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ABSTRACT 

Escallonia is a morphologically and ecologically diverse clade of shrubs and small trees widely 

distributed in three hotspots of plant diversity.  Previous studies suggested that extant species 

may have radiated rapidly and/or recently resulting in complex patterns of molecular variation 

across this genus.  This result is apparently mirrored in morphology because species also display 

complex and overlapping patterns of morphological variation.  Taken together, these patterns call 

into question the identity of all species within Escallonia.  To evaluate the currently proposed 

hypotheses of species boundaries, I used molecular, morphological, and bioclimatic a data for 35 

species and assessed three species criteria: genealogical exclusivity, morphological gaps, and 

climatic niche differences.  Interpreting these data in the context of species as segments of 

evolutionary lineages,  I provide evidence that most species (ca. 70%) within Escallonia 

represent distinct species on independent evolutionary trajectories.  Instead of rejecting the 

current hypotheses of species limit, I argue for taxonomic stability as it provides a useful 

framework for studies aiming to understand the mechanisms driving the origin and evolution of 

species in hotspots of biodiversity. 

!
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Understanding species boundaries provides valuable insight to help us elucidate the processes 

driving the origin and maintenance of biological diversity (Coyne and Orr, 2004).  Since species 

boundaries emerge from the isolation and differentiation of populations (de Queiroz, 2005, 

2007), analyzing the patterns of variation of molecular, phenotypic and ecological characters 

across the geographic range of a taxon is a robust approach to evaluate hypotheses of species 

boundaries (e.g., Sites and Crandall, 1997; Wiens and Penkrot, 2002; Wood and Nakazato, 2009; 

Cadena and Cuervo, 2010).  However, there are few of these analyses for plant taxa, particularly 

from the hyperdiverse mountains of South America, where spatial heterogeneity may be an 

important driver of isolation and differentiation of species (Hughes and Eastwood, 2006). 

 Trees and shrubs of the genus Escallonia make an excellent case study for carrying out 

such analyses.  These plants occur in a variety of habitats throughout the Andes and the 

mountains of southeastern Brazil, as well as in isolated mountain ranges like the Sierra de 

Córdoba (Argentina), Sierra Nevada de Santa Marta (Colombia), and Cordillera de Talamanca 

(Costa Rica).  Most species have broad geographic ranges, with some species having populations 

separated by thousands of kilometers; a few narrowly distributed species span less than 200 

kilometers.  Several species seem to segregate according to habitat or elevation, nevertheless the 

geographic ranges of many species overlap completely or partially, such that individuals of one 

species can occur within the range of potential dispersal of gametes (seeds or pollen) of other 

species (i.e., species exhibit mosaic sympatry sensu Mallet, 2008).  In all species, the fruit is a 

dry capsule that dehisces and releases the seeds, which fall out and are likely dispersed by wind 

or gravity.  The only pollination study available in one species of Escallonia (Valdivia and 

Niemeyer, 2006) revealed that floral traits such as color and scent do not correlate with the 
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expected specialist pollinator (Faegri and van der Pijl, 1979), and from circumstantial 

observations of several species in the field, the flowers of different species of Escallonia appear 

to be visited by the same diverse group of local insects that also visit unrelated plant genera.  

Some species are common locally, with approximately 30-40 plants per locality, while others are 

rare, few individuals being found in any one place (pers. obs.). 

 The geographic pattern of morphological variation within Escallonia is complex.  All 

plants have a characteristic growth form with a distinctive long- and short-shoot construction 

(Bell, 2008), but the length of theses shoots varies extensively within and between species.  

There is substantial intra- and interspecific geographic variation in leaf size, shape and the 

density of serrations.  Species have either single flowers, or inflorescences with tens to hundreds 

of flowers.  The flowers show considerable intra- and interspecific geographic variation in the 

size and shape of sepals, petals and ovaries, the appearance of a nectary disk (flat or elevated), 

and in the pigmentation of petals, which range from greenish-white to deep red and several hues 

of pink in between.  In some species, hairs and glands can occur on leaves, branches, or floral 

organs.  This variation offers a unique opportunity for studying in detail the geographic patterns 

of variation in morphological, as well as molecular and ecological characters to evaluate 

hypotheses of species boundaries within Escallonia. 

 Phylogenies, multivariate statistics and geospatial analyses permit the analysis and 

description of patterns of variation within and among species with increasing statistical rigor.  

Such tools help systematists weigh the strength of empirical data to meet different operational 

species criteria to evaluate hypotheses of species boundaries (Sites and Marshall, 2003, 2004 and 

references therein; Wiens, 2007 and references therein; de Queiroz, 2005, 2007).  Here, I provide 
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the first comprehensive assessment of species boundaries in Escallonia examining the patterns of 

variation in molecular, morphological and ecological characters throughout the geographic range 

of this genus.  In particular, I gauge the extent to which these data sets support the currently 

proposed hypotheses of species boundaries within Escallonia (Sleumer, 1968) by evaluating 

three operational species criteria. 

 Criterion 1. Genealogical exclusivity.  Evolutionary isolation and lineage divergence 

generate differential patterns of shared ancestry (Avise and Ball, 1990).  I use the available 

phylogenetic hypotheses of Escallonia (Zapata, 2013) to examine the geographic patterns of 

intra- and interspecific molecular variation.  This allows me to determine whether members of 

currently recognized species are more closely related to each other than they are to any 

individuals outside each species (i.e., genealogical exclusivity sensu Baum and Donoghue, 1995; 

Wiens and Penkrot, 2002). 

 Criterion 2. Morphological discontinuity.  Evolutionary isolation and lineage divergence 

generate discontinuities in the distribution of morphological variation (Futuyma, 1998; Rieseberg 

et al., 2006; Mallet, 2008).  I use morphological characters to examine the geographic patterns of 

intra- and interspecific morphological variation, and evaluate whether currently recognized 

species are separated by morphological gaps (Wiens and Servedio, 2000; Zapata and Jiménez, 

2012). 

 Criterion 3. Niche differentiation.  Evolutionary isolation and lineage divergence can be 

caused or reinforced by ecological divergence (Funk et al., 2006; Nosil and Crespi, 2006).  I use 

bioclimatic information to describe broadly the realized ecological niche, and evaluate whether 

currently recognized species occur in significantly different environments, displaying differences 
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in present day (environmental) selective regimes (Andersson, 1990; Rissler and Apodaca, 2007; 

Bond and Stockman, 2008; Leaché et al. 2009). 

 I further complement these analyses with estimates of genetic distance within and among 

species and relate this measurement to geographic distance as a crude measurement of 

reproductive isolation (Coyne and Orr 2004; Mallet 2008).  Lastly, I examine differences in 

flowering time among species to get an initial idea of potential premating barriers. 

!
MATERIALS AND METHODS 

 Study system–There are 39 species currently recognized in the genus Escallonia 

(Sleumer, 1968), which I interpreted as hypotheses of species boundaries.  In this study, I 

analyzed 35 of these hypotheses, including only species for which molecular, morphological and 

climatic data were available.  The four species I did not include are known from only few 

herbarium collections, and I failed to extract DNA from these collections or locate any 

populations of these species in the field. 

 All the specimens included in this study were assigned to each of the 35 hypothesized 

species after detailed comparative studies of morphology and using the dichotomous key 

provided by Sleumer (1968).  In many instances, I was able to use the same specimens that 

Sleumer observed in his study of Escallonia.  All specimens used for molecular analyses were 

also included in the morphological and ecological analyses, except for both specimens of E. 

ledifolia and E. petrophila, one specimen of E. illinita, E. leucantha, E. myrtoidea, E. 

pulverulenta, E.revoluta, and E. rosea, and two specimens of E. megapotamica, none of which 

had flowers and so could not be measured for all the phenotypic characters studied here (see 
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below).  However, habit, vegetative characters, geographic locality and the available comparative 

material from herbarium collections allowed me to reliably assign these specimens to species. 

!
 Molecular data–To examine the geographic pattern of molecular variation, I used two 

haplotype phylogenies based on Bayesian and maximum likelihood analyses of the first intron of 

a MYC-like gene and the third intron of the NIA gene (for details, see Zapata, 2013).  The MYC 

matrix consisted of 887 bp for 89 individuals and 102 terminals, while the NIA matrix consisted 

of 843 bp for 88 individuals and 107 terminals; several individuals were heterozygotes for both 

loci.  In total, between one and seven individuals were sampled for all species (Table 1).  These 

samples covered the whole geographic range of Escallonia; for species with broad geographic 

distributions, samples from well-spaced localities from across their geographic ranges were 

included whenever possible (Zapata, 2013).  Since nothing is known about the position of MYC 

and NIA in the genome of Escallonia, I interpreted each haplotype tree as an independent source 

of evidence of lineage divergence (de Queiroz, 2007). 

 I implemented the tree-based method of Wiens and Penkrot (2002) to weigh the strength 

of molecular data in supporting the hypothesis that the members of the currently recognized 

species within Escallonia are more closely related to each other than they are to any individuals 

outside each putative species (see Baum and Donoghue, 1995).  Briefly, the method of Wiens 

and Penkrot (2002) uses a haplotype phylogeny derived from multiple individuals and 

populations of a hypothesized species (the focal species) and one or more closely related species, 

to evaluate the concordance between the geographic origin of the haplotypes, and their 

phylogenetic relationships.  From this, they infer the taxonomic status of the focal species (see 
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Fig. 1 in Wiens and Penkrot, 2002).  Focal species can be genealogically exclusive or non-

exclusive, and depending on the geographic concordance of clades at shallow and deep nodes 

(i.e., ‘basal lineages’ sensu Wiens and Penkrot, 2002), the method presents a decision tree to 

allow one to infer whether there is enough evidence to suggest the focal species is a single 

species.  This species can be: i) a monophyletic species, that is an exclusive lineage concordant 

with geography (see Fig. 1b in Wiens and Penkrot, 2002); or ii) a paraphyletic species 

(“plesiospecies” sensu Olmstead, 1995), that is a non-exclusive lineage concordant with 

geography (see Fig. 1d in Wiens and Penkrot, 2002).  In other cases, the focal species is not a 

single species, rather it can be: iii) a conspecific lineage, that is a broader group including several 

species perhaps linked through gene flow (see Fig. 1f in Wiens and Penkrot, 2002); or iv) 

multiple distinct species, that is the focal species includes more than one species (see Fig. 1a, c, e 

in Wiens and Penkrot, 2002). 

 This method assumes exhaustive sampling of individuals, populations and species, and 

recommends the use of quantitative approaches (e.g., Templeton, 2001, 2010; but see Beaumont 

et al., 2010) to assess objectively the general concordance between geography and phylogeny.  

The sampling in the study of Zapata (2013) was too coarse and non-exhaustive at the population 

level to implement here appropriate statistical methods to estimate such concordance (Knowles, 

2009).  Nonetheless, both haplotype phylogenies revealed a remarkable level of phylogenetic 

geographic structure (Zapata, 2013; see below), which provides a useful framework to guide the 

assessment of species boundaries that I complement with the analyses of the patterns of variation 

in the other types of data studied here.  Furthermore, for species with broad geographic ranges, 

multiple samples from well-spaced localities allowed some rigor in assessing the genealogical 
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exclusivity of species.  Therefore the study of Zapata (2013) provided a reasonable first step to 

evaluate hypotheses of species boundaries within Escallonia using molecular data at a 

continental scale. 

 Using PAUP* 4.0 (Swofford, 2002), I calculated the genetic distance within and among 

species using the TrN+I+ Γ and the GTR + I+ Γ models of sequence evolution for MYC and 

NIA, respectively.  These models were selected using the model testing procedure implemented 

in DT-ModSel (Minin et al., 2003), and used to infer the haplotype trees (Zapata, 2013).  To 

determine whether geography could explain the overall pattern of genetic variation, I assessed 

the relationship between geographic and genetic distance using a simple Mantel test with 999 

permutations using R 3.0.2 (R Core Team, 2013) and the library ade4 (Dray and Dufour, 2007). 

!
 Morphological data–To examine the geographic pattern of morphological variation, I 

sampled a total of 679 specimens from field and herbarium collections to represent the overall 

spectrum of morphological variation and the geographic range of each of the 35 hypothesized 

species (minimum 2; maximum 61 specimens per species; Appendix 1).  I estimated the pattern 

of phenotypic variation among these species in 27 quantitative (6 vegetative; 21 reproductive) 

and 13 qualitative (1 habit; 6 vegetative; 6 floral) characters (Table 2, Appendix 2).  These 40 

characters were selected after careful study of specimens and a thorough literature review 

(Kausel, 1953; Sleumer, 1968).  I used only mature leaves and flowers in all specimens to 

measure each character.  Quantitative vegetative characters were measured using a standard 

metric ruler on dried specimens.  Quantitative floral characters were measured using a digital 

caliper (Digimatic CD-6” CS, Mitutoyo Japan) on flowers that were rehydrated and examined on 
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a stereoscopic dissecting microscope (SMZ645, Nikon USA).  All quantitative measurements 

were recorded from three different structures for each specimen whenever possible, and then 

averaged to generate character measurements for each specimen.  Habit and petal color were 

gathered from herbarium labels and field observations.  All other qualitative characters were 

measured using a stereoscopic dissecting microscope on a single organ. 

 I used the method proposed by Zapata and Jiménez (2012) to weigh the strength of the 

quantitative characters to support the hypothesis that currently recognized species within 

Escallonia correspond to lineages separated by morphological gaps (see Futuyma, 1998; 

Rieseberg, 2006; Mallet, 2008).  In this method, a gap in multivariate morphological space 

between a pair of hypothesized species is inferred when i) the mixture of the two species is 

bimodal, and ii) intermediate phenotypes in the mixture occur at a frequency below a 

predetermined cutoff.  To assess bimodality, the method uses the samples of the two 

hypothesized species to estimate the pdf of the mixture of two normal distributions describing the 

morphological variation of each hypothesized species, and plots the values of this function along 

the ridgeline manifold, a curve guaranteed to include all the critical points (maxima, minima and 

saddles) of the estimated pdf (for details, see Ray and Lindsay, 2005; Zapata and Jiménez, 2012).  

If this plot reveals bimodality, the frequency of the intermediate phenotypes between the two 

hypothesized species is estimated.  The method calculates a series of ellipsoids defining 

tolerance regions–the regions covering a proportion β of a population with statistical confidence 

γ (Krishnamoorthy and Mathew, 1999; Zapata and Jiménez, 2012)–for each hypothesized species 

that share a point along the ridgeline manifold, and calculates the proportions of the distributions 

describing each hypothesized species covered by each of these ellipsoids.  Since each pair of 
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these ellipsoids also shares a tangent line at the ridgeline manifold that splits the bivariate 

morphological space occupied by the species, here I present a modification of the original 

method proposed by Zapata and Jiménez (2012), and I also calculated the proportions of the 

areas of the distributions describing each hypothesized species that lie away from each tangent 

line.  A plot of the proportions (for both, tolerance regions and areas) for several points along the 

ridgeline manifold reveals whether the distributions describing the morphological variation of 

each hypothesized species overlap for a proportion equal to or less than a predetermined 

frequency cutoff.  If so, this result would support the hypothesis that the samples of the two 

hypothesized species are separated by a morphological gap, i.e., the intermediate phenotypes 

occur at a frequency below the predetermined cutoff, and thus it can be inferred that they 

represent two distinct species (Zapata and Jiménez, 2012).  To account for the possibility that the 

morphological gap simply reflects geographic differentiation within a single species (see de 

Queiroz and Good, 1997; de Queiroz, 2007), the geographic coordinates of the specimens 

included in the morphometric analysis are used to derive a series of orthogonal vectors (i.e., 

spatial eigenvectors) to model morphological variation at different spatial scales assuming no 

species boundary (for details, see Borcard and Legendre, 2002; Dray et al., 2006; Griffith and 

Peres-Neto, 2006; Zapata and Jiménez, 2012).  Multivariate multiple regression (Rao, 1964) is 

used to evaluate whether this model is significantly worse than a contrasting model requiring a 

species boundary, in which case the hypothesis that the morphological gap reflects true 

evolutionary isolation (i.e., two distinct species) is considerably strengthened (for details, see 

Zapata and Jiménez, 2012). 
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 In this study, I implemented this method in the following way.  Based on the results of the 

molecular analyses (see Results), I used the measurements of the continuous characters to derive 

orthogonal axes using Principal Component Analysis (PCA) calculated on a correlation matrix to 

define a morphological space for the species within well supported and concordant clades.  In 

particular, I always used the space defined by PC1 and PC2 to estimate the pdf of the mixture of 

the distributions describing the pattern of morphological variation of each pair of species, and I 

plotted the values of the pdf along the ridgeline manifold (hereafter referred to as “elevation 

plot”, see Ray and Lindsay, 2005) to inspect visually for bimodality.  When the pdf was not 

bimodal, I stopped the analyses because the first necessary condition to support the hypothesis of 

a morphological gap separating a pair of species failed (Zapata and Jiménez, 2012).  If the pdf 

was bimodal, I plotted the proportions of the areas of the distributions describing the pattern of 

morphological variation of each species along the ridgeline manifold (hereafter referred to as 

“proportion plot”), and I inferred there was enough evidence to suggest a morphological gap 

when proportions ≤ 0.1 of these distributions overlapped (i.e, frequency cutoff = 0.1); I also 

plotted the proportions of the distributions covered by the ellipsoids defining tolerance regions 

for comparative purposes.  All ellipsoid tolerance regions were calculated using statistical 

confidence γ = 0.95. 

 When there was more than one pair of hypothesized species within a clade, I used the 

morphological space derived using the measurements of the samples of all the species in the 

clade, and I estimated morphological gaps between all pairs of species in that morphological 

space.  If the samples of a hypothesized species appeared non-overlapping and the samples of 

other species appeared overlapping, I estimated the morphological gaps between the non-
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overlapping species and all other species in that PCA morphological space, and subsequently I 

derived a new morphological space using only the samples of the species that overlapped 

initially.  In this new morphological space, I evaluated morphological gaps for the species that 

overlapped in the original morphological space.  I repeated this approach iteratively so long as 

samples of a species appeared non-overlapping and samples of the other species appeared 

overlapping in any morphological space.  This approach allowed me to estimate morphological 

gaps on the axes of variation relevant for each group of species. 

