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Abstract

Foliar and floral evolution in geographic context: cryptic evolution in the
mycoheterotrophic Pyrola picta species complex (Ericaceae)
by
Diana Dorothea Jolles
Claremont Graduate University: 2014

The Pyrola picta species complex (Pyroleae: Monotropoideae: Ericaceae)
contains four species that are loosely restricted to the temperate conifer and oak-conifer
forest assemblages of montane western North America. The phylogenetic relationships
and biogeographic histories among these closely related species, and the factors
influencing reproductive isolation are poorly known. With this dissertation, reproductive
isolation among species in the P. picta complex is examined from three different angles.
First, hypotheses concerning the monophyly and morphological identification of a new
species, Pyrola crypta Jolles, are addressed and a taxonomic key to identifying this
species is provided. Second, morphometric and phenological analyses are used to test
whether there is divergent selection (via buzz pollination) for micromorphological
differences in floral morphology among species. Finally, phylogeny and ancestral
character state estimation are used to test whether species in the P. picta complex likely
evolved in sympatry or in allopatry, and whether cladogenetic events in this group were
associated with dispersal into different climates. Several aspects of reproductive isolation

in genus Pyrola and in the P. picta species complex are implied from these studies.
Cryptic species, retaining features of ancestral morphology but genetically divergent, are
likely more common than is currently accounted for in genus Pyrola. Subtle
heterospecific differences in floral morphology are mainly concentrated in anther
characteristics, which may influence how pollen is released during visitation by buzzpollinating Bombus species. Divergent flowering phenologies among species in sympatry
suggest that selection may be reinforcing reproductive isolation. Biogeographic inference
suggests that speciation in the P. picta complex occurred in allopatry following dispersal
from the Sierra Nevada and dispersal from cool, relatively dry climates to increasingly
warm, mesic environments corresponded to cladogenic events. These studies corroborate
the idea that the P. picta species complex is relatively young and that processes such as
dispersal and subsequent geographic isolation during glacial and interglacial cycles may
be responsible for both speciation and present-day hybridization. Findings of these
studies are broadly applicable to species and species complexes associated with the
montane, temperate conifer forest assemblage of western North America.

This work is dedicated to learners, teachers, and lovers.
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Introduction

The Pyrola picta species complex (Pyroleae: Monotropoideae: Ericaceae) of
western North America, also called series Scotophyllae (Nutt.) Zhen W. Liu & H. Peng
(Liu et al. 2010), includes four taxa: P. aphylla Sm., ‘leafless wintergreen’; P. crypta
Jolles, ‘cryptic wintergreen’; P. dentata Sm., ‘toothed wintergreen’; and P. picta Sm.,
‘white-veined wintergreen’. Of these taxa, P. crypta is exceptional in having a smaller
geographic range (nested within the larger ranges of the other species) and leaf
morphology similar to P. picta. The remaining species have similar geographic ranges
within the montane, temperate conifer and oak-conifer forest assemblages and can be
distinguished by leaf morphology. However, the heritability and taxonomic utility of leaf
characteristics for distinguishing among phylogenetic species (sensu Nixon & Wheeler,
1990) has been debated, especially in light of evidence of morphological inter-gradation
among species in sympatric populations (Camp, 1940). This dissertation is an
investigation of reproductive isolation in ser. Scotophyllae, explored from three different,
experimental angles. First, the species status of a new taxon from the Pacific Northwest
Physiographic Province of western North America is investigated. Second, the
relationship between species’ floral differences and reproductive isolation are examined.
Lastly, ancestral phylogeography and phyloecology associated with cladogenesic events
are estimated to better understand whether speciation likely occurred in allopatry or
sympatry.
In the first chapter, the new species, P. crypta Jolles, is described. This species
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shares a similar habitat with other members of ser. Scotophyllae, but differs in that its
geographic range is restricted to the Pacific Northwest Physiographic Province of western
North America. Although the new species is phylogenetically sister to P. dentata, it is
nearly indistinguishable morphologically from P. picta, which poses a challenge to
species diagnosis. Phylogenetic analyses based on genetic markers from the chloroplast
and nuclear genomes show no evidence of recent hybridization between the new species
and any of its close congeners. Additionally, morphometric analyses show that the new
species has larger floral bracts and sepals relative to plants of P. picta, P. dentata, and P.
aphylla from the same geographic region. In this chapter, justification for recognizing a
new species, P. crypta, is provided and the importance of recognizing cryptic species is
briefly discussed.
In the second chapter, I test the hypothesis that species in ser. Scotophyllae may
be distinguished on the basis of floral characters and differences in flowering phenology.
These species grow sympatrically in some parts of their collective ranges, have
remarkably similar flowers and share pollinators (Haber, 1987; Jolles, personal
observation). Despite the appearance of compatibility, they do not exhibit the genetic
signatures typical of random or heterospecific mating (Jolles & Wolfe, 2012; Jolles &
Wilson, 2014). Instead, they show genetic divergence patterns indicating that they
maintain surprising levels of reproductive isolation. To better understand how species
boundaries are maintained, statistical ordination analyses are used in the second chapter
to determine whether species isolation across shared geographic ranges might be
achieved through subtle differences in floral characters among species. The possible
contribution of differences in flowering phenology (e.g., temporal reproductive isolation)
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to reproductive isolation is also evaluated for the small subset of populations in which
two or more species occur in direct sympatry. Among species in ser. Scotophyllae, there
are both phylogenetic and geographic trends in some floral characteristics, while other
characters do not covary with either geography or species identity. In several sympatric
populations, differences in flowering phenology among species suggest that timing plays
a major role in non-random (i.e., mainly conspecific) mating. The conclusions of this
study are that reproductive isolation in ser. Scotophyllae is reinforced by differences in
the timing of floral maturation and the morphologies of androecium and floral display
characters.
As mentioned earlier, species in the Pyrola picta complex (ser. Scotophyllae) of
western North America have broadly overlapping ranges along montane corridors from
Canada to Mexico and can often be found in close sympatry. In the third chapter of this
dissertation, ancestral geography and climate are estimated for these species in order to
better understand the environmental conditions under which they evolved. I also
attempted to determine whether failure to evolve strong reproductive barriers, evident
from low-level hybridization in sympatric populations, can be explained by a model of
allopatric speciation followed by secondary contact.
DNA data for nuclear and plastid loci from 278 specimens were used to estimate
phylogenies for ser. Scotophyllae, using the submersion of Beringia ~5.4 Mya and a
secondary calibration point to provide a historical context for range shifts. Specimens
were categorized by geographic and climatic affinity to use in ancestral state/area
estimation under multiple dispersal and vicariance models in a comparative, likelihood
framework. With few exceptions, species in the P. picta complex have largely
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overlapping, present-day climatic niches distinguished only by subtle differences in mean
temperature and precipitation. Based on current phylogenetic, geographic, and ecological
data, it appears that ser. Scotophyllae originated in the Sierra Nevada of California and
that subsequent speciation was associated with dispersal to different geographic locations
and ecological settings within the present-day, collective range. Speciation in ser.
Scotophyllae may be the result of spatial isolation that occurred during the many
Pleistocene glacial and interglacial cycles that modified the landscape and forest habitats
of western North America. The present-day distribution of ser. Scotophyllae, wherein
multiple species may be found in sympatry, is likely the result of secondary contact
caused by climatic shifts and subsequent range expansion. This study highlights the
importance of specimen annotation for large datasets used for studies of species ranges
characteristics.
These studies corroborate the idea that series Scotophyllae is a relatively young
species complex and that processes such as dispersal and subsequent geographic isolation
during glacial and interglacial cycles may be responsible for both speciation and presentday hybridization. Subtle differences among species in floral morphologies and
phenologies suggest that there is selection for species divergence, perhaps because of low
hybrid fitness. Findings of these studies are broadly applicable to species and species
complexes associated with the montane, temperate conifer forest assemblage of western
North America.
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1.
Pyrola crypta: a Pacific Northwest species belonging to the P. picta species
complex

