross-classifi ed trait  ×  species data were 
highly signifi cant (Pearson  χ  2  = 3262.5, df = 274,  P  < 0.001) and, 
combined with barplots ( Fig. 4 ),  clearly shows how these top three 
traits distinguish species so successfully. 

 We found the presence/absence of stolons (a trait heavily relied 
upon for identifi cation in the invaded range) to fall below our reli-
ability threshold (ranking 9th). Specifi cally, we found the presence 
of stolons on some individuals in all species except  P. glomerata  
and  P. piloselloides  (percentages of specimens with stolons:  P. fl a-
gellaris  84%,  P. fl oribunda  68%,  P. praealta  55%,  P. caespitosa  25%, 
 P. glomerata  0%, and  P. piloselloides  0%), making the absence of 
stolons a completely uninformative trait. 

 Genetic variation —   GeneMapper originally provided us with 266 
variable loci. We then manually selected 54 of these loci as de-
scribed in the methods and manually checked for and corrected 
any GeneMapper scoring errors. Using AFLP data from the 43 re-
peated plants, we found an error rate of 8/1849 allele comparisons 
(0.43%), which is equivalent to 0.2 miscalled loci per plant. AFLP 
results are shown in  Table 2  and AFLP data in Appendix S2 (see 
Supplemental Data with the online version of this article). 

 Our CAP analysis revealed a signifi cant constraining eff ect of 
species on the distance-based ordination of AFLP data (999 permu-
tations,  P  < 0.001;  Fig. 5 ),  with 91.5% of the variation accounted for 
by species. In particular,  P. fl agellaris ,  P. piloselloides , and  P. fl ori-
bunda  separated substantially;  P. caespitosa  and  P. praealta  did not 
appear distinct from each other, and  P. glomerata  aligned very near 
to  P. caespitosa  and  P. praealta  ( Fig. 5 ). All  P. fl agellaris  were ge-
netically identical (one point in  Fig. 5 ). A cluster of uncertain geno-
types appeared, particularly when comparing axes 1 and 3 of our 
CAP ( Fig. 5B ). 

 Assessment of our  structure  results using  structure 
harvester  identifi ed  K  = 4 clusters as the optimal number (max  Δ  K , 
online Appendix S3A), separating those individuals fi eld-identi-
fi ed as  P. fl agellaris  ( N  = 40), most  P. fl oribunda  ( N  = 69), and most 

  FIGURE 3  Biplots from constrained analysis of principal coordinates (CAP) of all fi eld-identifi ed specimens samples plotted based on Gower dissimilar-

ity of morphometric traits. (A) CAP axis 1 vs. 2, (B) axis 1 vs. 3, (C) axis 2 vs. 3. Ellipses represent one standard deviation of point scores for each species, 

with the long axis of the ellipse oriented according to a weighted correlation of scores. Axes 1, 2, and 3 accounted for 4, 2, and 1% of the constrained 

variation.   
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  FIGURE 4  Bar plots illustrating how the values of three ordinal traits vary among the six putative species. (A) Density of simple hairs on lower stem; (B) 

texture of hairs on upper leaf surface; and (C) presence of stellate hairs on lower leaf surface. A log-linear model of these data was highly signifi cant 

(see main text), underscoring the discriminatory power of these three traits. For example, the most informative trait, the density of simple hairs on the 

lower stem, stem_low_simp (panel A), clearly discriminates  P. piloselloides  and  P. praealta  from all other species. CAE =  P. caespitosa , FLA =  P. fl agellaris , 

FLO =  P. fl oribunda , GLO =  P. glomerata , OID =  P. piloselloides , PRAE =  P. praealta .   

 P. piloselloides  ( N  = 57) from the rest of the samples ( Fig. 6A ) . 
Th ese result matches the pattern demonstrated in our CAP results 
( Fig. 3 ), where  P. fl agellaris ,  P. fl oribunda , and  P. piloselloides  
separate strongly along the CAP axes while the remaining species 
( P. caespitosa, P. glomerata , and  P. praealta ) cluster closer to-
gether.  Structure  also identifi ed several of the putative hybrids 
suggested by our CAP (admixed bars in  Fig. 6A , Appendix S3C). 