 When I inferred a morphological gap between a pair of species, I evaluated whether there 

was enough evidence to suggest such a gap represented a species limit rather than geographic 

differentiation within a single species.  I used the geographic coordinates of all the specimens 

included in each pairwise comparison to derive a series of orthogonal vectors (i.e., spatial 

eigenvectors) to model morphological variation at different spatial scales assuming no species 

boundary.  This model was contrasted against a model that required the hypothesized species 

boundary represented by an indicator matrix [0,1] and the interactions between this matrix and 

the spatial eigenvectors (for details, see Zapata and Jiménez, 2012).  I assessed statistical 

significance of each model using RDA with 9999 permutations.  All analyses were conducted in 

R 3.0.2 (R Core Team, 2013) using the same packages, scripts and settings of Zapata and 

Jiménez (2012). 

 When I found no evidence of a gap in quantitative continuous characters separating a pair 

of species, I looked for gaps in qualitative characters.  For these analyses, I compared the 

frequencies of the character states between such pairs of species to search for potentially non-

overlapping characters.  Characters that were invariant for alternative states within a putative 
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species were considered non-overlapping and thus potentially useful to support the hypothesis of 

a species boundary.  I used the method of Wiens and Servedio (2000) to weigh the strength of 

these characters to support the hypothesis that species were separated by a morphological gap in 

qualitative characters.  Specifically, I used the equation 3 of Wiens and Servedio (2000) to 

calculate a P-value to evaluate whether in a sample of apparently invariant characters, at least 

one of these characters was not polymorphic above a selected frequency cutoff.  For this test, I 

used a frequency cutoff 1-β = 0.1 and statistical confidence γ = 0.95.  Thus, failing this test 

would mean that there is a > 0.05 probability that all the apparently invariant characters for a 

given species are actually polymorphic, with a frequency of the alternative character state above 

0.1 (for details, see Wiens and Servedio, 2000). 

!
 Bioclimatic data–To examine the pattern of ecological variation, I obtained point locality 

data from herbarium labels or online gazetteers (Guralnick et al. 2006) for the same specimens I 

analyzed for morphological variation, and I checked these data with high resolution maps to 

ensure locality precision.  Using ArcView (ESRI), I mapped these specimens and extracted the 

values of 19 bioclimatic variables (Table 3) at each point locality from climatic layers with 

resolution of a square kilometer obtained from WorldClim v1.4 (Hijmans et al., 2005).  These 

variables reflect annual trends in temperature and precipitation, seasonality, and extreme 

environmental conditions (e.g., temperature of the coldest month), and are thus likely to 

represent general limiting factors for plant physiology, survival, and growth (Taiz and Zeiger, 

2006).  Based on the results of the molecular analyses (see Results), I used the variation in these 

bioclimatic variables along with elevation to derive orthogonal axes using Principal Component 
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Analysis (PCA) calculated on a correlation matrix as a reasonable approximation to characterize 

the realized ecological niche, i.e., the present-day selective regime (see Stockman and Bond, 

2007; Bond and Stockman 2008) of each species within well supported and concordant clades.  I 

used MANOVA (multivariate analyses of variance) with PC1 and PC2 scores as dependent 

variables and species as the fixed factors (see Graham et al., 2004; Rissler and Apodaca, 2007; 

Stockman and Bond, 2007; Bond and Stockman, 2008; Leaché et al., 2009) to weigh how 

strongly these data supported the hypothesis that currently recognized species within Escallonia 

differed in their realized ecological niche (see Andersson, 1990).  When a MANOVA was 

significant in a clade with more than one pair of species, I ran Tukey’s Honest Significant 

Difference tests (Tukey’s HSD) to determine which species were different. 

!
 Phenological data–Because only specimens with flowers were used for morphological 

and ecological analyses, I used the collection date of each specimen taken from herbarium labels 

to examine the overlap in the range of flowering time among species within clades.  In the 

absence of quantitative information on phenological variation within Escallonia, I used these 

data as a proxy to assess potential premating isolating barriers. 

!
RESULTS 

 Independent Bayesian and maximum likelihood phylogenetic analyses of the nuclear loci 

MYC and NIA recovered at least eight groups of species in common (hereafter referred to as 

clades A, B, D, F, G, H, and groups E. pulverulenta and E. virgata + E. gayana; Fig. 1; see also; 

for details, see Zapata, 2013).  For some species within clade F, an apparent paralog of MYC and 
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NIA was also recovered.  Haplotypes of this paralog formed a clade in both gene trees (hereafter 

referred to as clade F’).  Although the phylogenetic position of clade F’ was not consistent 

between gene trees (Fig. 1), all the haplotypes within this clade were always more closely related 

to each other than to haplotypes in any other clade (for details, see Zapata, 2013).  Therefore, I 

used clade F’ as an extra locus to assess species limits for the species within this clade 

independently of their position within clade F (see below).  All clades were markedly restricted 

to geographic regions, except clade G; this was mainly restricted to southeastern Brazil and 

northeastern Argentina, but included some species in the Andes and the Sierra de Córdoba in 

central Argentina (Fig. 1).  Phylogenetic analyses using either one or several individuals per 

species, consistently recovered all eight groups of species, and these groups always received very 

high to moderately high Bayesian posterior probabilities and bootstrap support.  The exceptions 

were clade F, mainly because of the occurrence of F’ within it, and the group E. virgata + E. 

gayana (see below).  Relationships among the eight groups were broadly concordant between 

gene trees, except for clade B and groups E. pulverulenta and E. virgata + E. gayana; 

nevertheless, all but one of these conflicting phylogenetic positions received low statistical 

support.  Conversely, phylogenetic relationships within most groups were largely discordant 

between gene trees at all nodes (Fig. 1; for details, see Zapata, 2013). 

 Both loci showed relatively low levels of overall sequence divergence.  Corrected genetic 

distances ranged from 0 to 0.06 in the MYC matrix (Fig. 2) and from 0 to 0.15 in the NIA matrix 

(Fig. 3).  A simple Mantel test (Fig. 4) showed that geographic distance was strongly correlated 

with genetic distance for NIA (r = 0.2, P = 0.002) and weakly correlated, but not statistically 

significant, for MYC (r = 0.09, P = 0.064).  This is consistent with the phylogenetic geographic 
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structure revealed by the gene trees (Fig 1); the low correlation in MYC was likely due to the 

low level of sequence divergence shown by this locus (Fig. 2).  Consistent with the Mantel test 

results, genetic distances were generally lower within groups than among groups for both loci.  

The average sequence divergence within groups was 0.01 and 0.02, and among groups was 0.04 

and 0.08 for MYC and NIA, respectively.  This suggests that species within groups are less 

divergent than species among groups.  Furthermore, genetic distances were generally lower 

within species than among species at different geographic distances (Fig. 4).  A closer 

examination of the relationship between geographic and genetic distances revealed that when 

different groups of species co-occurred in mosaic sympatry (sensu Mallet, 2008) these groups 

were genetically distant, for example clades A and B, or the clade F and groups E. pulverulenta 

and E. virgata + E. gayana, (see Figs. 2-4).  This result, along with the marked phylogenetic 

geographic concordance of groups, the consistent composition of species within groups in both 

phylogenetic analyses, and the differences in genetic distance within and among groups, suggests 

that these groups are likely evolutionarily isolated.  Therefore, I called these groups “basal 

lineages” (see Wiens and Penkrot, 2002), within which I analyzed species limits.  In particular, I 

examined the patterns of variation in molecular, morphological and ecological data for all the 

species within each group, and did not use these data to compare species from different groups 

(except for E. pulverulenta and E. virgata + E. gayana, see below). 

 Clade A.  This clade included E. micrantha and E. millegrana (Fig. 1), two allopatric 

species narrowly distributed in the dry inter Andean valleys of the Tropical Andes (Table 1, 

Appendix 3).  E. micrantha (Fig. 5a) occurs in the valleys of northern Perú and E. millegrana in 

the valleys of central-south Bolivia (Fig. 5b). 

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted September 30, 2014. ; https://doi.org/10.1101/009811doi: bioRxiv preprint 

https://doi.org/10.1101/009811
http://creativecommons.org/licenses/by-nc-nd/4.0/


 Molecular data for E. micrantha were available from only one individual; with this 

sampling, it was not possible to evaluate the genealogical exclusivity of this species.  

Phylogenetic analyses of MYC and NIA showed that the haplotypes of E. millegrana, sampled 

from northern and southern localities of its geographic range, were genealogically exclusive and 

concordant with geography (Fig. 1).  The maximum level of sequence divergence between this 

pair of species was 0.015 in MYC and 0.020 in NIA for samples collected more than 2000 km 

apart (Fig. 1). 

 Morphological data showed that the samples of E. micrantha and E. millegrana clearly 

separated in morphological PCA space (Fig. 6a).  The elevation plot was bimodal (Fig. 7a), 

however the proportion plot revealed that proportions > 0.9 overlapped (Fig. 8a), implying that 

the frequency of intermediate phenotypes was > 0.1, and thus there was not enough evidence to 

suggest a morphological gap separating these species.  No qualitative characters were fixed for 

alternative states in either species (Table 4, Appendix 2). 

 Bioclimatic data revealed that samples of E. micrantha and E. millegrana separated 

strongly, but not completely, in bioclimatic PCA space (Fig. 9a).  The PC scores differed 

significantly between these two species (Pillai’s trace = 0.731; F2, 25 = 34.055; P < 0.000) with 

significant difference found only along PC1 (F1 = 59.957; P < 0.000).  This suggests there is 

evidence that E. micrantha and E. millegrana occur in significantly different environments, with 

E. micrantha occurring in slightly wetter, colder and less seasonal places than E. millegrana 

(Table 5). 

 Both species overlapped in the range of flowering time, although there was a tendency 

for E. micrantha to flower slightly later than E. millegrana (Fig. 10a, b). 
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 Clade B.  This clade included the pair E. herrerae and E. pendula (Fig. 1), two species 

occurring in the dry inter Andean valleys of the Tropical Andes (Table 1, Appendix 3).  While E. 

herrerae (Fig. 5c) is restricted to the valleys of southern Perú (Apurímac River Valley), E. 

pendula (Fig. 5d) occurs throughout the dry valleys from Northwestern Venezuela to southern 

Perú, where it co-occurs with E. herrerae. 

 Molecular data were available from only one individual of E. herrerae.  Phylogenetic 

analysis of MYC showed that the haplotypes of E. pendula were not genealogically exclusive 

because a haplotype from Colombia was more closely related to the haplotype of E. herrerae 

(with moderate statistical support) than to other haplotypes of E. pendula (Fig. 1); this pair of 

haplotypes were sampled from localities separated by more than 2000 km.  Phylogenetic analysis 

of NIA showed that two haplotypes of E. pendula were genealogically exclusive and concordant 

with geography (Fig 1); amplification and sequencing of NIA for the sample of E. pendula from 

Colombia was not possible (Zapata, 2013).  The maximum level of sequence divergence between 

E. pendula (pendula3) and E. herrerae (herrerae) was 0.01 in MYC and 0.031 in NIA, sampled 

at approximately 1000 km apart (Fig. 1). 

 Morphological data showed that the samples of E. herrerae and E. pendula did not 

separate completely in morphological PCA space (Fig. 6b).  The elevation plot was not bimodal 

(Fig. 7b), and thus it failed the first necessary condition to support the hypothesis of a 

morphological gap separating these species.  No qualitative characters were fixed for alternative 

states in each species (Table 4, Appendix 2). 

 Bioclimatic data showed that the samples of these species overlapped markedly in 

bioclimatic PCA space (Fig. 9b).  The PC scores did not differ significantly between this pair of 
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species (Pillai’s trace = 0.087; F2, 30 = 1.438; P = 0.253), suggesting there is no evidence E. 

herrerae and E. pendula occur in significantly different environments; both species occur in 

areas with similar temperature and precipitation regimes (Table 5). 

 Both species overlapped completely in the range of flowering time (Fig. 10c, d). 

 Clade D. This clade was strongly supported by both loci and comprised E. discolor, E. 

piurensis, E. paniculata, E. resinosa, E. reticulata and E. schreiteri (Fig. 1), six species from the 

montane forests in the Tropical Andes (Table 1, Appendix 3).  E. discolor (Fig. 5e) and piurensis 

(Fig. 5f) are narrowly restricted to central Colombia and northern Perú, respectively.  E. 

paniculata (Fig. 5g) is broadly distributed from Venezuela to central Bolivia.  E. resinosa (Fig. 

5h) is distributed from southern Ecuador to southern Bolivia.  E. reticulata (Fig. 5i) is narrowly 

restricted to central Bolivia where it occurs in parapatry to E. paniculata.  E. schreiteri (Fig. 5j) 

is distributed from central Bolivia to northern Argentina. 

 Two subclades were consistently recovered within clade D, one including E. discolor, E. 

piurensis and E. resinosa (hereafter clade D.A), and one including E. paniculata and E. 

reticulata (hereafter clade D.B); E. schreiteri was sister to D.B in the MYC tree and to D.A in the 

NIA tree (Fig. 1).  Molecular data was available from only one individual of E. piurensis.  Within 

clade D.A, phylogenetic analysis of MYC showed that the haplotypes of E. discolor and E. 

resinosa were not genealogically exclusive and instead they interdigitated forming a single 

conspecific lineage (along with E. piurensis) of unclear phylogenetic resolution (Fig. 1).  

Phylogenetic analysis of NIA showed that the haplotypes of E. discolor were genealogically 

exclusive and concordant with geography (Fig. 1).  The haplotypes of E. resinosa were not 

genealogically exclusive because the haplotype of E. piurensis appeared to be related to E. 
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resionsa (the basal relationship was a polytomy) creating a single conspecific lineage (Fig. 1); 

these haplotypes were sampled from localities separated by approximately 1000 km apart.  The 

maximum level of sequence divergence was 0.01 for MYC between E. resinosa (resinosa1) and 

E. piurensis (piurensis) sampled at approximately 1000 km apart, and 0.026 for NIA between E. 

resinosa (resinosa2) and E. discolor (discolor1) sampled at approximately 3000 km apart (Fig. 

1). 

 I used two morphological spaces to analyze morphological variation and weigh the 

strength of morphological data in support of the hypothesis of morphological gaps separating the 

species within clade D.A.  In the first morphological PCA space, the samples of E. discolor and 

E. schreiteri did not overlap with the samples of E. piurensis and E. resinosa (Fig. 6c).  The 

elevation plots of all pairwise comparisons in this morphological space were bimodal (Fig. 7c-g), 

and the corresponding proportions plots revealed that proportions ≤ 0.1 always overlapped, 

except for the pair E. piurensis-E. discolor (see below) (Fig. 8c-g).  This implied that the 

frequency of intermediate phenotypes in all pairwise comparisons was ≤ 0.1, and thus there was 

enough evidence to suggest a morphological gap separating E. schreiteri from E. discolor, and 

both these species from E. resinosa and E. piurensis (except E. piurensis from E. discolor, see 

below).  The hypothesis that these gaps represented species limits and not geographic variation 

within a single species was rejected only for the pair E. discolor-E. schreiteri (Appendix 4).  The 

result obtained for E. discolor-E. piurensis (Fig. 8c) implied that the frequency of intermediate 

phenotypes between these species was > 0.1, and thus there was not enough evidence to suggest 

a morphological gap between them.  No qualitative characters were fixed for alternative states in 

this pair of species (Table 4, Appendix 2). 
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 In the second morphological PCA space, including only the samples of E. resinosa and E. 

piurensis that overlapped in the initial PCA (Fig. 6c), the samples of these species did not 

separate completely (Fig. 6d), and the elevation plot was not bimodal (Fig. 7h).  Absence of 

glands in the pedicel was fixed in E. resinosa (Table 4, Appendix 2), however this difference was 

not statistically significant (P = 0.214). 

 Bioclimatic data revealed that samples of E. discolor separated almost completely from 

the samples of E. piurensis, E. resinosa and E. schreiteri, all of which overlapped markedly in 

bioclimatic PCA space (Fig. 9c).  The PC scores differed significantly among these species 

(Pillai’s trace = 0.889; F6, 106 = 14.151; P < 0.000), with significant differences found along both 

PC axes (PC1: F3 = 30.047; P < 0.000; PC2: F3 = 6.199; P = 0.001).  Tukey’s HSD revealed that 

the significant differences for PC1 were between all pairs (all P < 0.05), except E. resinosa-E. 

schreiteri (P = 0.99), and for PC2 between E. schreiteri-E. piurensis and E. schreiteri-E. resinosa 

(all P < 0.001).  This suggests there is evidence all species occur in significantly different 

environments, with E. schreiteri found at relatively lower elevations (see also Appendix 3) in 

warmer places with strong seasonality, and E. discolor in places with overall the highest 

precipitation followed by E. piurensis and E. resinosa (Table 5). 

 E. discolor, E. piurensis and E. schreiteri did not overlap in their ranges of flowering 

time with each other (Fig. 10e, f, j); however all these species overlapped with the range of 

flowering time of E. resinosa (Fig. 10h) 

 Within clade D.B, phylogenetic analyses of MYC and NIA showed that the haplotypes of 

E. reticulata were genealogically exclusive and concordant with geography (Fig. 1).  The 

haplotypes of E. paniculata formed a single non-exclusive lineage suggesting that E. paniculata 
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is a plesiospecies with respect to E. reticulata (Fig. 1).  MYC and NIA haplotypes of E. 

schreiteri were genealogically exclusive and concordant with geography with respect to any 

other species in clade D (Fig. 1).  The maximum sequence divergence for both loci was 0.01 

between E. paniculata (paniculata3) and E. reticulata (reticulata1) sampled at approximately 700 

km apart (Fig. 1).  Sequence divergence between E. schreiteri and any other species within clade 

D was always above 0.035 for either locus. 

 I used two morphological spaces to analyze morphological variation and evaluate 

morphological gaps for the species within clade D.B.  In the first morphological PCA space, the 

samples of E. schreiteri did not overlap with the samples of E. paniculata and E. reticulata (Fig. 

6e).  The elevation plots of both pairwise comparisons in this morphological space were bimodal 

(Fig. 7i-j) and the corresponding proportion plots revealed that proportions ≤ 0.1 overlapped in 

both cases (Fig. 8i-j).  This implied there was enough evidence to suggest a morphological gap 

separating E. schreiteri from both E. paniculata and E. reticulata, which represented species 

limits, rather than geographic variation within a single species (Appendix 4). 