INTRODUCTION

The P. picta species complex is exclusively western North American, ranging
from the Bella Coola Valley in coastal British Columbia to the Sierra San Pedro Mártir in
Baja California, Mexico. This group of closely related species was first described by
Smith (1814) from collections of P. picta, P. dentata, and P. aphylla made by Menzies in
southern British Columbia (Newcombe & Forsyth, 1923) and was later formally
recognized as section Scotophylla (K!ísa, 1971). Taxonomists could agree that section
Scotophylla contains the three taxa described by Smith (K!ísa, 1971; Copeland, 1947),
but they debated whether these taxa were reproductively isolated and should be
considered species. Pyrola aphylla and P. dentata have since been treated as subspecies
or forms of a single species, P. picta, based on wide intraspecific ranges in leaf
morphology, relatively minute interspecific differences in floral morphology, and the
observation that all three species grow sympatrically in some parts of their collective
geographic range (Camp, 1940; Copeland, 1947; Haber, 1987). Each taxon, however, can
be identified in the field and in herbarium collections based on leaf size, shape, and
coloration (Fig. 1). Using genetic markers, Jolles & Wolfe (2012) determined that P.
picta, P. dentata, and P. aphylla are discrete species that undergo recurrent but infrequent
hybridization in sympatry.
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An unexpected discovery (Jolles, 2007; Jolles & Wolfe, 2012) was the existence
of a cryptic taxon (i.e., a monophyletic taxon in which genetic divergence is apparently
not accompanied by morphological divergence) possessing the morphology of P. picta,
which was referred to by these authors as P. picta*. This cryptic taxon was collected in
2005 from four localities, two on the Olympic Peninsula of Washington and two areas
near Crater Lake National Park in Oregon. The new taxon appeared to have no
morphological dissimilarities from P. picta and was supported (by statistical bootstrap
assessment) as sister to P. dentata by analyses of both of ITS (nucleotide substitutions
and indels) and AFLP (presence/absence of restriction sites) data. Voucher specimens of
the new taxon had been collected when the plants were still in the bud stage. Plants of
close congeners collected at the same time were more mature, suggesting that the new
taxon might be reproductively isolated temporally from other species. Plants of the new
taxon, P. picta*, could (1) be the result of hybridization between P. picta and P. dentata
or (2) represent a cryptic species possessing a morphology that is either pleisiomorphic
for section Scotophylla or that evolved in parallel with P. picta (Jolles & Wolfe, 2012).
Jolles (2007) proposed that the new taxon might represent a glacial relict, a descendant
from lineages that survived in refugia during the last glacial maximum and that speciated
in allopatry.
To estimate the geographic range and test the species status of the new taxon, P.
picta*, additional specimens were collected from the Pacific Northwest. These were
compared with P. picta, P. aphylla, and P. dentata collected from the same region using
DNA sequencing, morphological comparisons, and limited information on flowering
phenologies. The species status of P. picta* is discussed and future directions for learning
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more about this cryptic taxon are suggested.

METHODS

SPECIMEN COLLECTION. — In 2005, plants representing P. picta, P. dentata, and
P. aphylla were collected from across the ranges of these species in western North
America for morphometric and phylogenetic analyses. Phylogenetic analyses of these
samples revealed a genetically distinct clade composed of plants from the Cascade
Mountains of Oregon surrounding Crater Lake and on the Olympic Peninsula of
Washington that resembled P. picta. In June and July 2012, collections of plants
morphologically resembling P. picta were made in the suspected range of the cryptic
taxon, which included localities in the Cascade Mountains and Coastal Mountains in
southern Oregon and northern California. Leaf and flower tissues were collected and
preserved individually in airtight, resealable plastic bags of silica. Voucher specimens
were collected at each population for each morphotype present. The 2005 and 2012
collections were augmented with specimens from the Humboldt State University (HSC)
and Oregon State University (OSC) herbaria. These collections were used for
morphological and phonological studies and sampled for analyses of DNA (Appendix 1).
We sampled P. picta (n = 16), P. dentata (n = 10), and P. aphylla (n = 13) that were all
collected from within the same range as the new taxon, P. picta* (n = 16), to test for
genetic differentiation. Sequences of two additional Pyrola species, one Chimaphila
species, Orthilia secunda, and Enkianthus campanulata (Appendix 1) were used for
outgroup comparison in phylogenetic analyses. The regional phylogeny (Fig. 2) was
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compared with a more comprehensive phylogeny to see whether phylogenetic estimates
of species relationships based on samples from the Pacific Northwest Physiographic
Province (a small subset of the total range of the complex) are topologically similar to
those based on samples from across the species range.
PHYLOGENETIC ANALYSES. — Genomic DNA extraction, PCR amplification, cycle
sequencing, and genetic analysis via capillary electrophoresis were all conducted
according to basic methods (available from first author) at Rancho Santa Ana Botanic
Garden. Universal primers were used for nr ITS and plastid petL-psbE and rpl32-trnL
PCR amplifications (White et al., 1990; Shaw et al., 2007). Sequences were carefully
proofread for ambiguous base calls and low-quality sequence reads to determine whether
cloning should be conducted. Special attention was given to nrITS, a region that is known
to be multi-copy but is also thought to undergo rapid concerted evolution (Baldwin et al.,
1995) and has been used successfully in other Ericaceae phylogeny estimates
(Freudenstein, 1999; Kron et al., 2002; Brown et al., 2006; and others). Cloning was not
conducted for any of the nrITS samples because all electropherograms exhibited clear
signal, a single base at each position, and uniformity among sequences derived from the a
single population.
Sequences were edited, assembled, and aligned for each locus in Geneious 6.0.6
(Biomatters Ltd., Aukland, New Zealand) using MAFFT version 7.017 (Katoh et al.,
2002) for the latter step. Alignments of ITS, psbE-petL, and rpl32-trnL sequences from
the 63 individuals (58 ingroup samples representing four species and 5 outgroup samples)
resulted in three matrices. Indels were omitted for Maximum Parsimony (MP) analyses,
but were retained for Maximum Likelihood (ML) and Bayesian Inference (BI). The latter
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two analyses infer character states for indels by summing over all possible states at that
position rather than being treated as a fifth state.
Models of evolution for the three loci were estimated from each nucleotide
alignment independently and for two concatenated data sets (e.g., nuclear and combined
plastid) using modelTest in the PHANGORN package (Schleip, 2011) version 1.7-4
(Schleip & Paradis, 2013) in the R Statistics environment. The Akaike Information
Criterion (AIC; Akaike et al., 1974) was used to choose among ranked likelihood scores
for 88 base frequency and substitution rate models. The K80+G model of evolution best
fit the nuclear ribosomal ITS (763 bp) data, whereas the GTR+G model was estimated for
both plastid petL-psbE (1318 bp) and rpl32-trnL (1037 bp) datasets. Parameters
(including model-optimized topologies) estimated in modelTest were used as a starting
place for Maximum Likelihood (ML; PHANGORN), Bayesian inference (BI; MrBayes
version 3.2, Ronquist et al., 2012), and Sankoff parsimony (MP; PHANGORN)
methodologies.
ML analyses of the nuclear and plastid partitions were conducted, first using the
pml function to check the likelihood of the optimized modelTest topology given the
original alignment, then using optim.pml to optimize model parameters (i.e., base
frequencies, substitution rates, proportion of invariable sites, number of discrete gamma
distribution intervals, and gamma distribution shape) on the pml tree estimate.
Nonparametric bootstrap replicates (n = 1000) were conducted using the bootstrap.pml
and a single ML tree with bootstrap support (BS) for clades was generated with the
plotBS function for each partition.
Bayesian MCMC analyses were conducted using fixed rate matrix and gamma
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shape priors based on modelTest estimates for the nuclear and plastid partitions, and
5,000,000 generations sampled every 10,000 generations. Tracer version 1.4 (Rambaut &
Drummond, 2007) was used for post hoc evaluation of parameter estimates (e.g., for
sufficient mixing and high effective sample size statistics). Support for clades recovered
through Bayesian inference are reported as posterior probabilities (PP).
Sankoff parsimony analyses were conducted using the parsimony ratchet (Nixon,
1999) implemented in the PHANGORN package with nearest neighbor interchange
rearrangements, weights based on the transition matrix estimated in modelTest, the
starting trees estimated with modelTest and 1000 ratchet iterations. Bootstrap resampling
was conducted using the bootstrap.phyDat function with 1000 replicates and clade
support is reported as parsimony bootstrap (PBS) values. All topologies and branch
lengths were visualized and contrasted in FigTree v.1.4 (Rambaut, 2012).
Phylogeny estimates of nuclear and plastid datasets all indicated that a group of
ten samples (Fig. 2, Appendix 1), containing the new taxon, P. dentata, P. aphylla, and P.
picta individuals, were responsible for discordance between plastid and nuclear
phylogenies. Nuclear and plastid trees estimated under the MP, ML, or BI criteria were
nearly identical to the arrangement of taxa when weakly supported nodes (e.g., PP < 0.90,
BS < 0.80, PBS < 0.75) were collapsed. Therefore, nuclear and plastid BI consensus trees
containing only well supported clades (! 0.90) were used to compute an optimized
tanglegram (Scornavacca et al., 2011) in Dendroscope version 3.2.10 (Huson &
Scornavacca, 2012). The tanglegram was consequently used to represent the best
phylogenetic estimate, showing two well-supported gene histories in the Pacific
Northwest P. picta species complex.
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RESULTS