 Assessing the cluster assignment values returned by  clumpp,  we 
found that several samples represented putative hybrids of the 
three species clusters identifi ed by our fi rst structure run (Appen-
dix S3C).  Pilosella piloselloides  was a putative parent in all such hy-
brids and, in 15 of 17 samples, was indentifed as such in the fi eld. 
Th e remaining two were identifi ed as  P. fl oribunda  in the fi eld, and 
indeed, this species contributed the most to their genotype (0.755, 
Appendix S3C). 

 Because we identifi ed six species in the fi eld rather than four and 
because our morphological CAP results ( Fig. 3 ) also separated six 
species, we were prompted to further explore our genetic data in 

subsequent analyses to determine 
whether we could detect additional 
genetic variation among  P. caespitosa, 
P. glomerata , and  P. praealta . 

 We used an AMOVA in GenAlEx v. 
6.5 ( Peakall and Smouse, 2006 ;  2012 ) 
on the raw AFLP data to assess whether 
more genetic variation could be ex-
plained among groups (clusters/spe-
cies) by partitioning genetic variance 
either among (1) the four clusters iden-
tifi ed by our fi rst  structure  run 
(grouping  P. caespitosa ,  P. glomerata , 
and  P. praealta ) or (2) the six morpho-
logically delimited species. Th e results 

of both AMOVAs revealed that the majority of genetic variation oc-
curred among fi eld-identifi ed species (77% in four cluster analysis, 
86% in six cluster,  Table 5 ),  but that slightly more variation could be 
explained among species in the AMOVA of six morphologically de-
limited species (86% vs. 77%,  Table 5 ). In both iterations, fi eld-iden-
tifi ed species always had pairwise   ϕ   

PT
  (an  F  

ST
  analogue, i.e., among 

species genetic diff erentiation) values >0.75 (Appendix S3F). When 
999 permutations were used, this result was highly signifi cant. Th e 
sums of squares for each species revealed that  P. piloselloides  exhibits 
substantial within-“species” genetic variation, while  P. fl agellaris  had 
no within-species variation at all (six species AMOVA,  Table 6 ).  

 We also repeated our  structure  analysis on all samples that 
were at least partially assigned to the fourth cluster from the fi rst 
structure run ( q  > 0.1 and where 90% probability intervals did not 
include 0; Appendix S3B). We used the same parameters as the ini-
tial run (see methods). Our second  structure  run therefore con-
tained several admixed individuals (Appendix S3D) and all those 
identifi ed in the fi eld as  P. caespitosa ,  P. glomerata , and  P. praealta  

  TABLE 4.  Identity matrix summaries generated from the randomForest analysis of morphological characters.  

(A) 33 Traits (B) 8 Traits (C) 3 Traits

Taxon as indentifi ed in fi eld N specimens % Misclassifi ed % Misclassifi ed % Misclassifi ed

 Pilosella caespitosa 60 1.67 3.33 3.33
 Pilosella fl agellaris 40 0.00 0.00 32.50
 Pilosella fl oribunda 76 1.32 7.89 10.53
 Pilosella glomerata 47 6.38 14.89 14.89
 Pilosella piloselloides 75 0.00 0.00 0.00
 Pilosella praealta 55 0.00 10.91 10.91
Total 353 1.42 5.95 10.2

  Notes:  Column totals indicate the percentage of fi eld-identifi ed specimens misclassifi ed (assigned to a diff erent species cluster) by 
randomForest, based on their morphological measurements, of the total number of specimens of a fi eld-identifi ed species included 
in the analysis for A: matrix generated from analysis with all 33 morphological traits, B: matrix generated with 8 traits, C: matrix 
generated with 3 traits. 
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( N  = 170). Conducting the second  structure  run again yielded 
 K = 4 as the optimal number of clusters (Appendix S3B), separating 
the three remaining species ( P. caespitosa ,  P. glomerata , and  P. 
praealta ;  Fig. 6B ). Th e fourth cluster (lightest gray in  Fig. 6B ) cor-
responds to putative hybrids (one  P. caespitosa , fi ve  P. fl oribunda , 
fi ve  P. glomerata , three  P. piloselloides , and one  P. praealta ), all 15 
of which were identifi ed as being admixed with species in the fi rst 
 structure  run (primarily  P. piloselloides ; Appendix S3C). In sum, 
we found that just 32 of our 353 samples (9.1%) exhibited evidence 
of introgression among putative species (Appendix S3C, D). 