 In the second morphological PCA space, the samples of E. paniculata and E. reticulata 

separated completely (Fig. 6f) and the elevation plot was bimodal (Fig. 7k).  However, the 

proportion plot revealed that proportions > 0.9 overlapped (Fig. 8k), implying there was not 

enough evidence to suggest a morphological gap separating E. paniculata from E. reticulata.  No 

qualitative characters were fixed for alternative states in either species (Table 4, Appendix 2). 

 Bioclimatic data revealed that samples of E. paniculata occupied a broad area in 

bioclimatic PCA space, and overlapped with samples of E. schreiteri and E. reticulata, both 

occupying a narrower area in bioclimatic PCA space (Fig. 9d).  The PC scores differed 
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significantly among these species (Pillai’s trace = 0.489; F4, 162 = 13.107; P < 0.000), with 

significant differences found along both PC axes (PC1: F2 = 15.320; P < 0.000; PC2: F2 = 

11.062; P < 0.000).  Tukey’s HSD revealed that the significant differences were between E. 

schreiteri-E. paniculata, and E. schreiteri-E. reticulata for PC1 (all P < 0.01), and between E. 

reticulata-E. paniculata for PC2 (P < 0.000).  This suggests there is evidence these species occur 

in significantly different environments, with E. schreiteri found in areas with overall low 

precipitation, E. reticulata in areas with high temperatures and E. paniculata in areas with high 

precipitation (Table 5). 

 There was some overlap in the ranges of flowering times between all species because E. 

paniculata apparently flowers throughout the year (Fig. 10g, i, j). 

 Clade F.  This clade included E. alpina, E. callcottiae, E. florida, E. leucantha, E. 

myrtoidea, E. revoluta, E. rosea, E. rubra and E. serrata, nine species restricted geographically 

to the Southern Temperate Andes in Chile and Argentina (Fig. 1).  For the most part, these 

species co-occur in mosaic sympatry and some segregate according to habitat or elevation (Table 

1, Appendix 3).  E. alpina (Fig. 5k), E. rosea (Fig. 5q) and E. rubra (Fig. 5r) are broadly 

distributed from central Chile (ca. 33º S) to Patagonia; E. myrtoidea (Fig. 5o) and E. revoluta 

(Fig. 5p) occur from central to southern Chile (ca. 40º S); E. florida (Fig. 5m) and E. leucantha 

(Fig. 5n) are restricted to southern Chile; E. callcottiae (Fig. 5l) is endemic to Juan Fernández 

Island; and E. serrata (Fig. 5s) is endemic to southern Patagonia. 

 As indicated above, two types of sequences were recovered for some species of this clade 

(clades F and F’ in Fig. 1; for details, see Zapata, 2013); therefore I evaluated species limits 

within each of these clades independently.  In the NIA tree, the group E. virgata + E. gayana 
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appeared closely related to clade F although with low statistical support; I discuss this species 

pair below because haplotypes of these species did not mix with the haplotypes of the species in 

clade F. 

 Molecular data were available from only one individual of E. callcottiae.  Phylogenetic 

analysis of MYC showed that in clade F the haplotypes of all species were not genealogically 

exclusive; instead they formed a single conspecific lineage with some subclades weakly 

concordant with geography (Fig. 1).  In clade F’, the haplotypes of E. serrata were 

genealogically exclusive and concordant with geography (Fig. 1).  Three haplotypes of E. rosea, 

sampled from localities approximately 200 km apart, were genealogically exclusive and 

concordant with geography, although the statistical support for this clade was moderate.  The 

maximum level of sequence divergence in MYC in clade F was 0.023 between E. rubra (rubra2) 

and E. florida (florida2) sampled at approximately 700 km apart, and in clade F’ it was 0.018 

between E. serrata (serrata1) and E. alpina (alpina2) sampled at approximately 850 km apart.  

Phylogenetic analysis of NIA showed that in clade F the haplotypes of E. serrata were 

genealogically exclusive and concordant with geography (Fig. 1).  The haplotypes of all other 

species were not genealogically exclusive, and instead they formed a single conspecific lineage 

with some subclades concordant with geography(Fig. 1).  In clade F’, the haplotypes of E. 

florida, sampled from the only localities where this species is known to occur, were 

genealogically exclusive and concordant with geography (Fig. 1).  The haplotypes of E. rosea 

were not genealogically exclusive because a haplotype of E. rubra (rubra1), sampled from the 

same locality as the haplotype rosea3 (of E. rosea), mixed with the other haplotypes of E. rosea 

(Fig. 1).  The maximum level of sequence divergence in NIA in clade F was 0.038 between E. 
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rubra (rubra2) and E. alpina (alpina2) sampled at approximately 2500 km apart, and in clade F’ 

it was 0.017 between E. rosea (rosea3) and E. florida (florida1), sampled at approximately 300 

km apart (Fig. 1). 

 E. virgata and E. gayana.  This pair of species occur in the Temperate Andes of Chile and 

Argentina, where they co-occur in mosaic sympatry with several species of clade F (Fig. 1).  

While E. gayana is narrowly restricted to few localities around latitude 39º S in Chile (Fig. 5a.8), 

E. virgata has a broader distribution southwards to Patagonia in Chile and Argentina (Fig. 5a.9). 

 Molecular data were available from only one individual of E. gayana.  Phylogenetic 

analysis of MYC showed that the haplotypes of E. virgata were not exclusive and mixed with the 

haplotype of E. gayana forming a single conspecific lineage with unclear phylogenetic resolution 

(Fig. 1).  Phylogenetic analysis of NIA showed that the haplotypes of E. virgata and E. gayana 

did not form a clade and were associated with clade F (with low statistical support), nonetheless 

the haplotypes of E. virgata were genealogically exclusive and concordant with geography (Fig. 

1).  The maximum level of sequence divergence between E. virgata and E. gayana was 0.013 in 

MYC and 0.054 in NIA (Fig. 1). 

 For morphological analyses of species within clade F, I included the samples of E. virgata 

and E. gayana as suggested by the phylogenetic analysis of NIA (analysis of E. virgata and E. 

gayana alone, as suggested by MYC, did not alter the results).  I used five morphological spaces 

to analyze morphological variation and evaluate morphological gaps separating the species 

within clade F plus E. virgata and E. gayana. 

 In the first morphological PCA space, the samples of E. serrata, E. virgata and E. gayana 

clearly separated from the samples of all other species (Fig. 6g).  The elevation plots of all 
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pairwise comparisons in this morphological space were bimodal (Fig. 7l-a.11), and the 

corresponding proportion plots revealed that proportions ≤ 0.1 always overlapped, except for the 

pairs E. serrata-E. gayana, and E. gayana-E. florida (see below) (Fig. 8l-a.11).  This implied 

there was enough evidence to suggest a morphological gap separating E. serrata from E. virgata, 

E. virgata from E. gayana, and these three species from all other species in clade F (except E. 

serrata from E. gayana, and E. florida from E. gayana).  There was evidence to suggest these 

gaps represented species limits, except in the pairs E. gayana-E. callcottiae and E. virgata-E. 

callcottiae (Appendix 4).  The result obtained for the pairs E. serrata-E. gayana and E. florida-E. 

gayana (Fig. 8t, a.6) implied that there was not enough evidence to suggest a morphological gap 

separating these species.  Subshrub habit, absence of indumentum in the pedicel and ovary, and 

the presence of an elevated disk were fixed for E. serrata; however sampling was insufficient to 

support the hypothesis that any of these characters was truly fixed (P = 0.18).  No qualitative 

characters were fixed between E. florida and E. gayana (Table 4, Appendix 2). 

 In the second morphological PCA space the samples of E. florida and E. leucantha 

separated from the samples of all other species (Fig. 6h).  The elevation plots of all pairwise 

comparisons in this morphological space were bimodal (Fig. 7a.12-a.23).  The corresponding 

proportion plots that revealed that only proportions ≤ 0.1 overlapped corresponded to the pairs E. 

florida-E. alpina (Fig. 8.a15), E. florida- E. revoluta (Fig. 8.a17), E. florida- E. myrtoidea (Fig. 

8a.17), E. florida- E. rubra (Fig. 8a.18), E. leucantha-E. alpina (Fig. 8a.15), E. leucantha- E. 

revoluta (Fig. 8a.20) and E. leucantha- E. rubra (Fig. a.22).  Thus, for these species there was 

enough evidence to suggest a morphological gap between them, which represented species limits 

rather geographic variation within a single species (Appendix 4).  In all other pairwise 
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comparisons in this morphological space, proportion plots revealed that proportions > 0.9 always 

overlapped (Fig. 8a.12, a.13, a.19, a.21, a.23), suggesting there was not enough evidence to 

suggest a morphological gap between any of the other species pairs.  Only an elevated nectary 

disk was fixed in E. rosea for the pairwise comparison E. florida-E. rosea (Table 4, Appendix 2); 

however, sampling was insufficient to support this character as being truly fixed (P = 0.21).  

There were no fixed characters in all other pairwise comparisons within this morphological PCA 

space (Table 4, Appendix 2). 

 In the third morphological PCA space, the samples of all species overlapped (Fig. 6i).  

The elevation plots for the pairs E. rosea-E. revoluta (Fig. 7a.25), E. rosea-E. rubra (Fig. 7a.27), 

E. rosea-E. callcottiae (Fig. 7a.28) and E. myrtoidea-E. revoluta (Fig. 7a.33) were not bimodal.  

Although revolute margin of leaves was fixed in E. revoluta, and the presence of glands in the 

ovary was fixed in E. rubra, sampling was insufficient to suggest these characters were truly 

fixed (both P > 0.05).  No qualitative characters were fixed between E. rosea-E. callcottiae 

(Table 4, Appendix 2).  The elevations plots of the remaining pairwise comparisons were all 

bimodal (Fig. 7.a.24, a.26, a.29-a.32, a.34-a.38).  The corresponding proportion plots revealed 

that proportions ≤ 0.1 overlapped only for E. alpina-E. revoluta (Fig. 8a.29) and E. alpina-E. 

myrtoidea (Fig. 8a.30), implying there was enough evidence to suggest a morphological gap 

separating these species, which represented species limits (Appendix 4).  The proportion plots of 

the remaining pairwise comparisons revealed that proportions > 0.9 always overlapped (Fig. 8a.

24, a.26, a.31-a.32, a.34-a.38), implying there was not enough evidence to suggest a 

morphological gap separating any of these species pairs.  There were no fixed characters in the 

pairwise comparisons within this morphological PCA space (Table 4, Appendix 2). 
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 In the fourth morphological PCA, the samples of E. serrata and E. virgata clearly 

separated in morphological space (Fig. 6j).  The elevation plot was bimodal (Fig. 7a.39), and the 

proportion plot revealed that proportions ≤ 0.1 overlapped (Fig. 8a.39), implying there was 

enough evidence to suggest a morphological gap separating E. serrata from E. virgata.  This gap 

represented a species limits rather than geographic variation in a single species. (Appendix 4). 

 In the fifth morphological PCA space, the samples of E. florida and E. leucantha clearly 

separated in morphological space (Fig. 6k).  The elevation plot was bimodal (Fig. 7a.40), and the 

proportion plot revealed that proportions > 0.9 overlapped (Fig. 8a40), implying there was not 

enough evidence to suggest a morphological gap separating E. florida from E. leucantha.  

Elevated nectary disk was fixed in E. leucantha, but sampling was insufficient to suggest this 

character was truly fixed (P = 0.11) (Table 4, Appendix 2). 

 Bioclimatic data revealed a high degree of overlap among the samples of all species (Fig. 

9e).  The PC scores differed significantly among these species (Pillai’s trace = 0.851; F20, 404 = 

14.968; P < 0.000), with significant differences found along both PC axes (PC1: F10 = 11.172; P 

< 0.000; PC2: F10 = 19.81; P < 0.000).  Tukey’s HSD revealed that the significant differences for 

PC1 were between E. serrata and all other species, and between E. myrtoidea/E. revoluta and E. 

leucantha, E. rosea, E.virgata, E. rubra, and E. alpina (all P < 0.001).  For PC2 differences were 

between E. alpina and all species (all P < 0.000), except E. serrata and E. virgata (all P > 0.1); 

E. serrata and all species (all P < 0.000), except E. virgata, E. rosea, and E. myrtoidea (all P > 

0.1); E. virgata and all species (all P < 0.000), except E. rosea, E. myrtoidea, and E. florida (all 

P > 0.1); E. rosea and E. rubra, E. revoluta, E. leucantha, and E. callcottiae (all P < 0.02); and 

E. callcottiae-E. rubra, and E. callcottiae-E. florida (all P < 0.01).  This suggests there is 
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evidence these species occur in significantly different environments, with E. serrata found in 

areas with overall higher precipitation, but low seasonality in precipitation, E. myrtoidea and E. 

revoluta found in areas with the highest temperatures and low precipitation, E. alpina found in 

highland areas with high seasonality, and E. virgata, E. rosea and E. callcottiae found in 

relatively warm areas with low precipitation (Table 5). 

 All species overlapped markedly in the range of flowering time, which is strongly 

associated with seasonality in the southern hemisphere (Fig. 10k-s). 

 Clade G.  This clade included six species distributed in southeastern Brazil-northeastern 

Argentina (E. bifida, E. farinacea, E. laevis, E. ledifolia, E. megapotamica, E. petrophila), four 

in the Andes (E. angustifolia, E. hypoglauca, E. illinita, E. tucumanensis) and one endemic to the 

Sierra de Córdoba in central Argentina (E. cordobensis).  The species from southeastern Brazil-

northeastern Argentina co-occur in mosaic sympatry, and most of them segregate along habitat 

and elevational gradients (Table 1, Appendix 3).  E. bifida (Fig. 5u) and E. megapotamica (Fig. 

5a.2) have the broadest geographic ranges followed by E. farinacea (Fig. 5w), E. laevis (Fig. 5z), 

and the narrowly restricted E. ledifolia (Fig. 5a.1) and E. petrophila (Fig. 5a.3).  In the Andean 

group, E. angustifolia (Fig. 5t) has a broad geographic distribution with populations in southern 

Perú, north of the Atacama desert, to central Chile, south of the desert; E. illinita (Fig. 5y) is 

narrowly distributed in central Chile, south of the Atacama desert.  In central Chile, these two 

species co-occur in mosaic sympatry with other species of clade F (Fig. 1).  In the Tropical 

Andes, E. hypoglauca (Fig. 5x) occurs from central Bolivia to northwestern Argentina where it is 

parapatric to E. tucumanensis (Fig. 5a.4), which extends southwards to the state of Tucumán.  
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These two species co-occur in mosaic sympatry with species of clades A, D, and H (Fig. 1).  E. 

cordobensis (Fig. 5v) is the only species that occur in the Sierra de Córdoba. 

 Molecular data were available from only one individual of E. tucumanensis.  

Phylogenetic analyses of MYC showed that the haplotypes of E. bifida, E. farinacea and E. 

petrophila were genealogically exclusive and concordant with geography (Fig. 1).  The 

haplotypes of all other species were not genealogically exclusive and formed a single conspecific 

lineage with few subclades concordant with geography (Fig. 1).  Phylogenetic analysis of NIA 

showed that the haplotypes of E. farinacea and E. petrophila were genealogically exclusive and 

concordant with geography (Fig. 1).  The haplotypes of E. laevis formed a single non-exclusive 

lineage concordant with geography, suggesting that E. laevis is a plesiospecies with respect to E. 

petrophila (Fig. 1).  The haplotypes of all other species were not genealogically exclusive and 

formed a single conspecific lineage with several subclades concordant with broad geographic 

regions, e.g., all species from the Tropical Andes and Sierra de Córdoba grouped together (Fig. 

1).  The maximum level of sequence divergence in MYC was 0.031 between E. angustifolia 

(angustifolia1) and E. bifida (bifida2) sampled approximately 3000 km apart, and 0.047 in NIA 

between E. illinita (illinita2) and E. megapotamica (megapotamica3) sampled approximately 

2000 km apart (Fig. 1). 

 I used seven morphological spaces to analyze morphological variation and evaluate 

morphological gaps separating the species within clade G.  There were only two specimens of E. 

ledifolia and E. petrophila available; with this sampling, the method of Zapata and Jiménez 

(2012) cannot be used, therefore these data were not included in these analyses.  In the first 

morphological space, the samples of E. angustifolia, E. bifida and E. megapotamica clearly 
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separated from the samples of all other species (Fig. 6l).  The elevation plots of all pairwise 

comparisons in this morphological space were bimodal (Fig. 7a.41-a.60).  The corresponding 

proportion plots revealed that proportions > 0.9 overlapped only for the pairs E. angustifolia-E. 

illinta (Fig. 8a.41), E. angustifolia-E. laevis (Fig. 8a.42), E. angustifolia-E. cordobensis (Fig. 8a.

43) and E. angustifolia-E. farinacea (Fig. 8a.47).  This implied there was not enough evidence to 

suggest a morphological gap separating these species.  Although revolute margin of leaves was 

fixed in E. illinita, and presence of glands in the adaxial lamina was fixed in E. angustifolia 

(Table 4, Appendix 2), sampling was insufficient to support these characters were truly fixed (all 

P > 0.05).  The proportion plots of the remaining pairwise comparisons revealed that proportions 

≤ 0.1 always overlapped (Fig. 8a.44-a.46, a.48-a.60), implying there was enough evidence to 

suggest a morphological gap separating all these species.  The hypothesis that these gaps 

represented species limits and not geographic variation within a single species was not rejected, 

expect for the pairs E. cordobensis-E. megapotamica and E. hypoglauca-E. megapotamica 

(Appendix 4). 

 In the second morphological PCA space, the samples of E. farinacea clearly separated 

from the samples of all other species (Fig. 6m).  The elevation plots of all pairwise comparisons 

in this morphological space were bimodal (Fig. 7a.61-a.65), and the corresponding proportion 

plots revealed that proportions ≤ 0.1 always overlapped (Fig. 8a.61-a65), implying there was 

enough evidence to suggest a morphological gap separating E. farinacea from all the other 

species.  There was not enough evidence to suggest these gaps represented species limits in any 

pairwise comparison, except for the pair E. farinacea-E. laevis (Appendix 4). 
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 In the third morphological PCA space, the samples of E. hypoglauca and E. ledifolia 

together separated from the samples of E. cordobensis, E. illinita and E. tucumanensis (Fig. 6m).  

The elevation plots of all pairwise comparison in this morphological space were bimodal (Fig. 