MORPHOLOGY. — Thirteen floral characters and three foliar characters (Fig. 3)
were measured for 53 herbarium specimens with mature flowers and leaves, a subset of
the samples used in the phylogenetic analyses (Appendix 1). Floral measurements
included anther length, anther pore diameter, distance between filament attachment point
and ventral rim of pore, distance between filament attachment point and the dorsal rim of
the pore, style length, style curvature, stigma width, petal length and width, sepal length
and width, floral bract length, and pedicel length. Foliar measurements included leaf
lamina length and width, and petiole length. The characters chosen for this study
represent a subset of approximately 25 characters examined for potential variation and
were selected for reproducibility of the measurements and consistency of the character
within an individual plant. Measurements were made exclusively from herbarium
voucher specimens using (1) flower or bud structures that appeared to have reached full
size by the time the collection was made and (2) the most mature leaves in each rosette. A
single, mean value for each morphological character was obtained for each specimen to
avoid pseudoreplication. One-way analysis of variance (ANOVA) tests were conducted
in R STATS package version 3.0.0 for all morphological characters in order to determine
which characters, if any, are useful to distinguish the new taxon from P. picta, P. dentata,
and P. aphylla. Boxplots were used to compare distributions of measurements for each
character and species, and to identify outliers. Each morphological character was checked
for normality and outliers were removed prior to ANOVA tests. Because three pairwise
comparisons were made for each character (i.e., P. picta* ! P. picta, P. picta* x P.
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dentata, and P. picta* x P. aphylla), possible type I error due to resampling was
accounted for by reducing the acceptable P-value for F-statistics from ! 0.05 to ! 0.02.
Here we report P-values for statistically significant differences (P ! 0.02).
PHENOLOGY. — Two herbaria (HSC and OS) were also searched for specimens of
P. picta, P. aphylla, or P. dentata that were collected at the same time and location as the
specimens of P. picta* used for morphological and genetic analyses in this study.
Specimens in all stages of flowering (i.e., vegetative ramets were excluded) were
compared by calculating the mean number of flowers per inflorescence in each of seven
developmental stages, from flower bud to fruit, for plants of each species at each of six
locations in Washington, Oregon, and California. Species means for flowering stages
were used to determine whether differences in flowering times observed in 2005 among
central Oregon plants of the new taxon and other species in the P. picta complex were
consistent with collections from other parts of the range of the new taxon.
PHYLOGENY. — Phylogenetic analyses of ITS by the three analytical methods
strongly support a monophyletic P. picta species complex (BS = 1.0, PP = 1.0, PBS =
1.0) and indicate that the new taxon, P. picta*, is distinct (BS = 1.0, PP = 1.0, PBS = 1.0)
within the P. picta complex (Fig. 2). All other species are strongly supported, including
P. dentata (BS = 1.0, PP = 1.0, PBS = 0.99), P. aphylla (BS = 1.0, PP = 1.0, PBS = 1.0),
and P. picta (BS = 0.89, PP = 0.90, PBS = 0.95). The ML analysis (not shown) supports
two clades within the P. picta species complex, one supporting P. picta* as sister to P.
dentata (BS = 0.81) and the other supporting P. aphylla and P. picta as sister (BS =
0.97).
The plastids of P. picta* and the other species in the P. picta complex are not
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monophyletic (Fig. 2). Rather, a set of ten individuals in the plastid phylogeny, three
putative P. picta* samples and the others belonging to P. dentata (n=5) and P. picta
(n=2), fall at the base of the clade containing P. aphylla individuals (BS = 0.90, PP =
0.99, PBS = 0.85). The remaining 13 P. picta* individuals form a clade (BS = 1.0, PP =
1.0, PBS = 0.77) sister to a clade containing 7/12 of the P. dentata individuals (BS = 1.0,
PP = 1.0, PBS = 0.81). The sister relationship between the reduced P. picta* and P.
dentata clades is well supported (BS = 1.0, PP = 0.97, PBS = 0.77), as is a clade
containing 11/13 of the P. picta individuals (BS = 0.98, PP = 1.0, PBS = 0.83). When
analyses are conducted on datasets in which the samples causing incongruence are
removed, the nuclear and plastid phylogenies are identical with respect to the
arrangement of samples and taxa. Comparison of plastid and nuclear trees showing only
clades supported by high PP (Fig. 2) suggest that the ten individuals causing discordance
represent lineages predating speciation in the P. picta complex. These lineages may have
been fixed for plastid alleles in populations previous to the marked differentiation
observed in the nuclear gene tree and in the morphology of each species. Genetic drift
mediated by both small effective population sizes and geographic isolation between
interglacial periods could easily be responsible for this pattern in the plastid phylogeny,
given the small population sizes observed for this group today and what we know about
the history of glaciation in western North America.
GEOGRAPHIC DISTRIBUTION. — Plants of the new species were collected initially
by the first author from two disjunct locations, the Olympic Peninsula in Washington
(Fig. 2, samples 1, 3) and the Crater Lake area in Oregon (Fig. 2, samples 22, 23, 24). In
subsequent collection trips, the range of the new taxon was expanded to include the
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Cascade Mountains and adjacent mountain areas. Plants of the new species accounted for
far less than 50 percent of P. picta-like plants collected, suggesting that the new species
is not as common as P. picta. Alternatively, the species may be more common in a part of
its range that is yet to be explored.
MORPHOLOGY. — Comparisons of means and variation of morphological
characters indicate that the new species differs from all other species in the P. picta
complex. Of the thirteen floral characters measured, five differed significantly (i.e., P !
0.02) between the new species and one or more of the other species (Fig. 3). Anther pore
diameter is smaller in the new species than it is P. aphylla (P = 0.036) and P. dentata (P
= 0.011). The distance between the filament attachment point on each anther theca and
the lower edge of the anther pore influences the angle at which pollen is ejected from the
anther and is truncated in the new species compared with P. dentata (P = 0.048, data not
shown). Style length differed significantly between P. dentata and the new species (P =
0.021). Sepal length in the new species is significantly greater than any other species (P <
0.01). Floral bract length is significantly greater in the new species compared to P. picta
(P = 0.013) and P. dentata (P ! 0.001). With respect to leaf dimensions, the new species
is, not surprisingly, significantly larger than P. aphylla in lamina length and width (P !
0.001). While petiole length and lamina length are not significantly different among the
three species that possess fully expanded leaves, lamina width exhibits a trend toward
narrower in P. dentata in comparison with the new species (P = 0.082). In summary, the
new species is most similar to P. picta in having short anthers and petals, and leaves that
are similar in coloration, shape, and size. In contrast, the new species differs from P.
dentata in most traits assessed and has long floral bracts like P. aphylla.
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PHENOLOGY. — Of the six locations included in this study, three had species that
were collected within ! 20 km of each other and three included species collected within
50 to 150 km of each other. The critical stage for reproductive isolation is stage 6 (Fig. 4)
when the flowers are completely open and the anthers are available for buzz pollination
by bees. For collections of plants within 20 km of each other, there is a marked difference
in flowering phenologies among species (Fig. 4), indicating that the new species flowers
later in the season than either P. picta or P. aphylla. In one comparison (14 July 1977),
the new species and P. aphylla both have flowers in stage 6, but plants of P. aphylla were
also in fruit at the time of collection, suggesting limited gene flow between the two
species. The pattern of temporal separation among species is not reflected in collections
of plants from " 50 km from each other (data not shown), where proximity to the ocean
or differences in elevation and aspect likely influence differences in flowering times. In
contrast, two of the locations within 20 km of each other (Fig. 4) were actually sympatric.
Collections at the third location were separated by 20 km, approximately 670 m
elevation, and were growing in slightly different forest types (mixed evergreen versus
predominantly white fir) and levels of exposure.