 Th e Mantel test between the Gower dissimilarity matrix (based 
on morphological data) and the Dice dissimilarity matrix (AFLP) 
revealed a reasonably strong association between morphological 
and genetic dissimilarity (Mantel  r  = 0.41,  P  < 0.001). 

 DISCUSSION 

 We set out to (1) elucidate the reliability of distinguishing species of 
invasive  Pilosella  in BC, Canada using morphological characters, 
(2) determine whether there was concordance in species assign-
ment between morphological and genetic data, specifi cally AFLP 
loci, and (3) assess whether novel hybridizations were occurring in 
the introduced range. We found we could reliably distinguish 

among putative species of  Pilosella  using only a few morphological 
traits ( Fig. 4 ). However, our morphometric analyses clearly dis-
criminated six species ( Fig. 3 ), while our  structure  analysis of 
AFLP loci yielded only four distinct genetic clusters ( Fig. 6a ) and, 
along with our constrained analysis of principal coordinates (CAP, 
 Fig. 5 ), grouped species in contradiction to morphologically inferred 
species relationships. Th e lack of congruence between our morpho-
logical and molecular data sets, and our detailed knowledge of the 
morphologically inferred hypothesized species relationships ( Fig. 
2 ) led us to conduct subsequent analyses of our genetic data, which 
did allow us to detect subtle genetic diff erentiation among the re-
maining species. Th e genetic variation observed is consistent with 
both multiple introductions for some  Pilosella  species and novel 
hybridizations among some  Pilosella  in North America. 

 Reliability of morphological traits to distinguish species —   We fo-
cus here on our randomForest analysis, as it was better suited to 
objectively evaluating the power of covarying morphological traits, 
of mixed type, to distinguish putative species (see methods). Out-
comes from RF analyses are also readily interpreted in relation to 
the actual traits used in keys, including nominal and ordinal char-
acters (see below); that is, instead of using dissimilarity matrices 
that are derived from the original traits (as in CAP, discriminant 
function analysis and principal coordinates analysis etc.), RF anal-

yses can use the trait values them-
selves and are thus readily interpretable 
(e.g.,  Fig. 4 ). 

 We found the morphological char-
acters assessed to be highly reliable at 
distinguishing among the putative 
species of  Pilosella  identifi ed in the 
fi eld. Using the RF classifi er, we found 
that when all 33 characters were in-
cluded, specimens were correctly as-
signed to species with 98.6% accuracy 
( Table 4 ). Th is result was somewhat 
surprising, given the challenging tax-
onomy of the group (e.g.,  Suda et al., 
2007 ) and the known diffi  culty of 
identifying species in the fi eld. Reli-
ability of morphometric characters 

  FIGURE 5  Biplots from constrained analysis of principal coordinates (CAP) of genotypes at 54 amplifi ed fragment length polymorphism loci (AFLPs) 

indicating a signifi cant constraining eff ect of species. The fi rst three axes strongly separate the  Pilosella  species included in this study, with 56, 24, and 

9% of the variation explained, respectively. (A) CAP axis 1 vs. 2, (B) axis 1 vs. 3, (C) axis 2 vs. 3. Ellipses as in  Fig. 3 .   