7a.66-a.71), and t he corresponding proportion plots revealed that proportions > 0.9 overlapped 

for all pairs (Fig. 8a.67-a.71), except for the pair E. illinita-E. laevis (see below).  This implied 

there was not enough evidence to suggest a morphological gap separating these species.  

Revolute margins of leaves and elevated nectary disk were fixed for E. illinita, while 

indumentum in ovary was fixed for E. hypoglauca (Table 4, Appendix 2), however sampling was 

insufficient to suggest these characters were truly fixed (all P > 0.05).  In the E. illinta-E. laevis 

comparison (Fig. 8a.66) the frequency of intermediate phenotypes was ≤ 0.1, hence there was 

enough evidence suggesting a morphological gap separating these species.  The hypothesis that 

this gap represented a species limit and not geographic variation within a single species was 

rejected (Appendix 4). 

 In the fourth morphological PCA, the samples of E. illinita separated from the samples of 

E. cordobensis and E. tucumanensis (Fig. 6o).  The elevation plots both pairwise comparisons in 

this morphological space were bimodal (Fig. 7a.72, a.73), and the corresponding proportion plots 

revealed that proportions ≤ 0.1 overlapped in both cases (Fig. 8a.72-a.73).  This implied there 

was enough evidence to suggest a morphological gap separating E. illinta from E. cordobensis 

and E. tucumanensis, but the evidence was not enough to suggest this gap represented a species 

limit for the pair E. illinta-E. cordobensis (Appendix 4). 

 In the fifth morphological PCA space, the samples of E. cordobensis and E. tucumanensis 

did not separate completely in morphological space (Fig. 6p).  The elevation plot was bimodal 
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(Fig. 7a.74), and the proportion plot revealed that proportions > 0.9 overlapped (Fig. 8a.74), 

implying there was not enough evidence to suggest a morphological gap between E. cordobensis 

and E. tucumanensis.  No qualitative characters were fixed for alternative states in each species 

(Table 4, Appendix 2). 

 In the sixth morphological PCA space, the samples of E. hypoglauca and E. laevis did not 

separate completely (Fig. 6q), and the elevation plot was not bimodal (Fig. 7a.75).  No 

qualitative characters were fixed for alternative states in each species (Table 4, Appendix 2). 

 In the seventh morphological PCA space, the samples of E. angustifolia and E. bifida 

clearly separated in morphological space (Fig. 6.r).  The elevation plot was bimodal (Fig. 7a.76), 

and the proportion plot revealed that proportions ≤ 0.1 overlapped (Fig. 8a.76), implying there 

was enough evidence to suggest a morphological gap between E. angustifolia and E. bifida.  The 

hypothesis that this gap represented a species limit and not geographic variation within a single 

species was not rejected (Appendix 4). 

 Bioclimatic data revealed that the group of samples of species from the Andes-Sierra de 

Córdoba did not overlap with the group of samples of species from southeastern Brazil-

northeastern Argentina in bioclimatic PCA space (Fig. 9f).  The PC scores differed significantly 

among all the species (Pillai’s trace = 1. 419; F20, 362 = 44.174; P < 0.000), with significant 

differences found along both PC axes (PC1: F10 = 60.84; P < 0.000; PC2: F2 = 33.318; P < 

0.000).  Tukey’s HSD revealed that the significant differences for PC1 were between the group 

of species from the Andes-Sierra de Córdoba and the group of species from southeastern Brazil-

northeastern Argentina (all P < 0.000), except E. tucumanensis-E. laevis and E. tucumanensis-E. 

ledifolia (P > 0.09).  This suggests the group of species from the Andes-Sierra de Córdoba occur 
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at higher elevations (see also Appendix 3) in areas with higher seasonality in precipitation, while 

the group of species from southeastern Brazil-northeastern Argentina occur at considerably lower 

elevations in warmer areas with less precipitation seasonality (Table 5).  Within the group of 

species from the Andes-Sierra de Córdoba, there were significant differences between all species 

(all P < 0.001), except for the pairs E. hypoglauca-E. angustifolia, E. cordobensis-E. illinita; E. 

cordobensis-E. illinita, E. cordobensis-E. tucumanensis; and E. tucumanensis-E. illinita (all P > 

0.06).  Within the group of species from southeastern Brazil-northeastern Argentina, only the 

pairs E. laevis-E. bifida, E. laevis-E. farinacea, and E. laevis-E. megapotamica showed 

statistically significant differences (all P < 0.001).  Tukey’s HSD revealed that the significant 

differences for PC2 were between E. laevis and all other species (all P < 0.000), except the pairs 

E. laevis-E. ledifolia and E. laveis-E. petrophila (all P > 0.06); E. farinacea and E. 

megapotamica, E. illinita, E. cordobensis, and E. tucumanensis (all, P < 0.000); E. bifida and E. 

angustifolia, E. megapotamica, E. illinita, E. cordobensis, and E. tucumanensis (all, P < 0.000); 

and E. hypoglauca and E. tucumanensis (P < 0.000).  Together, these results suggest there is 

evidence several species in clade G occur in significantly different environments, with most 

species from the Andes-Sierra de Córdoba occurring in areas with a gradient from high to low 

seasonality in precipitation, and from low to high temperatures in the coldest months, while most 

species from southeastern Brazil-northeastern Argentina occur in areas with a gradient from low 

to high seasonality in temperature, and from low to high overall precipitation (Table 5). 

 All species overlapped markedly in the range of flowering time, which is likely 

associated with seasonality in the southern hemisphere (Fig. 10k-s). 
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 Clade H.  This clade included E. myrtilloides and E. polifolia (Fig. 1), two species 

distributed in the highest peaks of the Tropical Andes and Costa Rica (Table 1, Appendix 3).  

While E. polifolia (Fig. 5a.5) is narrowly distributed in northern Perú (Chachapoyas Mountains), 

E. myrtilloides (Fig. 5a.6) is broadly distributed from Costa Rica to southern Bolivia. 

 Phylogenetic analyses of MYC and NIA showed that the haplotypes of both species were 

not genealogically exclusive; instead they interdigitated forming a single conspecific lineage 

with unclear phylogenetic resolution (Fig. 1).  Two NIA haplotypes of E. myrtilloides, sampled 

from two localities separated by approximately 50 km in Costa Rica (Fig. 1 myrtilloides1, 

myrtilloides7), were genealogically exclusive and concordant with geography (Fig. 1).  The 

maximum level of sequence divergence for MYC was 0.01 between polifolia1 and myrtilloides6 

separated by approximately 1600 km, and for NIA was 0.04 between myrtilloides7 and 

myrtilloides6, which were collected approximately 3500 km apart (Fig. 1). 

 Morphological data showed that the samples of E. myrtilloides and E. polifolia clearly 

separated in morphological PCA space (Fig. 6s).  The elevation plot was bimodal (Fig. 7a.77), 

however, the proportion plot revealed that proportions > 0.9 overlapped (Fig. 8a.77), implying  

there was not enough evidence to suggest a morphological gap separating E. myrtilloides from E. 

polifolia.  Revolute leaf margins were fixed (P = 0.032) in E. polifolia (Table 4, Appendix 2).  

This implied that the frequency of non-revolute leaves in E. polifolia occurs at a frequency ≤ 0.1, 

and thus there was enough evidence to suggest a morphological gap in qualitative characters 

between E. myrtilloides and E. polifolia. 

 Bioclimatic data revealed that the samples of E. myrtilloides and E. polifolia overlapped 

completely in bioclimatic space (Fig. 9g).  The PC scores did not differ significantly between 
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these species (Pillai’s trace = 0.025; F2, 61 = 0.79; P = 0.46), suggesting there is no evidence E. 

myrtilloides and E. polifolia occur in significantly different environments; both species occur in 

areas with similar temperature and precipitation regimes (Table 5). 

 Both species overlapped in the range of flowering time because E. myrtilloides 

apparently flowers throughout the year (Fig. 10g, i, j). 

 E. pulverulenta.  The distinctness of this species was strongly supported by both loci 

(Fig. 1).  It has a broad distribution in central Chile (Fig. 5a.7) where it co-occurs in mosaic 

sympatry with several species of clade F (Fig. 1). 

 Phylogenetic analyses of MYC and NIA showed that the haplotypes of E. pulverulenta 

were genealogically exclusive and concordant with geography (Fig. 1).  Although the 

phylogenetic position of E. pulverulenta was discordant between gene trees, the haplotypes of E. 

pulverulenta were always more closely related to each other than to the haplotypes of any other 

species.  The maximum sequence divergence in MYC was 0.007, and in NIA was 0.02 between 

the specimens collected at approximately 700 km apart (Fig. 1). 

 Since E. pulverulenta showed conflicting relationships with clades A and B, I analyzed 

morphological variation in this species in the context of both these clades.  The samples of E. 

pulverulanta separated completely from the samples of the species in clades A and B in 

morphological PCA space (Fig. 6t).  The elevation plots of all pairwise comparisons were 

bimodal (Fig. 7a.78-a.81), and the corresponding proportion plots revealed that proportions ≤ 0.1 

always overlapped (Fig. 8a.78-a.81).  This implied that the frequency of intermediate phenotypes 

occurred at a frequency ≤ 0.1, and thus there was enough evidence to suggest a morphological 

gap separating E. pulverulenta from the species in clades A and B.  The hypothesis that these 

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted September 30, 2014. ; https://doi.org/10.1101/009811doi: bioRxiv preprint 

https://doi.org/10.1101/009811
http://creativecommons.org/licenses/by-nc-nd/4.0/


gaps represented species limits and not geographic variation within a single species was rejected 

for all pairwise comparisons, except for the pair E. pulverulenta-E. millegrana (Appendix 4). 

 Bioclimatic data revealed that samples of E. pulverulenta separated almost completely 

from the samples of species in clades A and B (Fig. 9h).  The PC scores differed significantly 

among these species (Pillai’s trace = 1.150; F8, 152 = 25.755; P < 0.000), with significant 

differences found along both PC axes (PC1: F4 = 70.58; P < 0.001; PC2: F4 = 10.829; P < 

0.001).  Tukey’s HSD (focusing only on E. pulverulenta differences) revealed that the significant 

differences were between E. pulverulenta and all other species for PC1 (all P < 0.000), and 

between E. pulverulenta and E. millegrana for PC2 (P < 0.000).  This suggests there is evidence 

E. pulverulenta and species in clades A and B occur in significantly different environments, with 

E. pulverulenta found in areas of strong temperature and precipitation seasonality as compared to 

the other species (Table 5). 

 Summary of results.  Table 6 summarizes the results of the analyses of molecular data to 

evaluate the operational species criterion of genealogical exclusivity of alleles.  Table 7 

summarizes the results of the analyses of morphological variation to evaluate operational species 

criterion of morphological gaps and its relationship with geography.  Table 8 summarizes the 

results of the analyses of bioclimatic data to evaluate operational species criterion of differences 

in realized ecological niche. 

DISCUSSION 

 Here, I examined the geographic patterns of variation in two nuclear neutral loci, 40 

morphological characters, and 19 bioclimatic variables to weigh the strength of this evidence to 

support 35 hypotheses of species boundaries within the genus Escallonia (Sleumer, 1968) by 
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evaluating three operational species criteria (Sites and Marshall, 2003, 2004).  Overall, my 

results showed that molecular data provided the weakest support to these hypotheses because the 

haplotypes of most species were more closely related to haplotypes of other species than to 

haplotypes of the same species (Fig. 1; Table 6).  Conversely, morphological and bioclimatic data 

provided strong support to these hypotheses of species boundaries (Tables 7, 8).  Several species 

were separated by morphological gaps (Figs. 7-8), and for the most part there was enough 

evidence to suggest these gaps represented species boundaries and not morphological 

differentiation within a single species (Table 7).  Likewise, bioclimatic data provided support to 

these hypotheses because most species differed in their realized ecological niche (Fig. 9, Table 

8).  However, not all data sets provided support to all or the same hypotheses of species 

boundaries (Tables 6-8).  I recognize species as independently evolving segments of population-

level lineages (de Queiroz, 2005, 2007).  Under this species concept, evidence from multiple 

operational species criteria provides support to a hypothesis of a species boundary but no single 

criterion is necessary to do so.  That is, evidence from any one or more criteria provides support 

to the hypothesis of a species boundary, but the absence of evidence from one or more criteria 

does not constitute evidence contradicting such hypothesis (de Queiroz, 2007; see also Gotelli 

and Ellison, 2004).  Thus, for instance, a hypothesis of a species boundary that is not supported 

by the analysis of morphological discontinuities can, nonetheless, correspond to a species 

boundary supported by molecular and/or ecological differences (for details, see de Quieroz, 

2005, 2007). 

 With this framework in mind, I summarize the results of the evaluation of the three 

operational species criteria that I examined in Fig. 11.  This figure resembles a “crossing 
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polygon” (Clausen et al., 1941) with species arranged around the periphery of a polygon 

connected with lines when both morphological and bioclimatic evidence failed to meet the 

operational species criteria I evaluated for these data.  Consequently, species without connections 

represent cases in which morphological or bioclimatic data (or both) met the operational criteria, 

and thus there was enough evidence to support the hypothesis of a species boundary.  I 

incorporated molecular evidence using circles to indicate when a species was monophyletic 

(continuous line) or paraphyletic (dashed lines).  Below, I discuss the strength of the data to 

support the hypotheses of species boundaries within each clade in turn. 

 Clade A.  Molecular and bioclimatic data supported the hypothesis of a species boundary 

between E. millegrana and E. micrantha (Fig. 11a).  Haplotypes of E. millegrana were 

genealogically exclusive and concordant with geography (Table 6), and both species showed 

differences in their realized ecological niche (Table 8).  Morphological similarity may be 

attributable to an instance of allopatric speciation, whereby the fragmentation of a species’ 

ancestral geographic range occurred when climatic change in the geographic space between 

diverging populations occurred more rapidly than the rate at which morphological (and maybe 

anatomical, see Stern, 1972) adaptations may have evolved in each population (Wiens, 2004; 

Kozak and Wiens, 2006). 

 Clade B.  Molecular evidence from one locus provided support to the hypothesis of a 

species boundary between E. herrerae and E. pendula (Fig. 11a) because haplotypes of E. 

pendula were genealogically exclusive (Table 6).  These haplotypes, however, were sampled in 

close geographic proximity (ca. 100 km apart) and covered a small portion of the geographic 

range of this species (Fig. 5d).  Although morphological and bioclimatic data did not support the 
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hypothesis of a species boundary (Table 7, 8), sample size was too small for E. herrerae raising 

the possibility of lack of statistical power to detect morphological discontinuities and/or 

bioclimatic differences (Stockman and Bond, 2007; Zapata and Jiménez, 2012).  Further 

geographic sampling is necessary to evaluate this species boundary with increasing rigor. 

 Clade D.A.  The data supported all the hypotheses of species limits among E. discolor, E. 

piurensis, E. resinosa, and E. schreiteri (Fig. 11c).  The species boundary between E. schreiteri 

and all other species received support from all data sets, while the hypotheses of species 

boundaries among the other species received support from either molecular, morphological or 

bioclimatic data (Tables 6-8).  This means that some species were genealogically exclusive, or 

were morphologically distinct, or displayed differences in their bioclimatic niche, or showed 

different combinations of these properties.  Although there was evidence to suggest that the 

morphological gap between E. schreiteri and E. discolor could be explained by geography alone 

(morphological variation within a single species), this seems unlikely because E. resinosa and E. 

piurensis, which occur at intermediate geographic localities between E. discolor and E. resinosa, 

were separated by a species boundary from E. schreiteri.  E. discolor is isolated geographically 

from the other species in this clade suggesting a likely case of allopatric speciation (see also 

clade A).  In general, sample sizes were too small for E. discolor and E. piurensis, and further 

sampling is desirable to assess these species boundaries more thoroughly. 

 Clade D.B.  All lines of evidence provided support to the hypotheses of species 

boundaries among E. paniculata, E. reticulata, and E. schreiteri (Fig, 11d).  As in clade D.A., the 

hypothesis of the species boundary between E. schreiteri and other species was supported by all 

data sets, while the species boundary between E. reticulata and E. paniculata was supported only 
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by molecular and bioclimatic data (Table 6-8).  That E. paniculata was paraphyletic with respect 

to the monophyletic E. reticulata likely reflects the budding nature of an incipient speciation 

event (parapatric speciation) given the large geographic range (and likely large population size) 

of E. paniculata (Rieseberg and Brouillet, 1994).  It is noteworthy that this species boundary 

corresponded to differences in bioclimatic conditions (Table 8), suggesting the possibility of 

ecological speciation along an environmental gradient (Nosil et al., 2009) that needs to be 

studied in closer detail. 

 Clade F.  Molecular, morphological and/or bioclimatic data supported most hypotheses of 

species boundaries within this clade (Fig. 11e).  Although none of these hypotheses was 

supported concurrently by all data sets, the data supported most hypotheses with evidence from 

at least one operational species criterion (Tables 7-9).  This means that some species were only 

genealogically exclusive, others were only morphologically distinct, others differed only in their 

realized ecological niche, and others showed different combinations of these properties.  It is 

worth noting that bioclimatic differences overlaid what are effectively species with sympatric 

and parapatric distributions (Fig. 5) and no differentiation in flowering time (Fig. 10).  This is 

consistent with the intriguing possibility that within clade F environmentally-mediated selection 

maybe an important evolutionary force driving speciation (or at least maintaining species 

differences), perhaps reinforced by the positive effect of interspecific gene flow on genetic 

variation and adaptation (Rieseberg et al., 2003; Grant and Grant, 2008).  The evidence for 

rejecting the hypotheses that there are species boundaries between E. callcottiae and E. gayana 

and other species (Fig. 11e) was weak and may be attributable to lack of statistical power to 

detect significant results (Stockman and Bond, 2007; Zapata and Jiménez, 2012); exhaustive 
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geographic sampling is necessary before these hypotheses can be rejected confidently.  Beyond 

issues of statistical power, that the species boundary between E. myrtoidea and E. revoluta was 

weakly supported is noteworthy because these species occur at different elevations (Appendix 3) 

and microhabitats (Table 1).  It is likely that the fine microclimatic differences of the habitats 

where these species occur was not captured by the broad scale trends in bioclimatic variation I 

used here (Hijmans et al., 2005). 