DISCUSSION

The major contribution of this study is the description of a new species, P. crypta
(Fig. 5), which is restricted to the Pacific Northwest and, despite its resemblance to P.
picta, can be identified by molecular synapomorphies and a suite of morphological
characters. Initially, we thought that the new species represented a cryptic species,
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genetically unique yet morphologically convergent with P. picta. Genetic divergence of
the new species from other species in the P. picta complex provided the impetus for
conducting a more detailed comparative morphological study, which ultimately changed
our concept of the ranges, means and modes of floral character variation for both P. picta
and P. crypta. Additionally, preliminary observations suggest that P. crypta flowers later
than other species in the P. picta complex growing in the same geographic area, which
likely explains why it has remained genetically isolated from these species.
Extreme phenotypic variation in the P. picta species complex, especially with
regard to the leaf characteristics, has provoked discussion among botanists for more than
100 years. This wide range of variation within and among species caused previous
workers (Camp, 1940; Haber, 1987) to conclude that the P. picta species complex
represented a single, very polymorphic species, but more recent genetic work (Jolles &
Wolfe, 2012) highlights the misleading effects of inter-grading polymorphism, revealing
multiple, discrete phylogenetic species rather than one. Pyrola crypta does not exhibit the
range of phenotypic variability that is so confusing in P. picta, P. dentata, and P. aphylla
across the large ranges of these species. Despite the general habitat associations shared by
species of the P. picta complex, climatic heterogeneity across the relatively large ranges
of P. picta, P. aphylla, and P. dentata increases the range in phenotypic variation
exhibited by these species. Pyrola crypta is restricted to the west side of the Cascade
Mountains and extends to the Klamath region of Northern California, all areas that
experience relatively low seasonal and daily fluctuations in temperature and precipitation
due to proximity to the ocean. The morphological similarity of P. crypta and P. picta may
be explained by the retention of an ancestral morphology or parallel evolution, but it is
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not possible to determine if either of these hypotheses is more likely given our lack of
understanding about sister relationships and the timing of genetic divergence in the P.
picta complex.
Estimates of species relationships based on ITS suggest that relationships among
P. picta*, P. picta, P. aphylla and P. dentata are best represented as unresolved. At this
locus, P. picta, P. dentata, and P. aphylla are all strongly supported as distinct from P.
picta* regardless of geographic proximity. Based on incongruence between the nuclear
and plastid phylogeny estimates, approximately 6% of the individuals sampled appear to
represent either (1) putative hybrids between P. aphylla and one of three other species or
(2) individuals for which gene coalescence at the plastid locus is very deep relative to the
nuclear locus, resulting in incomplete lineage sorting. Range-wide phylogeny estimates
(Jolles & Wolfe, 2012; Jolles, unpublished data) resolve P. crytpofolia, P. picta, P.
dentata, and P. aphylla as distinct clades with higher support under ML and MP
estimates compared to the regional phylogeny presented here (Fig. 2), but sampling
across the range of the species complex does not resolve sister relationships (Jolles,
unpublished).
Pyrola crypta is supported as monophyletic by several nucleotide substitutions in
nuclear ribosomal ITS and plastid petL-psbE and rpl32-trnL. The plastid haplotypes most
closely related to P. aphylla are likely the result of allelic fixation at the population level
predating the divergence of species included in this study. The plastid genome evolves
more slowly overall than the nuclear genome (Palmer, 1985), but is fixed more rapidly in
populations, especially when uniparentally inherited. The ten individuals causing
discordance simply do not possess the shared, derived plastid polymorphisms supporting
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divergent species in the P. picta complex. Small effective population sizes and
geographic isolation have likely caused some haplotypes, like the ones possessed by the
ten discordant taxa, to become fixed at the population level prior to speciation. Given the
short style length in this species, pollen tube length incompatibility is a possible factor
limiting hybridization. Differences in flowering phenology (Fig. 4) may also limit or
prevent hybridization. In a previous study (Jolles & Wolfe, 2012), P. crypta and P.
dentata were sister when ITS data were used and when AFLP data were used P. picta and
P. dentata formed distinct clusters sister to P. crypta. Given the fact that P. crypta
possesses some characters that are intermediate to P. picta and P. dentata (discussed
below), we examined nucleotide sequences to determine whether any evidence supported
a hybrid origin of the new species. We found that the new species does not share
informative characters with either putative parental species. Based on this evidence, we
suggest that gene flow between P. picta and P. dentata followed by reproductive
isolation is not a likely origin of this new species. It is not possible to exclude ancestral
polymorphism or parallel evolution as hypothetical causes of convergent morphology in
P. picta and P. crypta. If retention of ancestral polymorphism is evoked to explain the
convergence in morphology, then the ancestor to P. crypta and P. dentata would likely
possess the morphology of P. crypta, as would have the ancestor to the lineage containing
P. picta, P. dentata, and P. crypta.
Pyrola crypta is similar to P. picta in several respects, suggesting that they may
be closely related or that their commonalities represent plesiomorphic character states.
Plants of these two species have similar but not identical leaf laminae coloration and
shape. Both have wide lamina and plants of P. dentata in the Pacific Northwest region
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typically have narrower, oblong to oblanceolate leaves. Pyrola crypta plants do not differ
from P. picta or P. dentata in lamina or petiole length, but are significantly different from
P. dentata in lamina width. Close examination of individual specimens reveals that P.
crypta has relatively long petioles, consistently long laminae that are broadly attenuate to
the petiole, and possess a somewhat wavy leaf margin, a character that was not included
in the morphometric analysis. Aside from the striking differences in lamina coloration
(dark green with white veins) and greater width, P. crypta resembles P. dentata in other
leaf characters (Fig. 1, 3). Overall, morphometric study indicates that P. crypta is similar
to P. picta, P. dentata, and P. aphylla, but can be distinguished from each of these
species using a modest number of characters. The single character of sepal length, which
ranges from 2–4 mm in mature flowers for P. crypta and 1–2 mm in each of the other
species (Fig. 3), distinguishes the new species from close congeners within its geographic
range in the Pacific Northwest. The bract subtending each flower is generally longer in P.
crypta than it is in either P. picta (Fig. 3) or P. dentata. Because P. aphylla is so easily
distinguished by its rudimentary leaves, similarity between P. aphylla and P. crypta in
floral bract length should not confuse field botanists.
Pyrola crypta is endemic to the Pacific slope of western North America and has
been collected from the Cascade Mountains of Oregon and California, the north coast of
California including both the Klamath region and the Coastal Mountains, and the
Olympic Peninsula, Washington. In these areas, the plants grow in coniferous forests,
dominated by various species of Abies, Tsuga, Picea, Thuja, or Pinus, between
approximately 700 meters in elevation near the coast to 2500 meters inland. At higher
elevations Abies lasiocarpa dominates the forest canopy while conifer species
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composition varies by site at lower elevations. Pyrola crypta sometimes grows in
sympatry with other members of the P. picta species complex, but in sympatry this
species flowers later in the summer relative to the others. Based on information from
herbarium specimens of P. crypta collected over the past 30 years, plants are in full
flower from late June to mid-July near the coast, at low elevation, or in the southern part
of its range in California. At higher elevation, higher latitude, and further inland in the
Cascades of Oregon flowering times are approximately one month later.
In 2007, Jolles tentatively proposed that P. crypta (referred to as P. picta* at the
time) might represent a glacial relict, a lineage of Pyrola that became isolated, persisted,
and underwent allopatric speciation in unglaciated areas of the Cascade Mountains during
the last glacial maximum. This conjecture was based on three observations; first, the
species was presumed to be uncommon because, among plants collected in 2005 with the
P. picta morphotype, genetic analyses revealed that 13% were P. crypta. Second,
collections of the new species were from two widely disjunct locations in the Cascades,
which could be explained by long-distance dispersal (possibly anthropogenic) or by
glacial refugia. Locations of glacial refugia along the Pacific Northwest coast (Fig. 6)
have been proposed (Waitt & Thorson, 1983) and several plant species associated with
temperate coniferous forests exhibit patterns of having survived in glacial refugia and
subsequently dispersed throughout the Cascade Mountains (Soltis et al., 1997). The
Crater Lake area (approximately 43ºN, 122ºN) is not typically thought to have been a
glacial refugium because it is distant from the coast, but collections of P. crypta over a
larger range connecting the two initial sites now suggest that the species dispersed inland.
The third observation was that, when forced to be sister with P. picta in a network
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analysis framework, the Pacific Northwest P. crypta were most closely related to extant
P. picta collected from the southern Rocky Mountains.
The relationship between P. crypta and P. picta from the southern Rockies
(Jolles, 2007), albeit forced in hindsight, was intriguing because of the possibility that
patterns of glaciation may be evoked to explain genetic divergence between these
species. During southward glacial extension (a cooling period) in western North America
during the Pleistocene, some populations of the ancestors to the P. picta species complex
may have become isolated in Pacific Northwest glacial refugia while others survived
beyond the glacial front as far south as the southern Rocky Mountains. During
interglacial periods, re-establishment of suitable habitat from Colorado to Canada would
have allowed northward dispersal of Pyrola lineages in the Rocky Mountains while some
relict populations survived at higher elevations in the south. Long periods of isolation
would have promoted allopatric speciation and the relative isolation of southern relict
populations in the Rocky Mountains may have preserved genetic traces of relatedness
between P. crypta and P. picta in the southern Rocky Mountains. We propose that P.
crypta represents a species that became reproductively isolated, diverged in allopatry
during glaciation, and subsequently dispersed throughout the Cascade and Coastal
Mountains of Washington, Oregon, and California. Rapid dispersal of this species along
mountain conduits throughout the Pacific Northwest was likely made possible by the
presence of suitable habitat created by the widespread temperate coniferous forest
assemblage, which recolonized mountain ranges after each glacial period. The obvious
absence of P. crypta in the northern Rocky Mountains indicates that dispersal of this
species is recent and that a significant barrier to dispersal exists between the Cascade and
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Rocky Mountains. If P. crypta shares the same climatic envelope (Phillips et al., 2004)
with close congeners, then we may infer that factors other than the current climate (e.g.,
biological interactions, genetic drift) constrain the geographic range of P. crypta. A
greater number of P. crypta collections from the margins of its current range and beyond
could provide more information with which to resolve questions about range limitations.
In conclusion, the new species is a distinct member of the P. picta species
complex, a clade containing P. picta, P. aphylla and P. dentata, under the phylogenetic
species concept (Hennig, 1965). Pyrola crypta differs in sepal length, flowering
phenology, and by several informative genetic characters that are unique to the species.
There have been exhaustive arguments for and against the taxonomic recognition of
cryptic species (Meier, 2008; Kadereit et al., 2012), each having the goal of associating a
value or practical use to the cryptic species. The proposal to recognize P. crypta has its
roots firmly in recognizing biodiversity for the express purpose of understanding the
evolution of diversity in Pyrola and in Angiosperms as a whole. Modern conservation
and management practices stress the importance of sustaining genetic diversity both in
terms of species richness and infraspecific genetic richness. Recognition of P. crypta will
facilitate identification of the genetic diversity represented in the P. picta species
complex.
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Key to the P. picta species complex within the Pacific Northwest Physiographic
Province. Because P. crypta is restricted to the Pacific Northwest, our key is meant to
help workers distinguish among members of the P. picta species complex exclusively
within that region.