  FIGURE 6  STRUCTURE results at  K  = 4 for (A) the full run of 353 samples and (B) the run of 170 samples in 

cluster 4. Each vertical bar represents an individual sample; cluster membership is indicated by the color 

of the bar. Details about  K  selection are given in online Appendix S3A and S3B.   
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for species assignment did, however, vary among species ( Table 4 , 
see below). Th ese data suggest that while there may be some varia-
tion in morphology within these species in the sampled area of the 
invaded range, the morphological characters assessed are suffi  -
ciently distinct such that species can be distinguished with ex-
tremely high accuracy. In light of our genetic data, we can infer that 
the ease of identifying species in the invaded range may be due to 
the relatively few genotypes of  Pilosella  we found present on the 
invaded landscape, presumably a much reduced subset of genetic 
and phenotypic variation present in the European native range. 

 Of the 33 traits analyzed, eight were the most reliable for species 
assessment, three of which were highly reliable ( Fig. 4 ). Our vari-
able importance analysis revealed that seven of the eight most im-
portant traits are related to pubescence (see bold characters in 
 Table 3 ). Th ese fi ndings are largely in agreement with the species 
descriptions and dichotomous keys of these  Pilosella  hawkweeds 
( Zahn, 1921 ,  1923 ;  Sell and West, 1976 ;  Bräutigam and Greuter, 
2007 ), which rely heavily on the placement and density of the dif-
ferent types of pubescence to distinguish among these species. 

 When we restricted our RF analysis to only the top eight mor-
phological traits, the overall misclassifi cation rate increased from 
<1.5% to nearly 6%; however, these eight traits alone were able to 
accurately discern  P. fl agellaris  and  P. piloselloides  in all cases 
( Table 4 ). We do caution that employing a reduced set of traits may 
in some cases result in the failure to discern some species ( Table 4 ). 
However, the only penalty for further restricting our RF analysis to 
only the top three traits, was the substantial increase in the misclas-
sifi cation of  P. fl agellaris  (to >30%,  Table 4 ) we observed. 

 Genetic cluster support for fi eld-identifi ed species —   Both our CAP 
and  structure  analyses strongly separated  P. fl agellaris ,  P. fl ori-
bunda , and  P. piloselloides  from the remaining three species. In par-
ticular,  structure harvester  clearly identified four clusters 
( K  = 4) as the optimal number (max  Δ  K ; Appendix S3A), our ge-
netic clustering of AFLP data therefore contradicts the results of 
our morphometric analyses. 

 While  structure  looks for clear breaks in genetic diff erentia-
tion to classify groups, genetic data generated from closely related 
individuals or species—especially those where hybridization is 
possible—may result in a more gradient-like pattern of genetic dif-
ferentiation, and thus  structure  may have trouble identifying 

clusters. We therefore also partitioned genetic variance (1) among 
the four clusters identifi ed by our fi rst  structure  run and (2) for 
all six putative (field-identified) species using an AMOVA in 
GenAlEx v. 6.5 ( Peakall and Smouse, 2006 ;  2012 ) ( Table 5 ). Th e 
AMOVA confi rmed a high level of genetic support for the fi rst four 
clusters, where 77% of molecular variance occurred among the four 
clusters. However, repeating the AMOVA with all six species we 
identifi ed in the fi eld resulted in 86% of variation occurring among 
species; this result was highly signifi cant for the total analysis ( Ta-
ble 5 ) and all pairwise species comparisons (Appendix S3F). Th us, 
while our clustering approach identifi ed just four species, our 
AMOVA results suggest that the strong diff erentiation between the 
fi rst three species and cluster 4 in the fi rst structure run may have 
masked the smaller, but nonetheless signifi cant diff erentiation 
within the cluster 4 species. In fact, there was relatively little genetic 
variation within each of the three species of cluster 4 ( P. caespitosa , 
 P. glomerata , and  P. praealta ) when compared with both  P. fl ori-
bunda  and  P. piloselloides  ( Table 6 ); yet, our AMOVA results sup-
port six introduced species. 