 Clade G.  As for clade F, molecular, morphological and/or bioclimatic data supported 

several hypotheses of species boundaries within this clade (Fig. 11f).  Most hypotheses received 

support from at least one operational species criterion (Tables 6-8), implying that species were 

genealogically exclusive, or morphologically distinct, or differed in their bioclimatic niche, or 

showed different combinations of these properties.  The hypothesis that E. petrophila was a 

distinct species was supported by molecular data.  However, both this species and E. ledifolia are 

poorly sampled, thus a critical evaluation of the operational criterion of morphological gaps was 

not possible (Table 7), and the evaluation of the operational criterion of differences in realized 

ecological niche was compromised likely by lack of sampling (Fig. 11f); more samples are 

necessary to evaluate rigorously these species boundaries.  The possibility that several 

morphological gaps between pairs of allopatric species (i.e, species from Brazil and species from 

the Andes) could be explained as geographic variation within a single species is intriguing (Fig. 

11f).  However, given that morphological gaps between these same pairs of allopatric species and 

other species at geographically intermediate localities (sympatric or parapatric) represented 

species boundaries, this possibility seems unlikely.  Nonetheless, examining this complex pattern 

of morphological variation in the light of a better resolved molecular phylogeny will help to 
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better understand how morphology is evolving within clade G.  E. cordobensis is poorly sampled 

and this may explain the lack of statistical power to detect gaps in morphology between this and 

other species (Table 7; Fig. 11f).  This statistical issue aside, it is puzzling that four species with 

allopatric (E. illinita, E. cordobensis, E. hypoglauca and E. tucumanensis) and parpapatric (E. 

hypoglauca and E. tucumanensis) distributions showed little morphological and bioclimatic 

differentiation.  Whether these species are a species complex (perhaps unlikely given that alleles 

of MYC and NIA for E. illinita seem to be unrelated to the alleles of the other species), a recent 

speciation event with little time for morphological/bioclimatic differentiation, or a case of 

allopatric speciation with niche conservatism (Wiens, 2004, Kozak and Wiens, 2006) remains to 

be determined by further sampling. 

 Clade H.  Morphological data supported the hypothesis a species boundary between E. 

myrtilloides and E. polifolia (Fig. 11g; Table 4).  Since the geographic range of E. polifolia is 

fully embedded within the range of E. myrtilloides–at a lower elevation (Appendix 3)–and there 

is a lack of genealogical exclusivity of MYC and NIA alleles for both species, it is possible that 

this species boundary emerged from a recent parapatric speciation event (Table 1). 

 E. pulverulenta.  Molecular, morphological and bioclimatic data supported the hypothesis 

that E. pulverulenta is a distinct species (Figs. 11a, b).  Although there was evidence to suggest 

that the morphological gap separating this species from the species in clades A and B could be 

explained as geographic differentiation within a single species (Appendix 4), this seems unlikely 

given that several evolutionary isolated species (from other clades) occur at intermediate 

geographic localities between E. pulverulenta and species from clades A and B (Fig. 1). 
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 In short, my confrontation of empirical evidence against three operational species criteria 

to evaluate 35 hypotheses of species boundaries in the genus Escallonia revealed that 27 (70%) 

species were supported as independently evolving segments of population-level lineages (de 

Queiroz, 2005, 2007).  Clearly, not all species differed concurrently in molecular, morphological 

and bioclimatic characters; rather some species were either genealogically exclusive, others 

morphologically distinct, others ecologically different, and others showed combinations of these 

properties.  This is not surprising given the nature of species (Mishler and Donoghue, 1982; 

Baum, 1998; de Quieroz, 2005, 2007) and the timeframe within which Escallonia has likely 

diversified (Zapata, 2013).  The weight of the evidence to reject the few hypotheses of species 

boundaries for which the data did not meet the operational species criteria was weak and likely 

compromised by lack of sampling.  Creating taxonomic turmoil in the systematics of Escallonia 

by rejecting these hypotheses with weak evidence is premature at this point.  Therefore, I prefer 

taxonomic stability and retain the current hypotheses of species boundaries as a useful 

framework to guide further sampling, and evaluate critically these hypotheses with thorough 

analyses in future studies.  Interestingly, Rieseberg et al. (2006) reported that 70-75% of plant 

species represent biologically real entities.  The results presented here fall within this range. 
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TABLE 1. Specimens included in molecular study.  Lat. and Long. in decimal degrees.  Voucher: Collector Initials+Collection Number 
(herbaria where collections are deposited; for herbaria name see Thiers, [continuously updated]).  For clade names see Fig. 1. !
Clade Collection Species Country Elevation Lat Long Habitat Voucher

A micrantha E. micrantha Mattf. Perú 2124 -7.075 -79.051 Dry seasonal forest FZ242 (M0, MOL)
millegrana1 E. millegrana Griseb. Bolivia 2756 -17.843 -65.461 Dry seasonal forest FZ289 (MO, LPB)
millegrana2 Bolivia 2360 -21.441 -64.384 FZ10398A (MO, SI)

B herrerae E. herrerae Mattf. Perú 2500 -13.466 -72.497 Dry forest FZ190 (MO, MOL)
pendula1 E. pendula (Ruiz & Pav.) Pers. Colombia 2400 5.833 -72.967 Dry forest AN414 (ANDES)
pendula2 Perú 3000 -6.872 -78.112 FZ206 (MO, MOL)
pendula3 Perú 2100 -7.072 -79.048 FZ244 (MO, MOL)

D discolor1 E. discolor Vent. Colombia 2776 4.985 -74.147 Montane/Cloud forest FZ84 (ANDES)
discolor2 Colombia 2776 4.956 -74.164 FZ83 (ANDES)
discolor3 Colombia 3081 5.593 -73.061 FZ128 (ANDES)
paniculata1 E. paniculata (Ruiz & Pav.) Roem. & Schult. Perú 2045 -5.368 -79.576 Montane/Cloud forest FZ245 (MO, MOL)
paniculata2 Perú 3492 -13.354 -71.615 FZ200 (MO, MOL)
paniculata3 Bolivia 2790 -16.286 -67.807 FZ270 (MO, LPB)
piurensis E. piurensis Mattf. Perú 2709 -7.328 -78.811 Upper montane forest (dry) FZ239 (MO, MOL)
resinosa1 E. resinosa (Ruiz & Pav.) Pers. Perú 3566 -13.177 -72.290 Upper montane forest (dry) FZ182 (MO, MOL)
resinosa2 Bolivia 3045 -17.828 -64.784 FZ310 (MO, LPB)
reticulata1 E. reticulata Sleumer Bolivia 1540 -19.814 -63.719 Lower montane forest (dry) AL360 (MO)
reticulata2 Bolivia 1858 -18.181 -63.842 FZ299 (MO, LPB)
schreiteri1 E. schreiteri Sleum. Bolivia 1600 -17.858 -64.627 Lower montane forest (dry) NL58 (MO)
schreiteri2 Bolivia 2885 -17.739 -64.958 FZ313 (MO, LPB)

F alpina1 E. alpina Poepp. ex DC. Chile 2033 -33.301 -70.318 Alpine vegetation (Southern Andes) FZ331 (MO, CONC)
alpina2 Chile 140 -51.568 -72.618 PH335 (E, CONC)
callcottiae E. callcottiae Hook & Arn. Chile 200 -33.642 -78.832 Scrubland FZ127A (MO)
forida1 E. florida Poepp. ex DC. Chile 1055 -38.577 -71.629 Valdivian-Nothofagus forest FZ431 (M0, CONC)
florida2 Chile 1164 -38.578 -71.623 FZ438 (MO, CONC)
leucantha1 E. leucantha Remy Chile 171 -39.961 -73.348 Scruby forest, riparian FZ100 (MO, CONC)
leucantha2 Chile 707 -37.813 -73.137 FZ383 (MO, CONC)
myrtoidea1 E. myrtoidea Bert. ex DC. Chile 342 -35.921 -71.368 Mediterranenan Forest FZ497 (MO, CONC)
myrtoidea2 Chile 920 -33.730 -70.471 FZ542 (MO, CONC)
myrtoidea3 Chile 1650 -32.993 -71.029 FZ126 (MO, CONC)
revoluta1 E. revoluta (Ruiz & Pav.) Pers. Chile 438 -35.652 -71.251 Scrubland (riparian, wet soils) FZ491 (MO, CONC)
revoluta2 Chile 399 -37.637 -72.786 FZ359 (MO, CONC)
revoluta3 Chile 1642 -32.996 -71.029 FZ125 (MO, CONC)
rosea1 E. rosea Griseb. Chile 592 -40.208 -73.400 Valdivian-Nothofagus forest FZ527 (MO, CONC)
rosea2 Chile 1661 -35.597 -71.018 FZ477 (MO, CONC)
rosea3 Chile 984 -37.810 -73.057 FZ379 (MO, CONC)
rosea4 Chile 1068 -38.253 -71.749 FZ457 (MO, CONC)
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F rosea5 Chile 721 -40.770 -72.271 FZ114 (MO, CONC)
rosea6 Chile 899 -40.177 -73.441 FZ531 (MO, CONC)
rubra1 E. rubra (Ruiz & Pav.) Pers. Chile 1166 -38.578 -71.623 Valdivian forest (sea level-forest understory) FZ440 (MO, CONC)
rubra2 Chile 954 -33.729 -70.471 FZ119 (MO, CONC)
rubra3 Chile 1605 -35.604 -71.039 FZ475 (MO, CONC)
rubra4 Chile 803 -37.393 -71.463 FZ406 (MO, CONC)
rubra5 Chile 35 -39.676 -73.351 FZ533 (MO, CONC)
rubra6 Chile 27 -39.965 -73.569 FZ97 (MO, CONC)
rubra7 Argentina 700 -40.683 -71.700 PH318 (E)
serrata1 E. serrata Sm. Argentina 130 -54.937 -66.928 Patagonian forests KFC1662A (MO)
serrata2 Argentina 130 -54.936 -66.928 KFC1662C (MO)

G angustifolia1 E. angustifolia C. Presl Perú 2585 -16.560 -71.449 Dry scrubland (Andes) FZ324 (MO, HUSA)
angustifolia2 Chile 1800 -18.833 -69.745 MG6302 (E, CONC)
angustifolia3 Chile 2400 -29.950 -70.550 RW18130 (MO, UC, GH)
bifida1 E. bifida Link & Otto Brazil 980 -25.450 -49.020 Humid montane forest AV2 (MO)
bifida2 Brazil 2194 -22.485 -45.082 WP169 (MO, SPF)
bifida3 Brazil 1556 -22.609 -45.559 WP163 (MO, SPF)
cordobensis1 E. cordobensis (O.Kuntze) Hosseus Argentina 1680 -30.850 -64.500 Dry scrubland JH3286 (MO, L, K)
cordobensis2 Argentina 1400 -31.843 -64.250 SS210 (SI)
farinacea1 E. farinacea A. St. Hil. Brazil 927 -25.513 -49.054 Planalto (Araucaria forest) LF10 (MO, SPF)
farinacea2 Brazil 1796 -22.761 -45.549 WP152 (MO, SPF)
hypoglauca1 E. hypoglauca Herzog Bolivia 2843 -17.829 -64.719 Montane/Cloud forest (Andes) FZ304 (MO, LPB)
hypoglauca2 Bolivia 3398 -21.467 -64.888 FZ10434A (MO, SI)
illinita1 E. illinita C. Presl Chile 2650 -30.144 -70.049 Scrubland-Mediterranean forest (Andes) PB512 (E, CONC)
illinita2 Chile 722 -33.013 -70.901 FZ127 (MO, CONC)
illnita3 Chile 920 -33.729 -70.471 FZ539 (MO)
illinita4 Chile 950 -33.729 -70.471 FZ124 (MO, CONC)
laevis1 E. laevis (Vell.) Sleumer Brazil 1823 -25.241 -48.831 Campo de altitude LF87 (MO, SPF)
laevis2 Brazil 2216 -22.485 -45.083 WP168 (MO, SPF)
ledifolia1 E. ledifolia Sleumer Brazil 1109 -27.841 -49.649 Sandstone LF59 (MO, SPF)
ledifolia2 Brazil 1109 -27.841 -49.649 LF55 (MO, SPF)
megapotamica1 E. megapotamica Spreng. Brazil 731 -29.121 -51.244 Gallery forest/Forest edge LS367 (MO)
megapotamica2 Argentina 200 -29.116 -57.920 SR3711 (MO, NY, K)
megapotamica3 Brazil 780 -26.100 -49.825 LF72 (MO, SPF)
megapotamica4 Brazil 761 -25.878 -50.379 LF75 (MO, SPF)
petrophila1 E. petrophila Rambo & Sleumer Brazil 1130 -28.056 -49.367 Rocky outcrops LF42 (MO, SPF)
petrophila2 Brazil 1128 -28.056 -49.367 LF44 (MO, SPF)
tucumanensis E. tucumanensis Hosseus Argentina 1690 -22.333 -64.723 Montane/Cloud forest (Andes) FZ10377C (MO, SI)

H myrtilloides1 E. myrtilloides L.f. Costa Rica 2800 9.604 -83.830 Páramo (Upper montane/Cloud forest) BH23603 (INB)
myrtilloides2 Ecuador 2926 -2.937 -78.712 CU1449 (MO)
myrtilloides3 Ecuador 3319 -3.105 -79.217 CU1445 (MO)

Clade Collection Species Country Elevation Lat Long Habitat Voucher
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H myrtillodies4 Perú 3600 -6.744 -77.881 FZ219 (MO, MOL)
myrtilloides5 Perú 3445 -13.201 -71.641 FZ193 (MO, MOL)
myrtilloides6 Bolivia 3830 -16.198 -68.122 FZ318 (MO, LPB)
myrtilloides7 Costa Rica 2900 10.122 -84.101 RO334 (MO)
polifolia1 E. polifolia Hook. Perú 3170 -6.713 -77.853 Upper montane/Cloud forest FZ224 (MO, MOL)
polifolia2 Perú 3170 -6.713 -77.853 FZ226 (MO, MOL)

pulv. pulverulenta1 E. pulverulenta (Ruiz & Pav.) Pers. Chile 400 -32.142 -71.483 Dry-Mediterranean forest FZ95 (MO, CONC)
pulverulenta2 Chile 354 -37.688 -72.727 Dry-Mediterranean forest FZ361 (MO, CONC)

... gayana E. gayana Acevedo & Kausel Chile 800 -38.467 -71.717 Scrubland PB904 (E, CONC)
virgata1 E. virgata (Ruiz & Pav.) Pers. Chile 1206 -37.809 -73.017 Highland swampy meadow FZ370 (MO, CONC)
virgata2 Chile 940 -38.219 -71.794 FZ460 (MO, CONC)
virgata3 Chile 715 -40.767 -72.292 FZ111 (MO, CONC)
virgata4 Chile 61 -51.588 -72.602 PH338 (E)

Clade Collection Species Country Elevation Lat Long Habitat Voucher

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted September 30, 2014. ; https://doi.org/10.1101/009811doi: bioRxiv preprint 

https://doi.org/10.1101/009811
http://creativecommons.org/licenses/by-nc-nd/4.0/


TABLE 2. Morphological characters measured for all specimens, and used in morphometric 
analyses to assess morphological gaps. 

Character Unit Abbreviation

QUANTITATIVE

Petiole Length mm PETLEN

Lamina length mm LAMLEN

Lamina width at widest point mm LAMWID

Lamina length to widest point mm LAMLENWID

Lamina length:Lamina width ratio LAMWID:LAMLEN

Lamina length:Lamina length to widest point ratio LAMLENWID:LAMLEN

Length of reproductive shoot mm INFLLEN

Length of 2ary inflorescence axis mm INFBRANLEN

Pedicel length mm PEDLEN

Pedicel width mm PEDWID

Ovary length mm OVALEN

Ovary width mm OVAWID

Ovary length:Ovary width ratio OVAWID:OVALEN

Calyx tube length mm CALYTUBLEN

Calyx lobe length mm CALLOBLEN

Calyx lobe width mm CALLOBWID

Calyx tube length:Calyx lobe length ratio CALYTUBLEN:CALLOBLEN

Calyx lobe length:Calyx lobe width ratio CALLOBWID:CALLOBLEN

Petal length mm PETLEN

Petal length to widest point mm PETLENWID

Petal length to point before spreading mm PETLENSPR

Petal basal width mm PETBASWID

Petal width at widest point mm PETWID

Petal length:Petal width at widest point ratio PETWID:PETLEN

Petal length:Petal length to widest point ratio PETLENWID:PETLEN

Petal length:Petal length to point before spreading ratio PETLENSPR:PETLEN

Petal width at widest point:Petal basal width ratio PETBASWID:PETWID

QUALITATIVE

Habit QL: 0(Tree), 1(Shrub), 2(Subahrub) HABIT

Glands on adaxial surface of lamina QL: 0(Absent), 1(Present) ADLAMGLA
Indumentum on adaxial surface of lamina QL ADLAMPUB
Glands on abaxial surface of lamina QL ABLAMGLA
Indumentum on abaxial surface of lamina QL ABLAMPUB
Margin-Teeth QL LAMMARG
Margin Appearance QL: 0(Flat), 1(Revolute) MARGAPP
Glands on pedicel QL PEDGLAND
Indumentum on pedicel QL PEDPUB
Glands on ovary QL OVAGLAN
Indumentum on ovary QL OVAPUB
Style-Disk QL: 0(Flat), 1(Elevated) STYDISK
Petal color QL: 1(Red), 2W(hite), 3(Pink), 4(Green) FLOCOLOR
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TABLE 3. Bioclimatic variables extracted from point localities of all specimens included in 
morphometric analyses (see Appendix 1).  These variables were used in analyses of ecological 
differentiation among species. !