1. Basal rosette of narrow leaves < 1 cm wide and < 1.5 cm long, lacking petioles and
rarely photosynthetic, often hidden beneath surrounding leaf litter … P. aphylla
1. Basal rosette of leaves at least 1 cm wide and > 1.5 cm long, petiolate, photosynthetic,
lamina not hidden beneath surrounding litter … 2
2. Leaves light green to bluish, lacking white mottling along veins, glaucous leaf
surfaces; leaf shape oblong to oblanceolate to (less commonly) small and orbicular
… P. dentata
2. Leaves dark green with white mottling along primary and secondary veins, not bluish
or obviously glaucous on leaf surfaces; leaf shape oblong to obovate … 3
3. Sepals > 2 mm, floral bracts typically > 4 mm, leaf petioles 1.7–2.8 cm long
… P. crypta
3. Sepals ! 2mm, floral bracts typically < 4mm, leaf petioles 1.5–2 cm long … P. picta

SPECIES DESCRIPTION

Pyrola crypta Jolles, sp. nov. Holotype: U.S.A. California: Siskiyou County, Klamath
National Forest, Marble Mountains in the vicinity of 41.4104ºN, 123.2222ºW, 2156 m
elev. D. D. Jolles 598, 18 July 2013 [RSA-POM; Isotypes: HSC, JEPS, WTU].
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Etymology: The specific epithet means “cryptic” and refers to the fact that leaf
morphology of P. crypta is indistinguishable from P. picta. Differences in leaf
morphology have traditionally been used to distinguish among species in the P. picta
species complex, but P. crypta is instead recognized most readily by calyx and bract
traits.

Diagnosis: Plants similar in form to Pyrola picta Sm., differing principally in a later
flowering time, greater sepal length, and greater floral bract length.
Plants rhizomatous, forming rosettes of dark green, white-mottled leaves
subtending one or more inflorescences. Basal rosettes commonly comprised of two kinds
of leaves: fully expanded leaves with broad, elliptic to obovate laminae, typically 1/2 to
2/3 as wide as long (2.9–4.9 ! 1.9–2.7 cm wide), long petioles (1.7–3.9 cm), and one to
many small, scale-like leaves between expanded leaves. Peduncles 7–14 cm long at
anthesis; inflorescences 4–5 cm long, with 7–16 flowers. Pedicels 3.8–7.9 mm, curved so
that flowers are pendant. Floral bracts 3.1–5.0 mm in length and equal (or nearly so) in
width above base. Flowers 5-merous; sepals slightly recurved at tips, 2.3–4.0 mm long,
1.4–1.9 mm wide at base; petals 5.3–6.5 mm long, 2.9–4.7 mm wide; stamens 10, anthers
2.5–3.2 mm long; style ca. 5.0–7.1 mm long, nearly straight or slightly curved, stigma
relatively small (0.70–0.85 mm wide). Fruit a 5-valved capsule, dehiscent, loculicidal and
incomplete, valves held together by “cobwebby” fibers. Seeds 0.5–1.0 mm, 3-4! longer
than wide, winged.
Pyrola crypta is also distinguished from P. picta, P. dentata, and P. aphylla by
synapomorphic transitions at positions 463 (G-A) and 469 (A-G) in ITS, a transition at
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position 837 (C-T) and a transversion at position 1085 (A-T) in petL-psbE, and a
transition at position 559 (A-C) in rpl32-trnL.

Representative specimens: California (Del Norte County): Reinhardt B. 244 (HSC),
Blue Cr.-Eight Mile Cr. study area, Forks of Blue trail, 1-2 miles from jeep road near
Flint Valley, Six Rivers National Forest; California (Humboldt County): Clifton G.L.
10741 (HSC), Near Red Cap Lake, Salmon Mt. quadrangle, close to Forks of Salmon;
California (Mendocino County): Smith J.P. 9404 (HSC), Spruce Grove campground,
6000 ft., Mendocino National Forest; California (Siskiyou County): Barbe D. 269
(RSA), Northwest slope of Scott Mt. near dry ditch at 6000 ft., Klamath Mts.; Jolles,
D.D. 598 (RSA), SE side of Hancock Lake, 1942 m. elev., Marble Mt. Wilderness;
Jolles, D.D. 599 (RSA), Along path from Tom’s Cabin to Hancock Lake, 2156 m. elev.,
Marble Mt. Wilderness; Muth G. 198 (RSA), Marble Valley and along upper trails,
Marble Mts.; Oettinger F.W. 48 (RSA), Salmon Mts.; Oettinger F.W. 330 (RSA), Along
trail from the Tom’s Lake Basin to Diamond Lake, 6650 ft., Marble Mt. Wilderness;
Oettinger F.W. 439 (RSA), North of Tobacco Lake, 6200 ft., Marble Mt. Wilderness;
California (Trinity County): Nelson T. 1689 (HSC), Black Lassic area, 5900 ft., T1S,
R6E, sec. 31; Oregon (Douglas County): NE-facing slope on Forest road 2154
overlooking Warm Springs Cr., 1779 m. elev., Willamette National Forest; Oregon
(Klamath County): Jolles D.D. 89 (OS), Crater Lake East Rim Drive, 2044 m. elev.,
Crater Lake National Park; Jolles D.D. 90 (OS), east of Sphagnum Bog, 1667 m., Crater
Lake National Park; Washington (Clallam County): Jolles D.D. 10 (OS), Forest road
3067 to ridge around Snider Peak, 678 m. elev., Olympic National Forest; Jolles D.D. 14
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(OS), South-facing side of Spencer’s Ridge, accessed from Forest road 3040 from Rt.
101, 993 m., Olympic National Forest.
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Figure 1. Pyrola picta Sm., P. crypta (described here), P. dentata Sm., and P. aphylla Sm. are shown alongside
schematic of the phylogenetic hypothesis put forward by Jolles & Wolfe (2012).