 Given current understanding of the species relationships 
within the genus  Pilosella , we expected anywhere between two 
and six genetic clusters because  P. glomerata ,  P. fl agellaris , and 
 P. fl oribunda  are all hypothesized hybrid off spring of  P. caespi-
tosa , while  P. praealta  is hypothesized to be a subspecies of  P. pi-
loselloides  ( Fig. 2 ;  Bräutigam and Greuter, 2007 ). It was therefore 
not unexpected that  P. glomerata  would group closely with  P. 
caespitosa  ( Bräutigam and Greuter, 2007 ) and that  structure  
may have trouble discerning among genetic diff erences that may 
scale with relationships. In contrast however, we then expected 
that  P. praealta  would group with  P. piloselloides  as it is consid-
ered one of its subspecies ( Fig. 2 ;  Bräutigam and Greuter, 2007 ). 
Instead,  P. praealta  grouped with  P. caespitosa  and  P. glomerata  
in our cluster 4, a very intriguing and surprising result, especially 
given the morphological distinctness of  P. praealta  from  P. caes-
pitosa  and  P. glomerata  ( Fig. 3 ). 

 We assume the placement of  P. praealta  as a subspecies of  P. pi-
loselloides  in keys and other works is inferred exclusively from mor-
phology because we did not fi nd corresponding genetic evidence in 
the literature. In fact,  P. praealta  has received relatively little study, 
although  Fehrer et al. (2007)  included both  P. praealta  ( H. pilosel-
loides  subsp.  praealtum ) and  P. caespitosa  ( H. caespitosum ) in their 

  TABLE 5.  AMOVA revealed that the majority of genetic variation occurred among the four clusters in the fi rst  STRUCTURE  run ( P. fl agellaris ,  P. fl oribunda ,  P. piloselloides , 

and cluster 4). However, including all six putative morphological species showed even more molecular variance occurred among identifi ed species; our AMOVA 

results support the six species identifi ed by our morphological analysis.  

Test Source df SS Estimated variance   Φ   
PT

  P 

Structure 1 Among species 3 1929.486 7.949 (77%) 0.768 <0.001
Within species 349 836.741 2.398 (23%)

All 6 species Among species 5 2310.249 7.912 (86%) 0.858 <0.001
Within species 347 455.978 1.314 (14%)

  Notes:    Φ   
PT

  is the estimated among species variance divided by the estimated total variance (sum of estimated among and within species variance) as calculated in GenAlEx v. 6.5 ( Peakall and 
Smouse , 2006 ,  2012 ). The observed   Φ   

PT
  is more extreme than all 999 permutations. SS, sums of squares. 

  TABLE 6.  Estimates of the variation within each species from the AMOVA on the AFLP genotypes of all six morphologically delimited species of  Pilosella . 

Statistic  P. caespitosa  P. fl agellaris  P. fl oribunda  P. glomerata  P. piloselloides  P. praealta 

 n 60 40 76 47 75 55
SS 8.517 0.000 100.053 62.000 257.627 27.782

  Note:  SS, sums of squares. 
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study revealing incongruent plastid and nuclear DNA phylogenies 
in  Pilosella . Interestingly,  Fehrer et al. (2007)  found two distinct 
groups of  Pilosella  in Europe based on the chloroplast  trnT-trnL  
intergenic spacer (yet only one using the nuclear ITS DNA), and 
their data placed  P. praealta  and  P. caespitosa  in diff erent haplotype 
clusters (Pilosella I and Pilosella II). However in a subsequent 
study,  Hand et al. (2015)  place both species in Pilosella II. To our 
knowledge, no studies have examined the relationship of  P. praealta  
within the genus  Pilosella  to verify whether its designation as a sub-
species of  P. piloselloides  is supported with genetic evidence; the 
AFLP data from our study do not provide genetic evidence to sup-
port such a designation. 

 Our results should be interpreted cautiously as these species 
could have shared historical gene fl ow or be subject to incomplete 
lineage sorting, and further examination of both the nuclear and 
chloroplast genomes, as well as genome size ( Suda et al., 2007 ) in 
 Pilosella  will be necessary for a better understanding of the evolu-
tionary relationships within the group. 