Abbreviation Original Variable
BIO1  Annual Mean Temperature
BIO2  Mean Diurnal Range (Mean of monthly (max temp - min temp))
BIO3  Isothermality (P2/P7) (* 100)
BIO4  Temperature Seasonality (standard deviation *100)
BIO5  Max Temperature of Warmest Month
BIO6  Min Temperature of Coldest Month
BIO7  Temperature Annual Range (P5-P6)
BIO8  Mean Temperature of Wettest Quarter
BIO9  Mean Temperature of Driest Quarter
BIO10  Mean Temperature of Warmest Quarter
BIO11  Mean Temperature of Coldest Quarter
BIO12  Annual Precipitation
BIO13  Precipitation of Wettest Month
BIO14  Precipitation of Driest Month
BIO15  Precipitation Seasonality (Coefficient of Variation)
BIO16  Precipitation of Wettest Quarter
BIO17  Precipitation of Driest Quarter
BIO18  Precipitation of Warmest Quarter
BIO19  Precipitation of Coldest Quarter
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TABLE 4.  Species profiles (see Appendix 2 for scoring of specimens; see Davis and Nixon, 1992) for the qualitative characters states.  
For polymorphic states, all the states are shown.  N: sample size for each species.  Significant results of Wiens and Servedio (2000) 
test with *. For character states and abbreviations, see Table 2.  For clade names, see Fig. 1. !
Clade Species N HABIT ADLAMGLA ADLAMPUB ABLAMGLA ABLAMPUB LAMMARG MARGAPP PEDGLAND PEDPUB OVAGLAN OVAPUB DIS

K
FLOCOLOR

A
E. millegrana 17 0-1 0-1 0-1 0-1 0-1 1-2-5 0 0-1 1 0-1 1 0-1 2

E. micrantha 11 0-1 0-1 0-1 0-1 1 1-5 0 0-1 1 0-1 1 0-1 2-3

B
E. herrerae 5 0 1 0-1 0-1 0-1 0-2 0 1 0-1 1 0-1 0 1-2-3-4

E.pendula 28 0-1 0-1 0-1 1 0-1 0-2-5 0 0-1 0-1 0-1 0-1 0 1-2-3-4

D

E. piurensis 5 0-1 0-1 0-1 0-1 0-1 2 0 1 1 0-1 0-1 0 2

E. discolor 5 0-1 0 0-1 0-1 0-1 0-6 0 0-1 1 0-1 1 0 2

E. resinosa 35 0-1 0-1 0-1 0-1 0-1 2 0 0 1 0-1 0-1 0 2

E. reticulata 11 0-1 0 0-1 1 0-1 6 0 1 1 1 0-1 0 2

E. schreiteri 12 0-1 0-1 0-1 0-1 0-1 6 0 0-1 1 0-1 0-1 0 2

E. paniculata 61 0-1 0 0-1 0-1 0-1 2-6 0 0-1 0-1 0-1 0-1 0 2

F

E. serrata 13 2 0 0-1 0 0 1 0 0 0 0 0 1 2-3

E. rosea 29 1 0-1 1 0-1 0-1 1 0 0 0-1 0 0-1 1 1-2-3

E. alpina 39 1-2 0-1 0-1 0-1 0-1 1-3 0 0-1 0-1 0-1 0-1 0-1 1-2-3

E. virgata 19 1-2 0 0-1 0 0 1-2 0 0 0-1 0-1 0-1 0 2-3

E. florida 10 1 0 0-1 0 0-1 1 0 0 0-1 0 0-1 0 2

E. revouta 20 0-1 0-1 0-1 0-1 0-1 1 1 0-1 0-1 0-1 0-1 1 2-3

E. myrtoidea 13 0-1 0 0-1 0-1 0-1 1 0 0-1 0-1 0-1 0-1 1 2-3

E. rubra 46 1-2 0-1 0-1 1 0-1 1-3 0 0-1 0-1 1 0-1 1 1-3

E. leucantha 12 1 0 0-1 0-1 0-1 1-2 0 0 1 0 1 1 2

E. callcottiae 6 1 0 1 0-1 0 1 0 0 0-1 0 0-1 0-1 1-2-3

E. gayana 6 1 0 0-1 0 0-1 1-2 0 0-1 1 0 1 0 2

G

E. angustifolia 13 0-1 1 0-1 1 0-1 1-6 0 1 0-1 1 0-1 0-1 1-2

E. illinita 21 1 1 0-1 1 0-1 1-2-6 1 1 0-1 1 0-1 1 2-3

E. laevis 26 0-1-2 0-1 0-1 0-1 0-1 1-3-6 0 0-1 0-1 1 0-1 0 1-2-3

E. petrophila 2 1 0 0 0 0 1 0 0 0 0 0 0 1

E. ledifolia 2 1-2 0 1 1 1 2 0 1 1 1 1 0 1

E. cordobensis 11 0-1 0 0-1 0-1 0-1 1 0 0-1 0-1 0-1 0 0 2

E. megapotamica 27 1 0-1 0-1 1 0-1 1-2 0 0-1 0-1 0-1 0-1 0 2
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E. hypoglauca 19 0-1 0-1 0-1 0-1 0-1 1-3 0 0-1 0-1 1 1 0 2-3

E. tucumanensis 18 0-1 0-1 0-1 0-1 0-1 1-3 0 0-1 0-1 0-1 0-1 0 2

E. bifida 36 0-1 0 0-1 0-1 0-1 2-6 0 0-1 1 0-1 1 0 2

E. farinacea 17 1 1 0-1 1 0-1 1-2 0 1 0-1 1 0-1 0 2

H
E. polifolia* 9 1 0-1 1 0 1 0 1 1 1 1 1 0 2-4

E. myrtilloides 55 0-1 0 0-1 0-1 0-1 1-2-6 0 1 0-1 1 0-1 0-1 2-4

pulv. E. pulverulenta 20 1 0-1 0-1 0-1 0-1 2-3-5 0 0-1 0-1 1 0-1 0-1 2

Clade Species N HABIT ADLAMGLA ADLAMPUB ABLAMGLA ABLAMPUB LAMMARG MARGAPP PEDGLAND PEDPUB OVAGLAN OVAPUB DIS
K

FLOCOLOR
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TABLE 5.  Loadings of elevation and bioclimatic variables on PC1 and PC2 for each PCA within clade.  For clade names, see Fig. 1. 
For bioclimatic variable names, see Table 2. !

A B D F G H pulv.
D.A D.B

PC1 PC2 PC1 PC2 PC1 PC2 PC1 PC2 PC1 PC2 PC1 PC2 PC1 PC2 PC1 PC2
Elev 0.070 -0.145 -0.221 -0.228 -0.017 -0.268 0.140 -0.215 0.148 -0.239 -0.260 -0.176 0.082 -0.229 0.241 -0.125
BIO1 -0.147 0.365 0.266 0.235 0.093 0.373 -0.159 0.358 0.171 0.338 0.272 0.178 0.087 0.380 0.172 -0.226
BIO2 -0.194 -0.258 -0.268 0.057 -0.286 0.002 0.262 0.061 0.283 -0.120 -0.260 0.159 0.298 -0.017 -0.093 -0.223
BIO3 0.329 -0.028 0.119 -0.165 0.217 -0.189 -0.200 -0.146 0.250 0.062 -0.194 -0.202 -0.191 0.102 0.356 -0.034
BIO4 -0.332 -0.019 -0.196 0.236 -0.237 0.211 0.203 0.167 0.186 -0.227 0.028 0.325 0.253 -0.055 -0.371 0.004
BIO5 -0.294 0.215 0.176 0.313 -0.059 0.373 -0.017 0.385 0.293 0.179 0.175 0.340 0.206 0.299 -0.187 -0.165
BIO6 0.201 0.312 0.307 0.125 0.266 0.230 -0.282 0.193 0.040 0.377 0.312 0.035 -0.131 0.346 0.261 -0.004
BIO7 -0.324 -0.102 -0.272 0.097 -0.306 0.111 0.275 0.109 0.255 -0.154 -0.133 0.313 0.300 -0.049 -0.336 -0.100
BIO8 -0.270 0.245 0.234 0.286 0.024 0.386 -0.087 0.385 0.049 0.323 0.196 0.108 0.134 0.355 0.216 -0.279
BIO9 0.094 0.382 0.283 0.207 0.191 0.306 -0.231 0.281 0.248 0.263 0.188 0.151 0.004 0.391 -0.061 0.053
BIO10 -0.266 0.258 0.236 0.282 0.020 0.388 -0.093 0.384 0.231 0.289 0.246 0.268 0.132 0.355 -0.077 -0.195
BIO11 0.138 0.349 0.288 0.186 0.196 0.299 -0.227 0.281 0.112 0.363 0.271 0.047 0.017 0.390 0.313 -0.159
BIO12 0.213 0.135 0.207 -0.261 0.294 -0.037 -0.276 -0.158 -0.214 0.179 0.226 -0.291 -0.298 0.063 0.085 0.367
BIO13 0.223 0.152 0.173 -0.208 0.144 -0.005 -0.225 -0.167 -0.096 0.179 0.113 -0.333 -0.249 0.051 -0.013 0.332
BIO14 0.235 -0.078 0.222 -0.239 0.332 -0.030 -0.295 -0.113 -0.320 0.115 0.290 -0.093 -0.296 0.055 0.185 0.315
BIO15 -0.200 0.220 -0.136 0.251 -0.298 0.109 0.249 0.052 0.317 0.070 -0.292 0.050 0.261 -0.063 -0.277 -0.187
BIO16 0.153 0.199 0.161 -0.203 0.122 0.036 -0.227 -0.159 -0.101 0.184 0.105 -0.338 -0.250 0.066 -0.046 0.328
BIO17 0.267 -0.143 0.230 -0.246 0.335 -0.041 -0.300 -0.115 -0.322 0.116 0.292 -0.097 -0.309 0.027 0.203 0.314
BIO18 -0.057 -0.184 0.101 -0.240 0.159 -0.052 -0.211 -0.061 -0.328 0.108 0.126 -0.333 -0.254 0.023 0.257 -0.086
BIO19 0.162 0.198 0.229 -0.233 0.321 -0.048 -0.258 -0.101 -0.098 0.174 0.231 -0.034 -0.287 -0.052 -0.202 0.329
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TABLE 6. Summary of the results of the analysis of genealogical exclusivity for each locus.  For 
species in clade F, the analysis was run for clades F and F’ independently.  ?: not enough samples 
to assess exclusivity; sp.: one species; consp.: one conspecific lineage; plesiosp.: plesiospecies 
(relative to species).  See Wiens and Servedio (2002) for details. !
Clade Species MYC NIA

A
E. millegrana sp. sp.
E. micrantha ? ?

B
E. herrerae ? ?
E.pendula consp. sp.

D

E. piurensis ? ?
E. discolor consp. sp.
E. resinosa consp. consp.
E. reticulata sp. sp.
E. schreiteri sp. sp.
E. paniculata plesiosp. (E. reticulata) plesiosp. (E. reticulata)

F

E. serrata sp. (F’) sp. (F)
E. rosea consp./sp. (F’) consp.
E. alpina consp. consp.
E. virgata consp. sp.
E. florida consp. consp./sp. (F’)
E. revouta consp. consp.
E. myrtoidea consp. consp.
E. rubra consp. consp.
E. leucantha consp. consp.
E. callcottiae ? ?
E. gayana ? ?

G

E. angustifolia consp. consp.
E. illinita consp. consp.
E. laevis consp. plesiosp. (E. petrophila)
E. petrophila sp. sp.
E. ledifolia consp. consp.
E. codobensis consp. consp.
E. megapotamica consp. consp.
E. hypoglauca consp. consp.
E. tucumanensis ? ?
E. bifida sp. consp.
E. farinacea sp. sp.

H
E. polifolia consp. consp.
E. myrtilloides consp. consp.

pulv. E. pulverulenta sp. sp.
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TABLE 7. Analysis of morphological gaps (Zapata and Jiménez 2010).  Above diagonal, comparisons indicate whether there was a gap 
(Y), no gap (N) or elevation plot was not bimodal (NB).  Below diagonal, comparisons indicate whether the hypothesis that the gap 
represented a species limit rather could be rejected (Y) or not rejected (N).  Comparisons that did not require detrending with asterisk.  
NA: not enough data.  For clades names see Fig. 1. !

A B D F G H p.
mill. micr. herr. pend. disc. piur. resi. schr. pani. reti. serr. rose. alpi. virg. flor. revo. myrto. rubr. leuc. call. gaya. angu. illi. laev. ledi. petr. cord. mega. hypo. tucu. bifi. fari. myrti. poli. pulv.

A mill. N Y
micr. - Y

B herr. NB Y
pend. - Y

D

disc. N Y Y
piur. - NB Y
resi. N - Y
schr. Y N N Y Y
pani. N N
reti. N -

F

serr. Y Y Y Y Y Y Y Y Y N
rose. N N Y N NB N NB N NB Y
alpi. N - Y Y Y Y N Y N Y
virg. N N N Y Y Y Y Y Y Y
flor. N - N N Y Y Y N N N
revo. N - N N N NB N Y N Y
myrto. N - N N N - N N N Y
rubr. N - - N N* - - Y N Y
leuc. N - N N - N - N N Y
call. N - - Y - - - - - Y
gaya. - N N N - N N N* N* Y

G

angu. N N NA NA N Y Y Y Y N
illi. - Y NA NA Y Y N Y Y Y
laev. - Y NA NA N Y NB N Y Y
ledi. NA NA NA NA NA NA NA NA NA NA
petr. NA NA NA NA NA NA NA NA NA NA
cord. - Y - NA NA Y N N Y Y
mega. N N N NA NA Y Y Y Y Y
hypo. N - - NA NA - Y N Y Y
tucu. N N - NA NA - N - Y Y
bifi. N N N NA NA Y N N N Y
fari. - Y N NA NA Y N Y Y N*

H myrti. N
poli. -

p. pulv. N Y Y Y
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TABLE 8.  Analysis of differences in bioclimatic niche using PCA and MANOVA.  Above diagonal, comparisons indicate whether 
there was a significant difference in central tendency (Y), or not (N).  Below diagonal, comparisons indicate on which axis of the PCA 
was the difference statistically significant, 1: PC1, 2: PC2, 1-2: PC1 and PC2.  For clades names see Fig. 1. !

A B D F G H p.
mill. micr. herr. pend. disc. piur. resi. schr. pani. reti. serr. rose. alpi. virg. flor. revo. myrto. rubr. leuc. call. gaya. angu. illi. laev. ledi. petr. cord. mega. hypo. tucu. bifi. fari. myrti. poli. pulv.

A
mill. Y Y
micr. 1 Y

B
herr. N Y
pend. - Y

D

disc. Y Y Y
piur. 1 Y Y
resi. 1 1 Y
schr. 1 1-2 2 Y Y
pani. 1 Y
reti. 1 2

F

serr. Y Y Y Y Y Y Y Y Y Y
rose. 1 Y N Y Y Y Y Y Y N
alpi. 1 2 N Y Y Y Y Y Y Y
virg. 1 - - N Y Y Y Y Y Y
flor. 1-2 - 2 - N N N N Y N
revo. 1-2 1-2 1-2 1-2 - N Y Y N N
myrto. 1 1 1-2 1 - - Y Y Y N
rubr. 1-2 2 2 2 - 1 1 N Y N
leuc. 1-2 2 2 2 - 1 1-2 - N N
call. 1-2 2 2 2 2 - 2 2 - N
gaya. 1-2 - 2 2 - - - - - -

G

angu. Y Y Y Y Y Y N Y Y Y
illi. 1 Y Y N N Y N N Y Y
laev. 1-2 1-2 N N Y Y Y Y Y Y
ledi. 1 1 - N Y N Y N N N
petr. 1 - - - Y N Y Y N N
cord. 1 - 1-2 1 1 Y N N Y Y
mega. 1 1 1-2 - - 1 Y Y Y Y
hypo. - - 1-2 1 1 - 1 Y Y Y
tucu. 1 - 2 - 1 - 1 1-2 Y Y
bifi. 1-2 1-2 1-2 - - 1-2 2 1 1-2 N
fari. 1 1-2 1-2 - - 1-2 2 1 1-2 -

H
myrti. N
poli. -

p. pulv. 1-2 1 1 1
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Figure Legends. 

Fig. 1. Haplotype trees for species of Escallonia based on Bayesian and maximum likelihood 

phylogenetic inference for MYC (left) and NIA (right) loci (Zapata, 2013), and map of sampling 

localities.  In trees, node color indicates Bayesian posterior probability (pp) and maximum 

likelihood bootstrap (BS) (2000 replicates): black: pp > 0.9 and BS > 70%; gray: pp > 0.8 and 

BS < 70%; white: pp < 0.8 and BS < 70%.  The figure is modified from Zapata (2010), and only 

topology is depicted (for phylogram, see Zapata, 2013).  Each sampled haplotype is given the 

specific epithet and a number, this latter in no particular order.  For heterozygote individuals, A/

B inidicates each allele.  Letters in front of bars indicate the names of groups of species as 

indicated by Zapata (2010).  Each group of species is color-coded: clade A: blue; clade B: red; 

clade D: green; clade F: brown; clade G: orange; clade H: purple; pulv. (E. pulverulenta): black; 

E. virgata + E. gayana: gray.  E. virgata + E. gayana are indicated with dotted line because 

these species do not form a clade in both analyses.  Clade F’ indicates a paralogous copy for each 

locus, found only for species within clade F (for details, see text and Zapata, 2013).  Map of 

South America with sampling localities color coded with respect to colors of clades in the 

haplotype trees. Both trees show phylogenetic geographic structure (see text for details). 

!
Fig. 2. Heatmap showing relationship between geographic and genetic distance for the MYC 

locus.  Dark shade: higher values; pale shade: lower values.  See scale for variation.  For clades 

names, see Fig. 1. 

!
Fig. 3. As in Figure 2, but for the NIA locus.  For clades names, see Fig. 1. 
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!
Fig. 4.  Results of simple Mantel test for a) MYC and b) NIA.  Geographic distance (abscissa) in 

meters; genetic distance (ordinate) substitutions per site corrected according to the model of 

evolution used to reconstruct the haplotype trees (for details, see Zapata 2010).  Gray triangles: 

pairwise comparisons among samples from different species; black circles: pairwise comparisons 

among samples within species.  Red line: Mantel correlation of geographic and genetic distance 

matrices: MYC (r = 0.09, P = 0.064); NIA (r = 0.2, P = 0.002). 

!
Fig. 5.  Geographic distribution of species of Escallonia included in this study.  The individuals 

mapped are the individuals used for morphometric analyses (see Appendix 1, 2).  Each map is 

surrounded by a colored box according to the color of the clade to which the species belong (for 

clade color, see Fig. 1).  Each species is color-coded: a) E. micrantha: dark blue; b) E. 

millegrana: pale blue; c) E. herrerae: red; d) E. pendula: purple; e) E. discolor: dark blue; f) E. 

piurensis: red; g) E. paniculata: purple; h) E. resinosa; i) E. reticulata: orange; j) E. schreiteri: 

black; k) E. alpina: green; l) E. callcottiae: pink; m) E. florida: black; n) E. leucantha: purple; o) 

E. myrtoidea: pale blue; p) E. revoluta: red; q) E. rosea: dark blue; r) E. rubra: yellow; s) E. 

serrata: orange; t) E. angustifolia: orange; u) E. bifida: pink; v) E. cordobensis: red; w) E. 

farinacea: gray; x) E. hypoglauca: yellow; y) E. illinita: dark blue; z) E. laevis: green; a.1) E. 

ledifolia: black; a.2) E. megapotamica: pale blue; a.3) E. petrophila: brown; a.4) E. 

tucumanensis: purple; a.5) E. myrtilloides: brown; a.6) E. polifolia: red; a.7) E. pulverulenta: 

black; a.8) E. gayana: gray; a.9) E. virgata: brown. 