FIGURES

27

Figure 2. Elevation map (left) of collection localities in the Pacific Northwest United
States for Pyrola picta (open circles), P. crypta (filled circles), P. dentata (diamonds),
and P. aphylla (open stars) used for the current study. An optimized tanglegram (right)
shows rooted nuclear and plastid gene trees estimated by Bayesian inference with
posterior probabilities for clades between 0.90 and 0.95 (grey circles) and ! 0.95 (open
circles). Solid connectors indicate correspondence between samples belonging to the
same species in both gene trees. Dotted, crossing connectors indicate correspondence
between samples assigned to two species clades, one in the nuclear gene tree
(corresponding to morphology) and one in the plastid gene tree. The type specimen is
marked with asterisks.
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Previous page. Figure 3. Plants of Pyrola picta and P. crypta (right) are similar in overall
appearance, but some foliar and floral characters differ significantly between P. crypta
and one or more of the other three species. Generic Pyrola flowers (upper right) indicate
the characters that were measured for comparisons among species. Boxplots for
measurements of anthers (A), style (Stl) and stigma (Stg), petals (Pt), sepals (S), pedicel
(Pd), and floral bract (B) showing means (bisecting each box), quartiles (box and
whiskers), and outliers (open circles). Asterisks indicate where species differ significantly
from P. crypta with respect to a particular morphological character (.< 0.10, *< 0.05, **<
0.01, ***< 0.001, ****< 0.0001).

Figure 4. Preliminary observations of phenological differentiation shown as bubble plots
of mean frequencies of flowers in each developmental stage per species at three
collection areas: MacKenzie River area, Oregon (7 July 2005), Diamond Lake area,
Oregon (8 July 2005), and Etsel Ridge area, California (14 July 1977). Bubble sizes are
exactly proportional to the frequencies of flowers in each developmental stage on the date
indicated (right).
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Figure 5. Pyrola crypta sp. nov. Illustration by Diane Bland (left) and D.D. Jolles (right).
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Figure 6. The complete ranges of P. picta, P. crypta, P. dentata, and P. aphylla span from
Sierra de San Pedro Mártir, Mexico, to the Bella Coola Valley, Canada. Several areas in
the coastal Pacific Northwest (arrows) within the ranges of these species have been
identified as possible past glacial refugia. Populations of P. crypta occur from the
Olympic and northern Cascade Mountains to the Klamath Region to the south.
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APPENDICES

Appendix 1. Pyrola picta, P. dentata, P.crypta, and P. aphylla samples used for
morphometric (underlined) and phylogenetic analyses.
Species. Accession number (Figure 2), herbarium, collection-voucher number, DNA
extract, ITS1 no., petL-psbE1 no., rpl32-trnL1 no. (-- = data not obtained), County, State.
Pyrola aphylla. 2, RSA, Jolles 523, Py0523, KF963992, --, KF963862, Clallam Co.,
Washington; 52,4, OS, Jolles 8, Py0002, JQ177121, KF963914, KF963863, Mason Co.,
Washington; 62,4, OS, Jolles 5, Py0001, KF963972, KF963913, KF963853, Mason Co.,
Washington; 82,4, RSA, Jolles 226, Py0226, KF963975, KF963936, KF963854, Wasco
Co., Oregon; 11, RSA794215, Jolles 502, Py0502, KF963983, KF963931, KF963859,
Lane Co., Oregon; 12, RSA794213, Jolles 500, Py0500, KF963981, KF963930,
KF963857, Lane Co., Oregon; 132,4, RSA794186, Jolles 501, Py0501, KF963982,
KF963937, KF963858, Lane Co., Oregon; 16, RSA794171, Jolles 506, Py0506,
KF963985, KF963932, KF963860, Douglas Co., Oregon; 19, OS, Jolles 99, Py0050B,
JQ177178, KF963935, KF963865, Douglas Co., Oregon; 25, OS, Jolles 101, Py0051A,
JQ177180, KF963927, KF963864, Jackson Co., Oregon; 26, RSA794211, Jolles 520,
Py0520, KF963990, KF963933, KF963861, Klamath Co., Oregon; 29, HSC70803,
Newton 1800, HSC18, KF963956, KF963934, KF963850, Del Norte Co., California; 36,
RSA, Jolles 593, Py0593, KF963995, KF963926, --, Del Norte Co., California; 53,
HSC17974, Spellenberg 179, HSC1, KF963948, KF963940, --, Trinity Co., California;
57, HSC70178, Nelson 4462A, HSC17, KF963955, KF963928, KF963849, Tehama Co.,
California; 59, HSC54161, Muth 8380, HSC13, KF963952, KF963939, KF963848,
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Trinity Co., California; 60, RSA, Jolles 487, Py0487, KF963980, KF963929, KF963856,
Mendocino Co., California; 63, HSC46616, Smith 9290, HSC9, KF963967, KF963938,
KF963845, Lake Co., California.
Pyrola crypta. 1, OS, Jolles 10, Py0003, EU097976, KF963922, KF963837, Clallam Co.,
Washington; 3, OS, Jolles 14, Py0004, JQ177162, KF963919, KF963838, Clallam Co.,
Washington; 7, RSA, Jolles 365, Py0365, KF963976, KF963918, KF963844, Hood
River, Oregon; 9, OS, Jolles 79, Py0039, JQ177172, KF963924, KF963869, Linn Co.,
Oregon; 104, ORE110709, J. Christy 2314, ORE1, KF963968, KF963912, KF963836,
Lane Co., Oregon; 14, RSA794173, Jolles 505, Py0505, KF963984, KF963921,
KF963841, Douglas Co., Oregon; 21, RSA794190, Jolles 514, Py0514, KF963989,
KF963917, KF963842, Douglas Co., Oregon; 22, OS, Jolles 88, Py0047, JQ177176,
KF963923, KF963867, Douglas Co., Oregon; 23, OS, Jolles 90, Py0049, KF963974,
KF963920, KF963840, Klamath Co., Oregon; 24, OS, Jolles 89, Py0048, EU097977,
KF963925, KF963839, Klamath Co., Oregon; 37, HSC43596, Reinhardt 244, HSC7,
KF963834, KF963909, KF963965, Del Norte Co., California; 404, HSC29312, Oettinger
439, HSC4, KF963962, KF963910, KF963833, Siskiyou Co., California; 41, RSA, Jolles
598, Py0598, KF963998, KF963908, --, Siskiyou Co., California; 44, HSC54854, Clifton
10741, HSC15, KF963954, KF963915, KF963835, Humboldt Co., California; 48, RSA
photo voucher, TRS1637C, KF964004, KF963916, KF963843, Trinity Co., California;
564, HSC34714, Nelson 1689, HSC5, KF963963, KF963911, --, Trinity Co., California;
61, HSC46632, Smith 9404, HSC11, KF963950, --, --, Mendocino Co., California.
Pyrola dentata. 17, RSA794221, Jolles 508, Py0508, KF963987, KF963892, --, Douglas
Co., Oregon; 314, HSC23613, Sawyer 2027, HSC2, KF963958, KF963885, --, Del Norte
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Co., California; 32, RSA, Jolles 437, Py0437, KF963978, KF963890, KF963855,
Siskiyou Co., California; 42, RSA, Jolles 599A, Py0599A, KF963999, KF963893, --,
Siskiyou Co., California; 434, HSC92973, Whipple 2161, HSC20, KF963959, KF963886,
KF963852, Siskiyou Co., California; 454, HSC41292, Klipfel 491, HSC6, KF963964,
KF963889, KF963831, Humboldt Co., California; 46, HSC46733, Ferlatte 1823, HSC12,
KF963951, KF963883, KF963847, Trinity Co., California; 514, HSC98808, Witte 980,
HSC21, KF963960, KF963887, KF963832, Humboldt Co., California; 54, RSA, Jolles
602, Py0602, KF964001, KF963894, --, Trinity Co., California; 58, HSC75050, Smith &
Nelson, HSC19, KF963957, KF963884, KF963851, Tehama Co., California; 62,
HSC46622, Smith 9337, HSC10, KF963949, --, KF963846, Lake Co., California; 644,
HSC25428, Smith 5830, HSC3, KF963961, KF963888, KF963830, Mendocino Co.,
California.
Pyrola picta. 4, OS, Jolles 15, Py0005, JQ177163, KF963897, KF963876, Clallam Co.,
Washington; 15, RSA794170, Jolles 510, Py0510, KF963988, KF963906, KF963873,
Douglas Co., Oregon; 18, RSA794172, Jolles 507, Py0507, KF963986, KF963903,
KF963872, Douglas Co., Oregon; 20, OS, Jolles 100, Py0051, JQ177179, KF963907,
KF963870, Douglas Co., Oregon; 27, RSA794214, Jolles 521, Py0521, KF963991, --,
KF963874, Klamath Co., Oregon; 28, OS, Jolles 104, Py0053, JQ177182, KF963898,
KF963871, Jackson Co., Oregon; 304, HSC44422, O'Meara 207, HSC8, KF963966,
KF963896, KF963868, Del Norte Co., California; 333, RSA, Jolles 438, Py0438,
KF963979, KF963891, KF963866, Siskiyou Co., California; 34, RSA, Jolles 590,
Py0590, KF963993, --, --, Del Norte Co., California; 35, RSA, Jolles 591, Py0591,
KF963994, --, --, Del Norte Co., California; 38, RSA, Jolles 595, Py0595, KF963996,
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KF963900, --, Del Norte Co., California; 39, RSA, Jolles 596, Py0596, KF963997,
KF963901, --, Del Norte Co., California; 474, HSC54232, Griswold & Butler 7313,
HSC14, KF963953, KF963895, --, Humboldt Co., California; 49, RSA, Stoughton 1637,
TRS1637A, KF964002, KF963904, KF963875, Trinity Co., California; 50, RSA,
Stoughton 1637, TRS1637B, KF964003, KF963905, KF963876, Trinity Co., California;
52, RSA, Jolles 601, Py0601, KF964000, KF963902, --, Trinity Co., California; 65,
RSA, Jolles 381, Py0381, KF963977, KF963899, KF963878, Lake Co., California.
Outgroup. Pyrola chlorantha, RSA, Jolles 566, Py0566, KF963971, KF963941,
KF963880, Juneau Co., Alaska; P. asarifolia, RSA, Jolles 386, Py0386, KF963970,
KF963942, KF963882, El Dorado Co., California; Orthilia secunda, RSA, Jolles 385,
Py0385, KF963969, KF963943, KF963879, El Dorado Co., California; C. menziesii,
RSA, Jolles 400, Py0400, KF963946, KF963944, KF963881, Siskiyou Co., California;
Enkianthus campanulatus, RSA354773, Sugawara 2368, Py0429, --, KF963945,
KF963829, Tokyo, Japan; E. campanulatus, MICH, Freudenstein 2534, AF133752, --, --.
1