 We highlight here that if we had undertaken a solely molecularly 
based approach, we likely would not have questioned the results of 
our fi rst genetic  structure  analysis; only in light of our morpho-
metric data and careful study of the morphologically inferred spe-
cies relationships of the group did we question the clustering of  P. 
praealta  with  P. caespitosa . Our study, like many others, demon-
strates the utility of combining morphological data with molecular 
data and further highlights the importance of conducting hierar-
chical analyses of genetic data to detect subtle genetic diff erences 
between closely related species. 

 Association between morphological and genetic dissimilarity —
   Our morphometric analyses identifi ed six clearly defi ned species, 
whereas our fi rst analysis of genetic data could clearly delimit only 
four clusters; only upon further analyses were we able to detect the 
subtle genetic variation among the three remaining species. Our 
Mantel test thus found a reasonably strong association between mor-
phological and genetic dissimilarity. We further explored our data to 
determine whether the samples misclassifi ed in diff erent iterations of 
our randomForest analysis of morphological data were the same 
samples identifi ed as potential hybrids (admixed individuals) in our 
 structure  analyses (Appendix S3G). Th ese data show a high level 
of agreement in identifying “abnormal” individuals (potential hy-
brids) in the complete RF analysis (all traits), indicating the strength 
of our approach of combining randomForest and  structure  for de-
tecting putative hybrids. Interestingly, the second RF analysis, using 
fewer morphological traits (eight), flagged additional specimens 
( N  = 7) as possible misidentifi cations; results that are supported by 
the genetic data for these same specimens (Appendix S3G). Th at 
these seven samples, which clearly showed levels of admixture, were 
fl agged by the reduced trait analysis and not the complete analysis is 
curious. However, as the number of morphological traits used in the 
RF analysis decreased, the correspondence between misclassifi cation 
by morphology and identifi cation as admixed individuals by the 
 structure  analyses decreased (Appendix S3D, S3E). Th e reduced 
correspondence in misclassifi cations indicates that when random-
Forest is run with a too heavily reduced set of traits, it may errone-
ously identify samples as morphologically suspect when they do not 
show corresponding signs of genetic admixture. Here, the degree of 
phenotypic plasticity and genotype by environment interactions may 
play a role in the robustness of randomForest to correctly assign 
specimens to species when few (morphological) traits are employed. 

 In a few cases, both the morphometric and genetic analyses were 
able to detect abnormalities in the same specimens even when these 
two forms of analysis did not necessarily agree on a “correct” spe-
cies identifi cation (Appendix S3G). Th ese results further indicate 
the robustness of our analyses: both the RF analysis of morphomet-
ric data and the  structure  cluster analysis of AFLP data were able 
to identify abnormal specimens. Such specimens are representative 
of additional genetic and morphological variation not typical of the 
 Pilosella  specimens we sampled, indicating there is further genetic 
variation on the landscape. 

 Evidence for novel hybridizations (and genetic admixture) in the 

invaded range —   Hybrid, and in particular polyploid, speciation 
is a common phenomenon among the angiosperms ( Otto and 
Whitton, 2000 ); such hybrid species are able to persist by exploiting 
ecological niches unoccupied by existing taxa ( Mallet, 2007 ). Many 
invasive plant genera are known for hybridizations either in their 
native or introduced ranges, or both, and these hybrids can diff er in 
the ecological niches they occupy ( Ward et al., 2009 ,  Urban et al., 
2011 ) and in their invasion potential ( Ellstrand and Schierenbeck, 
2000 ;  Gaskin et al., 2009 ;  Gaskin and Kazmer, 2009 ;  Schierenbeck 
and Ellstrand, 2009 ).  Pilosella  is known for frequent hybrid specia-
tion events in its native European range ( Fehrer et al., 2007 ). Eco-
logical niche model predictions suggest that the ecological niches 
diff er between hybrid species of  Pilosella  ( P. glomerata ) and their 
postulated parental species ( P. caespitosa ; D. J. Ensing, C. E. Moff at 
and J. Pither, unpublished data). Th us, our fi nal objective was to 
investigate whether novel hybridizations were occurring among  Pi-
losella  species in North America, as such novel hybrids may have 
the potential to invade ecological niches previously not exploited 
by the existing  Pilosella  on the landscape. 