!
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Fig. 6.  Principal Component Analyses (PCA) describing the pattern of morphological variation 

for species within clades.  Each PCA is surrounded by a colored box according to color of the 

clades to which the species in the morphological PCA space belong (for clade color, see Fig. 1).  

Each species is color-coded (for species color, see Fig 5).  The dashed polygons correspond to 

the minimum convex hulls for the samples of each species.  For clades D, F, and G, several PCA 

were used because samples of several species overlapped in initial and subsequent PCA (see text 

for details). 

!
Fig. 7.  Estimated probability density function (pdf) of the mixture of the distributions describing 

the pattern of morphological variation of pairs of species along the ridgeline manifold (here 

referred to as “elevation plots”), for all pairwise species comparisons within clades.  The 

ridgeline manifold (abscissa, α) ranges from zero (the bivariate mean of one species) to one (the 

bivariate mean of the other species).  Each elevation plot is surrounded by a colored box 

according to the color of the clade to which the species being compared belong (for clade color, 

see Fig. 1).  See Fig. 8 for species pairs shown in each elevation plot.  For details on elevation 

plots, see Zapata and Jiménez (2012). 

!
Fig. 8.  Estimated proportions of the distributions describing the pattern of morphological 

variation of pairs of species along the ridgeline manifold (here referred to as “proportion plots”), 

for all pairwise species comparisons within clades.  The dashed lines correspond to the 

proportions of the distributions describing the pattern of morphological variation covered by 

bivariate ellipsoid tolerance regions (γ = 0.95) for each species sharing a point along the 
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ridgeline manifold.  The continuous lines correspond to the proportions of the areas of the 

distributions describing the pattern of morphological variation for each species, which lie on 

either side of the tangent line that splits morphological space on the point shared by ellipsoid 

tolerance regions along the ridgeline manifold.  The dotted line corresponds to the proportion = 

0.9 (i.e., a frequency cutoff of 0.1). Each elevation plot is surrounded by a colored box according 

to the color of the clade the species being compared belong to (for clade color, see Fig. 1).  

Dashed and continuous lines are color coded for each species (for species color, see Fig. 5).  

Each panel corresponds to a panel in Fig. 7 and both figures should be analyzed together.  For 

details on proportion plot, see Zapata and Jiménez (2012). 

!
Fig. 9.  Principal Component Analyses (PCA) describing the pattern of ecological variation for 

species within clades.  Each PCA is surrounded by a colored box according to color of the clades 

to which the species in the bioclimatic PCA space belong (for clade color, see Fig. 1).  Each 

species is colored-coded (for species color, see Fig 5).  The dashed polygons correspond to the 

minimum convex hulls for the samples of each species.  For clade D: a) PCA for clade D.A; b) 

PCA for clade D.B (see text for details). 

!
Fig. 10.  Flowering time of species of Escallonia included in this study.  The individuals plotted 

are the individuals used for morphometric analyses (see Appendix 1, 2).  Each plot is surrounded 

by a colored box according to the color of the clade the species belongs to (for clade color, see 

Fig. 1).  In all circular plots, 0º: January; 90º: April; 180º: July; 270º: October. 

!
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Fig. 11. “Species polygons” (cf. Clausen et al., 1940) summarizing results of the evaluation of 

three operational species criteria to evaluate hypotheses of species boundaries within clades.  

Solid lines connect species when both morphological and bioclimatic evidence failed to meet the 

operational species criteria of morphological gaps and significant differences in realized 

ecological niche, respectively.  Short-dashed lines connect species when the morphological gaps 

could be explained as geographic variation within a single species.  Long-dashed lines connect 

species when there were no bioclimatic differences and this was the only operational species 

criterion evaluated because the method of Zapata and Jiménez (2012) cannot be used with 

sample size ≤ 2 (see text for details).  Circles around species names indicate whether species are 

monophyletic (continuous) or paraphyletic (dotted).  N = sample size used in morphological and 

bioclimatic analyses.  a) clade A plus E. pulverulenta; b) clade B plus E. pulverulenta; c) clade 

D.A; d) clade D.B; e) clade F; f) clade G; g) clade H.  Colored boxes around each panel 

according to the color of the clade the species belongs to (for clade color, see Fig. 1).  Note that 

E. pulverulenta is shown with clades A and B.  For details, see text.  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Fig. 1 !
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Fig. 2
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APPENDIX 1. List of all specimens analyzed in this study (It will be available upon final 
submission at https://bitbucket.org/fzapata/Escallonia)  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APPENDIX 2. Matrix of morphological measurements and bioclimatic variables (It will be 
available upon final submission at https://bitbucket.org/fzapata/Escallonia)  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APPENDIX 3. Elevational ranges of species within clades.  Each panel is surrounded by a colored 
box according to the color of the clade the species belongs to (for clade color, see Fig. 1).  Each 
species is color coded (for species color, see Fig 5). a) clade A; b) clade B; c) clade D; d) clade F 
plus E. virgata and E. gayana (see text for details); e) clade G; f) clade H; g) E. pulverulenta plus 
clades A and B (see text for details). 
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APPENDIX 4.  Pairwise comparisons contrasting a model that does not require a species boundary 
to explain a morphological gap vs. a model that requires a species boundary (shaded box for each 
pairwise comparison).  Comparisons that did not require detrending of the original response 
variable (see Zapata and Jiménez, 2010): clade F: E. rose-E. virg, E. E. rubr.-E. gaya, and E. 
leuc.-E. gaya; clade G: E. bifi.-E. fari.  Significant regression (RDA) coefficients (P < 0.05) in 
bold.  SE: spatial eigenvector; sp.: species boundary (i.e., matrix [0,1]); sp*SE: interaction of 
species boundary with spatial eigenvector.  For clade names, see Fig. 1.  For details on statistical 
test, see Zapata and Jiménez (2012). !

Clade Species pair Predictor Variable Var F P

D

E. disc.-E. resi.

SE1 0.013 0.371 0.58
SE2 0.004 0.106 0.85
SE3 0.070 1.989 0.05
SE4 0.046 1.317 0.26
SE5 0.071 2.013 0.16
SE6 0.005 0.153 0.87
sp 0.006 0.185 0.84
sp*SE1 0.153 4.346 0.01
sp*SE2 0.067 1.911 0.13
sp*SE4 0.029 0.831 0.49

E. disc.-E. schr.

SE1 0.036 0.262 0.8
SE2 0.056 0.404 0.52
sp 0.110 0.789 0.49
sp*SE1 0.263 1.894 0.25

E. piur.-E. shcr.

SE1 0.001 0.014 0.99
sp 0.115 1.154 0.27
sp*SE1 0.504 5.041 0.03

E. resi-E.schr.

SE1 0.029 1.282 0.31
SE2 0.462 20.349 0.01
SE3 0.471 20.745 0.01
SE4 0.009 0.386 0.63
SE5 0.066 2.903 0.07
SE6 0.107 4.716 0.02
SE7 0.058 2.553 0.11
sp 7.501 330.418 0.01
sp*SE1 0.026 1.139 0.26
sp*SE2 0.026 1.131 0.39
sp*SE3 0.030 1.343 0.25
sp*SE4 0.030 1.331 0.33
sp*SE5 0.002 0.098 0.88
sp*SE6 0.050 2.209 0.2
sp*SE7 0.010 0.457 0.61

SE1 0.182 2.087 0.12
SE2 0.003 0.039 0.95
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E. schr.-E. pani.

SE3 1.393 15.951 0.01
SE4 1.670 19.127 0.01
SE5 0.169 1.931 0.18
SE6 0.087 1.002 0.37
SE7 0.182 2.083 0.14
SE8 0.206 2.360 0.15
SE9 0.011 0.131 0.84
SE10 0.064 0.730 0.36
SE11 0.046 0.523 0.56
SE12 0.099 1.132 0.28
SE13 0.053 0.612 0.47
sp 1.503 17.209 0.01
sp*SE1 0.064 0.733 0.41
sp*SE2 0.005 0.057 0.95
sp*SE3 0.042 0.485 0.52
sp*SE5 0.007 0.085 0.92
sp*SE6 0.025 0.282 0.73

E. reti-E. schr.

SE1 0.034 0.466 0.62
SE2 0.426 5.866 0.02
SE3 0.024 0.325 0.63
sp 1.564 21.558 0.01
sp*SE1 0.246 3.397 0.08
sp*SE2 0.307 4.237 0.08
sp*SE3 0.004 0.053 0.91

E. serr.-E. rose.

SE1 0.000 0.010 1
SE2 0.263 6.655 0.01
SE3 0.194 4.916 0.02
SE4 0.211 5.356 0.02
SE5 0.185 4.676 0.05
SE6 0.060 1.514 0.35
sp 0.213 5.406 0.03
sp*SE1 0.079 1.998 0.19
sp*SE2 0.019 0.481 0.67
sp*SE3 0.022 0.556 0.53
sp*SE4 0.028 0.710 0.52
sp*SE5 0.047 1.182 0.32
sp*SE6 0.152 3.846 0.04

SE1 0.018 0.675 0.48
SE2 0.007 0.253 0.79
SE3 0.054 2.099 0.13
SE4 0.055 2.134 0.16
SE5 0.023 0.893 0.38
SE6 0.059 2.259 0.14
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E. serr.-E. alpi.

SE7 0.054 2.094 0.14
SE8 0.092 3.545 0.06
SE9 0.073 2.827 0.1
sp 0.610 23.489 0.01
sp*SE1 0.445 17.126 0.01
sp*SE2 0.113 4.354 0.03
sp*SE3 0.002 0.069 0.91
sp*SE4 0.093 3.569 0.06
sp*SE5 0.017 0.667 0.5
sp*SE6 0.066 2.534 0.09
sp*SE7 0.061 2.335 0.11
sp*SE8 0.012 0.457 0.64

E. serr.-E. flor.

SE1 0.000 0.003 0.99
sp 0.351 5.543 0.04
sp*SE1 0.378 5.976 0.03

E. serr.-E. revo.

SE1 0.022 0.341 0.75
sp 0.359 5.621 0.02
sp*SE1 0.188 2.944 0.09

E. serr.-E. myrto.

SE1 0.021 0.195 0.79
sp 0.669 6.072 0.05
sp*SE1 0.174 1.575 0.2

E. serr.-E. rubr.

SE1 0.232 7.570 0.01
SE2 0.015 0.490 0.53
SE3 0.021 0.692 0.42
SE4 0.501 16.341 0.01
SE5 0.548 17.864 0.01
SE6 0.005 0.150 0.84
SE7 0.002 0.053 0.96
SE8 0.046 1.511 0.2
SE9 0.021 0.698 0.47
SE10 0.002 0.062 0.93
SE11 0.164 5.335 0.02
sp 0.311 10.125 0.01
sp*SE1 0.144 4.701 0.02
sp*SE2 0.030 0.983 0.3
sp*SE3 0.008 0.265 0.71
sp*SE4 0.053 1.738 0.2
sp*SE5 0.064 2.081 0.21
sp*SE8 0.052 1.693 0.2

E. serr.-E. leuc.

SE1 0.015 0.173 0.77
sp 0.744 8.609 0.01
sp*SE1 0.120 1.394 0.19

SE1 0.000 0.004 1
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E. serr.-E. call. sp 0.520 4.995 0.05
sp*SE1 0.208 1.993 0.22

E. rose.-E. virg.

SE1 2.600 93.743 0.01
SE2 0.033 1.179 0.38
SE3 0.292 10.520 0.01
SE4 0.179 6.448 0.01
SE5 0.176 6.360 0.02
SE6 1.116 40.234 0.01
SE7 0.015 0.526 0.57
SE8 0.003 0.111 0.74
SE9 0.220 7.946 0.01
sp 16.739 603.646 0.01
sp*SE1 0.268 9.671 0.01
sp*SE2 0.013 0.471 0.48
sp*SE3 0.094 3.381 0.06
sp*SE4 0.045 1.613 0.15
sp*SE5 0.047 1.713 0.2
sp*SE6 0.046 1.648 0.23
sp*SE7 0.030 1.078 0.38
sp*SE8 0.027 0.970 0.33

E. rose. E.gaya.

SE1 0.061 1.091 0.25
SE2 0.152 2.719 0.07
SE3 0.678 12.142 0.01
SE4 0.250 4.486 0.02
sp 8.025 143.739 0.01
sp*SE1 0.028 0.508 0.47
sp*SE2 0.074 1.318 0.31
sp*SE3 0.039 0.694 0.44

E. alpi-E. virg.

SE1 0.174 8.667 0.01
SE2 0.156 7.801 0.01
SE3 0.208 10.376 0.01
SE4 0.195 9.743 0.01
SE5 0.044 2.192 0.11
SE6 0.024 1.213 0.31
SE7 0.370 18.462 0.01
SE8 0.152 7.567 0.02
SE9 0.107 5.333 0.04
sp 6.998 349.024 0.01
sp*SE1 0.053 2.659 0.15
sp*SE2 0.006 0.290 0.67
sp*SE3 0.036 1.804 0.19
sp*SE4 0.017 0.872 0.4
sp*SE5 0.005 0.250 0.78
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sp*SE6 0.028 1.394 0.25
sp*SE7 0.002 0.109 0.79
sp*SE8 0.036 1.809 0.27
sp*SE9 0.054 2.674 0.09

E. alpi.-E. gaya.

SE1 0.044 0.874 0.42
SE2 0.054 1.076 0.31
SE3 0.012 0.229 0.75
SE4 0.336 6.664 0.01
SE5 0.427 8.472 0.02
SE6 0.594 11.791 0.01
SE7 0.016 0.323 0.63
sp 1.825 36.239 0.01
sp*SE1 0.001 0.015 0.99
sp*SE2 0.010 0.199 0.71
sp*SE3 0.019 0.385 0.65
sp*SE4 0.014 0.272 0.69

E. virg.-E. flor.

SE1 0.766 22.204 0.01
SE2 0.037 1.086 0.37
SE3 0.205 5.949 0.02
sp 8.725 252.905 0.01
sp*SE1 0.003 0.092 0.82
sp*SE2 0.039 1.144 0.36

E. virg.-E. revo.

SE1 1.444 25.842 0.01
SE2 0.755 13.515 0.01
SE3 0.965 17.275 0.01
SE4 0.024 0.426 0.51
SE5 0.470 8.413 0.01
sp 13.574 242.984 0.01
sp*SE1 0.021 0.378 0.63
sp*SE2 0.055 0.985 0.32
sp*SE3 0.130 2.319 0.15
sp*SE4 0.010 0.187 0.75
sp*SE5 0.043 0.769 0.49

E. virg.-E. myrto.

SE1 0.870 11.584 0.01
SE2 1.034 13.762 0.01
SE3 0.110 1.468 0.22
SE4 0.946 12.593 0.01
sp 11.149 148.427 0.01
sp*SE1 1.059 14.095 0.01
sp*SE2 0.078 1.036 0.22
sp*SE3 0.025 0.333 0.58
sp*SE4 0.108 1.440 0.13

SE1 0.137 5.050 0.06
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F

E. virg.-E. rubr.

SE2 1.773 65.360 0.01
SE3 0.125 4.610 0.03
SE4 0.265 9.756 0.01
SE5 0.116 4.281 0.02
SE6 0.125 4.594 0.05
SE7 0.521 19.197 0.01
SE8 2.336 86.118 0.01
SE9 0.029 1.058 0.35
SE10 0.336 12.404 0.01
SE11 0.013 0.466 0.54
sp 10.137 373.679 0.01
sp*SE1 0.076 2.803 0.07
sp*SE2 0.031 1.146 0.34
sp*SE3 0.004 0.136 0.79
sp*SE4 0.081 2.969 0.11
sp*SE5 0.049 1.816 0.19
sp*SE6 0.112 4.124 0.03
sp*SE7 0.047 1.729 0.19
sp*SE8 0.018 0.659 0.45
sp*SE9 0.002 0.080 0.91
sp*SE10 0.047 1.731 0.22
sp*SE11 0.010 0.381 0.52

E. virg.-E. leuc.

SE1 0.044 0.288 0.63
SE2 0.448 2.908 0.09
SE3 0.169 1.095 0.31
sp 2.402 15.602 0.01
sp*SE1 0.063 0.406 0.52
sp*SE2 0.056 0.363 0.52

E. virg.-E. call.

SE1 0.037 0.725 0.51
SE2 0.007 0.145 0.84
SE3 0.124 2.425 0.18
SE4 0.211 4.126 0.04
sp 0.049 0.950 0.38
sp*SE1 0.066 1.296 0.29

E. virg.-E. gaya.

SE1 0.008 0.151 0.82
SE2 0.017 0.316 0.62
SE3 0.621 11.508 0.01
sp 1.800 33.351 0.01
sp*SE1 0.050 0.926 0.29
sp*SE2 0.054 1.004 0.35

SE1 1.331 22.485 0.01
SE2 0.879 14.844 0.02
SE3 0.067 1.132 0.23
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E. revo.-E. gaya.