GenBank accession numbers.
Putative hybrid, P. picta x P. aphylla.
3
Putative hybrid, P. picta x P. dentata.
4
Samples that retain ancestral polymorphisms in plastid phylogeny
2
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2.
Morphometric analysis of floral variation in the Pyrola picta species complex
(Ericaceae)—interpretation and implications for ecological and phylogenetic
differentiation

INTRODUCTION

Gross leaf morphology is typically used to distinguish among taxa within the
Pyrola picta species complex (e.g., Smith, 1814; Hitchcock & Cronquist, 1973; Larrison
et al., 1974; Haber, 1993). The four species are distinguished by having either green
leaves with white mottling along the primary and secondry veins (i.e., P. picta Sm. and P.
crypta Jolles); dull-green leaves lacking white mottling, with glaucous integument and
dentate margins (P. dentata Sm.); or leaves that are highly reduced and lacking
chlorophyll (P. aphylla Sm.) (Fig. 7). However, overlapping variation in these and other
leaf characters (e.g., size, shape, development and function) within and among species
has confounded consistent and confident diagnosis of species (Camp, 1940; Haber,
1987). Both Camp (1940) and Haber (1987) argued, on the basis of observed continuous
variation in both foliar and floral characters, that the P. picta species complex represents
a single, polymorphic species rather than three distinct species, as the group was
otherwise treated at the time. The evolutionary bases for this variation have not been
investigated experimentally and assigning specimens to particular species using
morphology alone is sometimes difficult despite recent phylogenetic studies that resolve
the three species described by Smith and a fourth species, P. crypta, described recently
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by Jolles, as monophyletic (Jolles & Wolfe, 2012; Jolles & Wilson, 2014). Jolles &
Wilson (2014) found that P. crypta differs from the other four species in having longer
floral bracts and sepals and occupies a small part of the larger geographic range of the P.
picta complex. Pyrola crypta has leaves that are similar to P. picta in most respects,
adding more complexity to questions of cryptic diversity and misleading phenotypes in
the P picta complex.
The type specimen of P. crypta is from the Klamath-Siskiyou region of Northern
California. The type specimens of P. picta, P. dentata and P. aphylla were all collected
from southwestern British Columbia, Canada, by Archibald Menzies while on Captain
Vancouver’s 1790–1795 expedition aboard the Discovery (Smith, 1814; Newcomb &
Forsyth, 1923; Haber, 1985). From the Menzies collections, the three species were
readily distinguished based on differences in leaf morphology (Fig. 7; Smith, 1814).
Although the leaf morphologies described from Menzies’ collections do not encapsulate
the entire range of variation exhibited by each species across its range (Camp, 1940;
Jolles unpublished), many plants do exhibit these ‘typical’ morphologies (Fig. 7), both in
sympatry with other Pyrola species and in allopatry. For example, although plants of P.
dentata often have relatively small (ca. 1–2 cm. diameter), orbicular, entire leaves with
glaucous leaf surfaces, in many areas of the species range they possess the more typical
oblong, glaucous, dentate leaves that correspond to the original taxonomic description of
the ‘toothed wintergreen’ (Smith, 1814). Individual plants of P. picta may produce
nonphotosynthetic ramets that look like those of P. aphylla (Fig. 7) but that are attached
to adjacent leafy rosettes via rhizomes. This suggests that there may be a component of
adaptive leaf morphology that is not accounted for in the original descriptions of the
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species. Smith (1814) gives no indication that morphological variants of these species
were observed amongst Menzies’ collections of Pyrola. In fact, it would have been
impossible for Smith to describe the range of foliar or floral variation observed in P.
picta, P. dentata and P. aphylla by later authors (Holm, 1898; Andres, 1914; Camp,
1940; Copeland, 1947; K!ísa, 1971; Haber, 1987) based on the limited samples collected
by Menzies in British Columbia. Smith (1814) concluded that flowers from the type
specimens of these three taxa were not sufficient and not preserved well enough to be
descibed fully and accurately (Smith, 1814). Given this, it may be surprising to find that
Smith’s diagnoses are largely corroborated by phylogenetic information (Jolles & Wolfe,
2012).
Leaf variation observed in the P. picta species complex has been ascribed to both
high levels of polymorphism and phenotypic plasticity (Holm, 1898; Camp, 1940). The
latter has not been tested in a common garden or reciprocal transplant study because the
seeds are challenging (if not impossible) to germinate. Under natural conditions, these
mycoheterotrophic plants have access to a number of ecological conditions and microbes
that are difficult to replicate in ex-situ studies. Given the amount of foliar variation and
the recurring observation that leaves are often more susceptible to environmental
heterogeneity than flowers (Berg, 1960; Brock & Weinig, 2007; Pélabon et al., 2011), it
may be that genetic patterns of divergence among species are more fully reflected in
floral characteristics. Previous statistical analyses of floral variation (Haber, 1987)
supported the notion of a single, polymorphic species (P. picta, including all three species
described by Smith) with high levels of intraspecific variation in floral characters and
small differences in means among putatively different species. Indeed, morphology,
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number, and arrangement of flowers in P. picta, P. dentata, P. aphylla and P. crypta are
remarkably similar given that they are genetically distinct species that occur in sympatry
in some areas of their collective range (Jolles & Wolfe, 2012). Character displacement is
often evoked to explain reinforcement of reproductive isolation in sympatric populations
of closely related species (Brown & Wilson, 1956). This suggests that differences in
floral morphology (1) are not important for reproductive isolation within this complex or
(2) occur but have not been previously detected.
Species in the P. picta complex all have pendant to erect flowers arranged
alternately (spiral) along racemes (Fig. 8), perianth parts with radial symmetry, flowers
maturing to bilateral and herkogamous (i.e., style and anthers grow away from each
other) and a style that is elongate and recurved. The androecium is comprised of ten
stamens, all uniform in size and shape, and arranged on one side of the perianth, thereby
maximizing separation from stigmatic surface. Anther dehiscence is poricidal, pollen is
shed in tetrads and anthers are cream to light yellow in color when mature with dark
yellow coloration around the anther pores. Anthers invert as flowers open, so that the
anther pores face outward at anthesis and anther apices are directed inward toward the
base of ovary. Anther filaments are turgid and are fused between the anther thecae just
below contrictions that subtend anther pores (Fig. 8). Pollination in most Pyrola species
is accomplished by bumblebees (Bombus species; Knudsen & Olesen, 1993; personal
observation), that land first on the lowest, most mature flower, gripping the outer perianth
parts with their tarsi (Fig. 8).
The life cycle of north temperate bumblebees appears to be tightly tied into the
lifecycle of Pyrola in several ways. Bumblebees share the same woodland habitats, are
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required for both geitonogamy and outcrossing in Pyrola species (Knudsen & Olesen,
1993), and Pyrola species flower in late summer when bumblebees are still foraging to
provision the queen for winter. Some studies report that bumblebees typically visit
conspecific flowers rather than a variety of flowers (Pyke, 1978; summarized by
Goulson, 2003), a non-random pattern that could contribute to reproductive isolation in
flowering plants. Bombus species in western North America, both co-occurring and with
non-overlapping ranges, vary in thorax size, body shape and flower visitation behavior
(Goulson, 2010), potentially selecting for flowers that are compatible with maximal
pollen movement (e.g., optimal foraging by bees). Observations of different Bombus
species or Bombus individuals differing in developmental stage have not been reported,
but minimal, pilot observations by the author suggest that only one species of Bombus is
present in a population at any one time (Jolles, unpublished). Trends in floral morphology
and pollinator behavior represent end products of selective pressures that could lead to
specialization, reproductive isolation, and speciation. In contrast, selective pressures may
also lead to canalization of floral form, a hypothesis adopted by Erich Haber (1987)
based on his comparisons of flowers in the P. picta species complex. Despite the
similarity in floral form among plants of all species, there is variation in anther
morphology (personal observation) that may be the result of selection for optimal release
of pollen from the thecae through the pores. Although anther length has been studied
before (Haber, 1987), other aspects of anther form have not been examined
quantitatively. The style in members of the P. picta species complex varies in its length
and curvature at anthesis and is also a possible source of variation for selection by
pollinators. Although the length and shape of the style is known to vary with ontogeny
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(Freudenstein, 1999), the influence of pollen tube growth on style shape has not been
reported and may be important in future studies of heritable morphological variation.
While the size of these reproductive structures is minute and may seem inconsequential,
such variation is likely to be important to foraging bumblebees and therefore may be
associated with genetic divergence among lineages in the P. picta species complex.
Understanding why flowers are similar among taxa in the P. picta species
complex was less consequential when P. dentata and P. aphylla were considered to be
subtaxa within a morphologically variable P. picta (sensu Holm, 1898; Andres, 1914;
Camp, 1940; Copeland, 1947; K!ísa, 1971; Haber, 1987). Under these concepts,
unconstrained gene flow among subtaxa could easily explain morphological similarity of
flowers. However, the recent finding that P. picta, P. dentata, P. aphylla and P. crypta
are phylogenetically distinct (Jolles & Wolfe, 2012; Jolles & Wilson, 2014) increases the
relevance of morphological similarity among species. Based on evidence of reproductive
isolation from molecular phylogenies and our current understanding of species ranges, it
can be concluded that the mechanism(s) responsible for isolation are unrelated to spatial
separation of plants of each species (i.e., allopatry). In some parts of their collective
geographic range, multiple species grow side-by-side, but the frequency of hybrid plants
detected from areas of sympatry by DNA polymorphisms is quite low (Jolles,
unpublished). Ultimately, reproductive isolation may be due to prezygotic mechanisms
such as differences in phenology, differences in pollinator visitation, and pollen-pistil
incompatibility or to postzygotic mechanisms such as hybrid sterility or weakness. I
suggest that subtle differences in floral morphology that were undetected in previous
studies of Pyrola may be responsible for non-random movement of pollen by bumblebees
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among species.
In the current study, I test whether species in the P. picta complex can be
distinguished using floral characteristics and assess whether differences in floral
morphology are likely to contribute to prezygotic reproductive isolation. The number of
floral characters measured per specimen for this study exceeded previous morphometric
work (Haber, 1987) with the goal of more accurately estimating variation among P. picta,
P. dentata, P. aphylla and P. crypta. Collections from a wide range of localities, both
sympatric and allopatric populations, for each taxon were used to assess whether floral
variation is associated with phylogenetic divergence rather than geographic or ecological
distance. Additionally, field observations of flowering phenology from sympatric
populations were used to determine whether differences in flowering phenology are also
involved in maintaining reproductive isolation.