 Although our study encompasses a wide survey area (>185 000 
km 2 ) in the invaded range, it does not include samples from the 
(central European) native range of these species (but see below for 
an exception). Th us, in most cases, it is diffi  cult to determine 
whether genetic admixture is indicative of hybridization events oc-
curring in the invaded range or whether these samples represent the 
introduction of multiple (rare) genotypes in the invaded range that 
are simply indicative of higher amounts of genetic variation that 
may occur in the native range. However, there are a few particular 
samples that support our hypothesis that hybridizations are occur-
ring within multispecies infestations in the invaded range (Appen-
dix S3C, S3D). 

 Th e admixed genotypes ( N  = 17) identifi ed in our fi rst  struc-
ture  run appeared to only have substantial genetic contributions 
from the three species identified in that run ( P. flagellaris ,  P. flo-
ribunda , and  P. piloselloides ), and likely indicate hybridization 
among these known species (Appendix S3C). We also identifi ed 15 
other putatively admixed individuals that belonged in least in part 
to cluster 4 of our fi rst  structure  run, 14 of which were partially 
assigned to the  P. piloselloides  cluster (Appendix S3D). Th at  P. pilo-
selloides  genotypes are involved in hybridization and taxonomic 
ambiguity is unsurprising.  Bräutigam and Greuter (2007)  include 
seven species and subspecies in the  P. piloselloides  aggregation, in-
cluding  P. praealta . Th e putative introgression found in our sam-
ples is likely a result of both (1) admixture among species (e.g., 
Appendix S3C) and (2) potentially undetected (or undescribed) 
(sub) species existing in North America (e.g., those fully assigned to 
cluster 4 in our second structure run; Appendix S3D, S3E), though 
we have not investigated this possibility fully. 
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 In addition to evidence of novel hybridizations, we also found 
support for the existence of rare genotypes in the invaded range 
that indicate multiple introductions of  P. glomerata . Our samples 
of  P. glomerata  from southern BC were all of a single genotype, in 
agreement with  Wilson et al. (2006) . However, we identifi ed a sec-
ond genotype (VALE_GLO_1-5) at a site >250 km from the next 
nearest known locality.  structure  could not assign these individ-
uals to any known cluster ( Fig. 6B   , see also Appendix S3D, S3E) 
indicating the AFLP loci sampled from the VALE  P. glomerata  are 
unique compared to all our other collections and suggesting that 
they did not originate from any of the known  P. glomerata  popula-
tions present in BC. Our randomForest analyses also detected dif-
ferences in morphology from our other  P. glomerata  samples 
(Appendix S3G). We compared our sequences to those from  P. 
glomerata  collected at several locations in Europe, and found that 
our VALE  P. glomerata  share a high degree of similarity with select 
 P. glomerata  samples from Poland and the Czech Republic, diff er-
ing at only two loci (G. Cordat [CAB International] and J. F. Gas-
kin, unpublished data) .  We therefore suggest that the individuals 
we identifi ed as  P. glomerata  at VALE site may represent a separate 
introduction of  P. glomerata  into North America. 

 In an eff ort to exclude the hypothesis that additional genetic vari-
ation in our putative hybrids (Appendix S3C–E) could have come 
from  P. aurantiaca , another species of  Pilosella  present on landscape, 
we analyzed a limited number of  P. aurantiaca  ( N  = 17, from four 
populations in BC) at the same AFLP loci as the other species in-
cluded in our study. We did not include  P. aurantiaca  in our study 
proper due to (1) the ease of diff erentiating it from other  Pilosella  
owing to its distinct fl ower color and (2) previous work indicating it 
is represented by a single genotype in North America ( Loomis and 
Fishman, 2009 ). In agreement, the  P. aurantiaca  we assessed were 
identical at all loci. We found little evidence that  P. aurantiaca  is re-
sponsible for the unknown genetic contributions in our study. Only 
one set of samples show evidence that  P. aurantiaca  plausibly may 
have hybridized with  P. piloselloides  (site WOOL), but these samples 
share only 6/16 of the variable loci with our  P. aurantiaca  genotypes; 
the origin of the remaining 10 variable loci is unknown. We thus do 
not fi nd suffi  cient evidence to hypothesize that hybridization events 
with  P. aurantiaca  are the cause of the unknown genetic contribu-
tions in the majority of our admixed samples. 