SE4 0.009 0.152 0.75
sp 8.783 148.401 0.01
sp*SE1 0.006 0.098 0.89
sp*SE2 0.005 0.083 0.82
sp*SE3 0.012 0.208 0.74
sp*SE4 0.011 0.194 0.78

E. myrto.-E. gaya.

SE1 0.340 2.547 0.16
SE2 2.078 15.555 0.01
SE3 1.870 13.999 0.01
SE4 0.408 3.059 0.12
sp 2.865 21.450 0.01
sp*SE1 0.005 0.039 0.93
sp*SE2 0.098 0.731 0.38
sp*SE3 0.038 0.282 0.71

E. rubr.-E. gaya.

SE1 0.076 1.797 0.21
SE2 2.647 62.979 0.01
SE3 0.161 3.826 0.06
SE4 0.499 11.870 0.03
SE5 0.022 0.521 0.46
SE6 0.011 0.266 0.67
SE7 0.069 1.633 0.29
SE8 0.032 0.753 0.43
sp 6.825 162.407 0.01
sp*SE1 0.000 0.010 0.95
sp*SE3 0.007 0.178 0.53
sp*SE5 0.003 0.080 0.76

E. leuc.-E. gaya.

SE1 0.545 6.658 0.03
SE2 1.138 13.919 0.01
SE3 0.244 2.982 0.1
SE4 0.479 5.853 0.05
sp 2.776 33.937 0.01
sp*SE1 0.014 0.167 0.87
sp*SE2 0.016 0.193 0.85
sp*SE3 0.002 0.029 0.96

E. call.-E. gaya.

SE1 0.000 0.003 1
sp 0.049 0.642 0.65
sp*SE1 0.073 0.965 0.5

E. alpi.-E. flor.

SE1 0.016 0.300 0.6
SE2 0.079 1.478 0.25
SE3 0.006 0.110 0.87
SE4 0.030 0.568 0.51
SE5 0.138 2.586 0.13
SE6 0.120 2.245 0.13
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sp 3.684 69.141 0.01
sp*SE1 0.002 0.045 0.94
sp*SE2 0.056 1.059 0.26
sp*SE3 0.006 0.116 0.8
sp*SE4 0.007 0.129 0.85

E. flor.-E. revo.

SE1 0.240 3.998 0.04
SE2 0.380 6.325 0.05
SE3 1.945 32.393 0.01
SE4 0.394 6.558 0.05
SE5 0.560 9.324 0.02
SE6 0.659 10.974 0.02
sp 8.516 141.829 0.01
sp*SE1 0.135 2.248 0.16
sp*SE2 0.139 2.323 0.16
sp*SE3 0.091 1.508 0.22
sp*SE4 0.107 1.783 0.29
sp*SE5 0.012 0.196 0.67

E. flor.-E. myrto.

SE1 0.357 1.765 0.22
SE2 1.613 7.974 0.01
SE3 0.025 0.121 0.83
sp 4.458 22.036 0.01
sp*SE1 0.312 1.541 0.18
sp*SE2 0.046 0.228 0.71
sp*SE3 0.016 0.078 0.93

E. flor.-E. rubr.

SE1 0.484 7.227 0.01
SE2 0.308 4.603 0.08
SE3 0.033 0.490 0.56
SE4 0.037 0.555 0.54
SE5 0.246 3.679 0.09
sp 5.706 85.172 0.01
sp*SE1 0.036 0.543 0.52
sp*SE2 0.636 9.490 0.02
sp*SE3 0.008 0.119 0.86
sp*SE4 0.229 3.417 0.09
sp*SE5 0.124 1.851 0.16

E. revo.-E. leuc.

SE1 0.484 7.227 0.01
SE2 0.308 4.603 0.08
SE3 0.033 0.490 0.56
SE4 0.037 0.555 0.54
SE5 0.246 3.679 0.09
sp 5.706 85.172 0.01
sp*SE1 0.036 0.543 0.52
sp*SE2 0.636 9.490 0.02
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sp*SE3 0.008 0.119 0.86
sp*SE4 0.229 3.417 0.09
sp*SE5 0.124 1.851 0.16

E. rubr.-E. leuc.

SE1 0.041 0.543 0.5
SE2 0.818 10.723 0.01
SE3 0.310 4.068 0.08
SE4 0.218 2.860 0.13
SE5 0.089 1.164 0.32
SE6 0.012 0.155 0.76
SE7 0.077 1.010 0.27
SE8 0.196 2.572 0.17
SE9 0.023 0.304 0.63
sp 8.627 113.030 0.01
sp*SE1 0.228 2.992 0.12
sp*SE2 0.007 0.088 0.8
sp*SE3 0.014 0.181 0.76
sp*SE4 0.020 0.257 0.61
sp*SE5 0.097 1.272 0.31
sp*SE6 0.016 0.216 0.6
sp*SE7 0.033 0.438 0.54
sp*SE8 0.028 0.373 0.56
sp*SE9 0.112 1.468 0.21

E. alpi.-E. revo.

SE1 1.276 28.179 0.01
SE2 0.099 2.185 0.12
SE3 0.293 6.471 0.01
SE4 1.116 24.650 0.01
SE5 0.112 2.466 0.06
SE6 0.066 1.454 0.22
SE7 0.091 2.008 0.14
SE8 0.384 8.483 0.01
SE9 0.016 0.353 0.65
sp 3.739 82.586 0.01
sp*SE1 0.248 5.477 0.03
sp*SE2 0.158 3.484 0.11
sp*SE3 0.037 0.821 0.43
sp*SE4 0.046 1.013 0.31
sp*SE5 0.071 1.564 0.18
sp*SE6 0.036 0.792 0.48
sp*SE7 0.019 0.422 0.62
sp*SE8 0.140 3.091 0.09
sp*SE9 0.003 0.073 0.87

SE1 0.037 0.734 0.46
SE2 0.412 8.161 0.01
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E. alpi.-E. myrto.

SE3 0.303 5.990 0.01
SE4 0.186 3.692 0.04
SE5 0.528 10.457 0.01
SE6 0.135 2.681 0.08
SE7 0.127 2.515 0.17
SE8 0.081 1.597 0.25
SE9 0.063 1.248 0.33
sp 5.064 100.238 0.01
sp*SE1 0.001 0.025 0.98
sp*SE2 0.382 7.570 0.01
sp*SE3 0.145 2.875 0.1
sp*SE4 0.014 0.280 0.73
sp*SE5 0.091 1.807 0.25
sp*SE6 0.003 0.054 0.96
sp*SE7 0.437 8.656 0.03
sp*SE8 0.048 0.940 0.45

E. serr.-E. virg.

SE1 0.019 0.177 0.79
SE2 0.169 1.600 0.24
SE3 0.159 1.500 0.22
SE4 0.132 1.247 0.35
SE5 0.169 1.595 0.18
sp 0.933 8.813 0.01
sp*SE1 1.282 12.112 0.01
sp*SE2 0.207 1.951 0.11
sp*SE3 0.081 0.765 0.43
sp*SE4 0.486 4.588 0.03

E. angu.-E. mega.

SE1 0.032 1.026 0.36
SE2 0.068 2.204 0.15
SE3 0.213 6.919 0.02
SE4 0.014 0.443 0.63
sp 0.138 4.482 0.04
sp*SE1 0.044 1.416 0.25
sp*SE2 0.004 0.122 0.92
sp*SE3 0.359 11.633 0.01
sp*SE4 0.031 1.004 0.32

E. angu.-E. hypo.

SE1 0.008 0.211 0.87
SE2 0.028 0.726 0.48
SE3 0.557 14.426 0.01
SE4 0.022 0.560 0.63
SE5 0.357 9.252 0.01
sp 0.690 17.866 0.01
sp*SE1 0.172 4.460 0.03
sp*SE2 0.003 0.069 0.97
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sp*SE3 0.039 1.013 0.32
sp*SE4 0.003 0.089 0.91
sp*SE5 0.107 2.762 0.13

E. anugu.-E.tucu.

SE1 0.017 0.235 0.8
SE2 0.014 0.194 0.84
SE3 0.160 2.167 0.17
SE4 0.092 1.240 0.36
sp 0.258 3.493 0.08
sp*SE1 0.049 0.665 0.55
sp*SE2 0.111 1.504 0.26
sp*SE3 0.076 1.025 0.33
sp*SE4 0.494 6.688 0.01

E. illi.-E.mega.

SE1 0.067 2.905 0.05
SE2 0.224 9.758 0.01
SE3 0.058 2.519 0.13
SE4 0.012 0.540 0.57
SE5 0.020 0.857 0.34
SE6 0.013 0.548 0.6
sp 0.089 3.895 0.03
sp*SE1 0.037 1.624 0.26
sp*SE2 0.072 3.140 0.08
sp*SE3 0.092 4.023 0.04

E. illi.-E. bifi.

SE1 0.014 0.919 0.38
SE2 0.076 5.041 0.01
SE3 0.022 1.464 0.21
SE4 0.008 0.521 0.56
SE5 0.025 1.657 0.12
sp 0.100 6.628 0.02
sp*SE1 0.007 0.463 0.62
sp*SE2 0.017 1.148 0.37
sp*SE3 0.083 5.503 0.02

E. laev.-E. mega.

SE1 0.106 1.907 0.13
SE2 0.123 2.216 0.17
SE3 0.389 7.000 0.03
SE4 0.494 8.883 0.01
SE5 0.048 0.872 0.37
SE6 0.003 0.052 0.93
SE7 0.406 7.304 0.01
SE8 0.045 0.813 0.4
sp 5.058 91.004 0.01
sp*SE1 0.091 1.635 0.16
sp*SE2 0.474 8.537 0.02
sp*SE3 0.212 3.811 0.06
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sp*SE4 0.003 0.053 0.89
sp*SE5 0.080 1.435 0.3
sp*SE6 0.006 0.104 0.87
sp*SE7 0.073 1.307 0.27
sp*SE8 0.056 1.005 0.33

E. laev.-E. bifi.

SE1 0.037 0.886 0.36
SE2 0.203 4.812 0.02
SE3 0.068 1.620 0.19
SE4 0.039 0.921 0.33
SE5 0.038 0.903 0.48
SE6 0.956 22.713 0.01
SE7 0.042 0.996 0.28
SE8 0.071 1.691 0.2
sp 7.492 178.040 0.01
sp*SE1 0.113 2.691 0.09
sp*SE2 0.119 2.825 0.06
sp*SE3 0.208 4.950 0.02
sp*SE4 0.120 2.852 0.08
sp*SE5 0.023 0.547 0.52
sp*SE6 0.018 0.433 0.64
sp*SE7 0.031 0.739 0.51
sp*SE8 0.007 0.161 0.84

E. cord.-E. mega.

SE1 0.006 0.248 0.77
SE2 0.995 40.446 0.01
SE3 0.218 8.865 0.01
SE4 0.035 1.411 0.29
SE5 0.069 2.818 0.11
SE6 0.177 7.190 0.01
SE7 0.018 0.725 0.42
SE8 0.007 0.272 0.76
sp 0.032 1.288 0.35
sp*SE1 0.018 0.734 0.46
sp*SE2 0.041 1.683 0.17
sp*SE3 0.005 0.187 0.75

E. cord.-E. bifi.

SE1 0.187 8.982 0.01
SE2 0.120 5.776 0.02
SE3 0.041 1.952 0.16
SE4 0.016 0.789 0.56
SE5 0.088 4.230 0.08
SE6 0.005 0.260 0.75
SE7 0.012 0.597 0.5
sp 0.082 3.960 0.08
sp*SE1 0.024 1.171 0.35
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G

sp*SE2 0.018 0.879 0.45
sp*SE4 0.003 0.158 0.86

E. mega.-E. hypo.

SE1 0.003 0.093 0.92
SE2 0.035 1.073 0.36
sp 0.025 0.746 0.44
sp*SE1 0.005 0.152 0.9
sp*SE2 0.033 0.996 0.32

E. mega-E. tucu.

SE1 0.125 2.370 0.15
SE2 0.117 2.218 0.16
SE3 0.538 10.241 0.01
SE4 0.009 0.175 0.83
SE5 0.008 0.146 0.9
sp 0.069 1.312 0.19
sp*SE1 0.208 3.962 0.02
sp*SE2 0.064 1.227 0.3
sp*SE3 0.267 5.071 0.01
sp*SE4 0.006 0.108 0.87
sp*SE5 0.022 0.419 0.69

E. mega.-E. bifi.

SE1 0.177 11.431 0.01
SE2 0.010 0.635 0.47
SE3 0.004 0.277 0.66
SE4 0.008 0.544 0.53
SE5 0.320 20.680 0.01
SE6 0.051 3.291 0.05
SE7 0.020 1.292 0.27
SE8 0.037 2.377 0.11
SE9 0.037 2.413 0.15
SE10 0.004 0.272 0.72
SE11 0.359 23.169 0.01
SE12 0.087 5.630 0.01
SE13 0.043 2.792 0.12
SE14 0.015 0.988 0.36
SE15 0.304 19.628 0.01
sp 2.803 180.947 0.01
sp*SE1 0.046 2.971 0.04
sp*SE2 0.007 0.461 0.51
sp*SE3 0.011 0.701 0.44
sp*SE4 0.001 0.042 0.94
sp*SE5 0.007 0.452 0.59
sp*SE6 0.019 1.235 0.24
sp*SE7 0.028 1.828 0.13
sp*SE8 0.004 0.251 0.73
sp*SE9 0.024 1.573 0.22
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sp*SE10 0.021 1.384 0.18
sp*SE11 0.041 2.647 0.16
sp*SE12 0.001 0.087 0.85
sp*SE13 0.015 0.960 0.28
sp*SE14 0.012 0.762 0.4

E. mega.-E. fari.

SE1 0.031 1.255 0.24
SE2 0.414 16.518 0.01
SE3 0.195 7.778 0.02
SE4 0.148 5.900 0.01
SE5 0.018 0.733 0.55
SE6 0.002 0.084 0.92
SE7 0.002 0.062 0.91
SE8 0.085 3.410 0.06
sp 3.462 138.108 0.01
sp*SE1 0.024 0.960 0.44
sp*SE2 0.019 0.756 0.38
sp*SE3 0.027 1.071 0.33
sp*SE4 0.021 0.842 0.4
sp*SE5 0.033 1.315 0.29
sp*SE6 0.008 0.332 0.69
sp*SE7 0.029 1.152 0.32
sp*SE8 0.068 2.693 0.11

E. hypo.-E. bifi.

SE1 0.008 0.517 0.53
SE2 0.056 3.705 0.07
SE3 0.066 4.435 0.03
SE4 0.101 6.725 0.01
SE5 0.006 0.416 0.73
sp 0.104 6.919 0.01
sp*SE1 0.005 0.354 0.71
sp*SE2 0.022 1.470 0.21
sp*SE3 0.317 21.125 0.01

E. tucu.-E. bifi.

SE1 0.061 2.266 0.17
SE2 0.196 7.278 0.01
SE3 0.066 2.461 0.13
SE4 0.031 1.165 0.34
SE5 0.034 1.271 0.29
SE6 0.037 1.370 0.25
sp 0.099 3.667 0.02
sp*SE1 0.018 0.654 0.58
sp*SE2 0.298 11.046 0.01
sp*SE3 0.099 3.654 0.05

SE1 1.075 57.260 0.01
SE2 0.585 31.156 0.01
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E. bifi.-E. fari.

SE3 0.264 14.083 0.01
SE4 0.004 0.239 0.72
SE5 0.009 0.463 0.59
SE6 0.948 50.485 0.01
SE7 0.034 1.823 0.24
SE8 0.068 3.598 0.04
SE9 0.187 9.937 0.01
SE10 0.018 0.967 0.34
SE11 0.004 0.211 0.75
sp 3.811 202.979 0.01
sp*SE1 0.074 3.928 0.05
sp*SE2 0.017 0.900 0.3
sp*SE3 0.005 0.279 0.61
sp*SE4 0.052 2.744 0.07
sp*SE5 0.008 0.427 0.51
sp*SE6 0.021 1.105 0.27
sp*SE7 0.058 3.076 0.1
sp*SE8 0.013 0.702 0.42
sp*SE9 0.005 0.247 0.67
sp*SE10 0.013 0.698 0.46
sp*SE11 0.015 0.798 0.41

E. illi.-E. fari.

SE1 0.002 0.079 0.96
sp 0.047 1.580 0.19
sp*SE1 0.033 1.129 0.31

E. laev.-E. fari.

SE1 0.015 0.152 0.89
SE2 0.009 0.093 0.88
SE3 0.190 1.877 0.14
sp 5.608 55.283 0.01
sp*SE1 0.147 1.453 0.26
sp*SE2 0.029 0.283 0.76
sp*SE3 0.008 0.081 0.88

E. cord.-E. fari.

SE1 0.006 0.149 0.93
sp 0.010 0.259 0.7
sp*SE1 0.017 0.441 0.62

E. hypo.-E. fari.

SE1 0.001 0.009 0.98
sp 0.012 0.201 0.72
sp*SE1 0.005 0.081 0.87

E. tucu.-E.fari.

SE1 0.005 0.101 0.95
sp 0.006 0.114 0.85
sp*SE1 0.076 1.448 0.22

E. illii.-E. laev.

SE1 0.028 0.175 0.87
sp 0.092 0.580 0.52
sp*SE1 0.184 1.155 0.37
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E. illi.-E. cord.

SE1 0.003 0.048 0.96
SE2 0.001 0.015 0.96
SE3 0.012 0.189 0.78
sp 0.034 0.541 0.57
sp*SE1 0.166 2.649 0.12
sp*SE2 0.028 0.453 0.62
sp*SE3 0.058 0.932 0.33

E. illi.-E.tucu.

SE1 0.172 2.131 0.14
SE2 0.251 3.105 0.05
SE3 0.115 1.418 0.27
SE4 0.253 3.126 0.06
sp 0.306 3.776 0.03
sp*SE1 0.243 3.003 0.05
sp*SE2 0.100 1.230 0.37
sp*SE3 0.001 0.008 0.99
sp*SE4 0.027 0.338 0.7

E. angu.-E. bifi.

SE1 0.058 1.292 0.3
SE2 0.470 10.406 0.01
SE3 1.049 23.219 0.01
SE4 0.017 0.379 0.59
SE5 0.001 0.014 1
SE6 0.008 0.182 0.88
sp 0.292 6.464 0.02
sp*SE1 0.143 3.155 0.05
sp*SE2 0.012 0.258 0.66
sp*SE3 0.054 1.187 0.28
sp*SE4 0.019 0.428 0.51

pulv.

E. pulv.-E. mill.

SE1 0.001 0.063 0.97
sp 0.002 0.169 0.85
sp*SE1 0.056 4.499 0.02

E. pulv.-E. micr.

SE1 0.001 0.033 0.96
sp 0.071 3.064 0.11
sp*SE1 0.028 1.220 0.32

E. pulv.-E. herr.

SE1 0.037 0.645 0.49
sp 0.127 2.194 0.16
sp*SE1 0.004 0.068 0.88

E. pulv.-E. pend.

SE1 0.003 0.093 0.83
SE2 0.025 0.726 0.5
SE3 0.023 0.690 0.45
sp 0.010 0.288 0.67
sp*SE1 0.048 1.408 0.17
sp*SE2 0.055 1.615 0.24
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