 While we have suggested that in some cases admixed samples 
may represent hybrids of existing species, we found less evidence of 
hybridization than we expected. Instead, our results documented 
greater within-species variation than we expected for some species, 
and specifi cally, unique genotypes that indicate there may have been 
multiple introductions of both  P. glomerata  and  P. piloselloides  from 
Europe. It also remains possible that these unique genotypes actually 
represent novel species in North America. Depending on the no-
menclature system applied, taxonomists have named up to thou-
sands of species and subspecies within the genus  Pilosella  alone. It 
would be worthwhile to compare the morphology and genetics of 
the samples we identifi ed as having unknown genetic contributions 
with European samples of known identifi cation or genotype. 

 CONCLUSIONS 

 Invasive species oft en comprise a substantial proportion of the bio-
diversity of managed ecosystems and can have dramatic impacts on 
ecosystem structure and function ( Ellis et al., 2012 ;  Py š ek et al., 

2012 ). In some cases, eff orts to develop mitigation strategies can be 
thwarted by failure to distinguish among closely related species 
( Ensing et al., 2013 ), which may diff er in their ecological niches and 
invasion potential. Th e  Pilosella  hawkweeds, members of which 
have spread throughout the managed landscapes of BC, incurring 
substantial costs to industry and governments alike ( Frid et al., 
2013 ), provide a strong case in point. 

 In seeking to clarify species delimitations among these problem-
atic taxa, our study provides a compelling argument in favor of 
combining morphometric and molecular approaches. Specifi cally, 
neither morphological nor molecular investigations alone would 
have yielded the fi ndings detected in our combined approach. Our 
initial  structure  analysis of genetic data identifi ed only four puta-
tive species clusters. Without the contradictory results of our mor-
phometric analyses, we may have concluded that  P. praealta ,  P. 
caespitosa , and  P. glomerata  are not distinct species. Our morpho-
metric analyses distinguished among these species with high accu-
racy, prompting us to conduct subsequent analyses of our genetic 
data using a second  structure  analysis as well as AMOVA. Th e 
results in turn revealed subtle genetic diff erentiation among the 
three morphologically well-defi ned species. Historical introgres-
sion or incomplete lineage sorting may underlie these fi ndings. In 
any case, the placement of  P. praealta  far from  P. piloselloides , to 
which it is morphologically assigned as a subspecies ( Bräutigam 
and Greuter, 2007 ), points to the need for further examination of 
both the nuclear and chloroplast genomes, to elucidate the complex 
evolutionary relationships within  Pilosella . 

 As new species, cytotypes, or genotypes of  Pilosella  are intro-
duced and converge on the landscape with the existing introduced 
 Pilosella , hybridization among species will likely increase, and along 
with it, the chances for newly generated genotypes of increased 
invasiveness. Th us, curtailing further arrival of any new  Pilosella  
genotypes, and seeking ways to mitigate or slow the spread of those 
that are already established, represent management priorities. 

 While our fi ndings yield many insights into  Pilosella  in our part 
of the invaded range and even call into question long inferred, mor-
phologically based species relationships, our approach and the 
methods herein can be applied across taxa. Indeed,  Pilosella  hawk-
weeds typify the complex evolutionary history, diffi  culty of identi-
fi cations, and life history strategies of invasive plants. By combining 
not only multiple data types, but also multiple analysis types, we 
detected hybrid taxa, additional genetic admixture present on the 
landscape including probable multiple introductions for at least 
one species, and identifi ed aspects of the evolutionary relationships 
within  Pilosella  that require further examination. 
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