METHODS

DATA COLLECTION. — Herbarium specimens of P. picta, P. dentata, P. aphylla
and P. crypta, representing collections from across western North America (Fig. 9), were
selected to maximize both the breadth of geographic locations represented in analyses
and the number of mature flowers present to sample on a single herbarium sheet.
Collection locality information from herbarium labels (longitude, latitude, and elevation)
was used to examine covariation with morphology. Collections of P. picta (n = 62), P.
dentata (n = 53), P. aphylla (n = 35) and P. crypta (n = 5) used for this study are held by
CS, COLO, HSC, MONTU, NY, OSC, OS, RSA-POM, UNM, UTC and WTU
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(Appendix 1). Pyrola picta, P. dentata and P. aphylla were identified to species on the
basis of leaf morphology (Fig. 7) and specimens exhibiting questionable or intermediate
morphology were not used. Pyrola crypta specimens were identified initially on the basis
of DNA sequence homology (Jolles & Wilson, 2014) because morphology distinguishing
this taxon from P. picta was poorly understood early in this study. Samples of all species
that were retained for comparative statistical analyses were from geographic regions
where P. picta, P. aphylla and P. dentata were all collected to better control for the effect
of regional climatic differences on patterns of morphological variation. Nineteen samples
of P. picta from the southern Rocky Mountains (Fig. 9) were removed from the data set
for all multivariate analyses because no additional species were sampled from this portion
of the range, reducing the sample size (n = 43) for P. picta. The range of P. crypta is
much smaller than the other species, so it was ommitted from ANOVA but is retained in
this study for preliminary comparison. Multiple flowers per plant (n = 5–20) were
digitally imaged using a Leica MZ95 microscope at 100x total magnification. All
measurements were made from the digital images using Image Pro (version 3.9) software.
Measurements were restricted to floral structures that were positioned at the same angle
(along the z-axis) for consistent translation of three-dimensional structures on herbarium
sheets to two-dimensional measurements in the character matrix. The use of structures
like stamens and styles that are not consistently positioned flat on herbarium sheets can
confound results if strategies for minimizing positional artifacts are not employed.
Repeatability was informally assessed by a naïve lab technician who measured the 14
characters for all available flowers on ten randomly selected herbarium sheets.
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FLORAL MORPHOLOGY CHARACTERS. — Floral characters were chosen based on
the presence of clear, measurable landmarks, sufficient quantitative variation, and
whether the characters likely influence how pollinators interact with the flower. The first
criterion is an important consideration when using pressed specimens because
deformation can occur upon pressing and drying, increasing the possibility of positively
false differences among specimens. Floral organs involved in both function (i.e., male
and female organs) and display (i.e., petals, sepals, pedicels, bracts, etc.) were included in
this study (Fig. 8, Table 1). Measurements of androecium characters included anther
length [character 1], anther pore diameter [2], distance between filament terminus and
ventral rim of anther pore [3] and distance between filament attachment point to dorsal
rim of anther pore [4]. Anther pore shape [5] was calculated as the ratio of anther pore
height to width (characters 4/3) to characterize variation in sculpturing around the anther
pore. Measurements of gynoecium characters included style length [6], style curvature
[7], and stigma width [8]. Other floral characters that were measured included petal
length [9], petal width [10], sepal width [11], sepal length [12], bract length [13] and
pedicel length [14]. Three additional ratios were also included in the analyses, including
sepal width:length [15], petal width:length [16] and a measure of petal inclusion within
the calyx, sepal length:petal length [17]. Numbers in brackets following each character
above correspond to identifications of floral morphology characters (Fig. 8, Table 1). A
total of 7947 measurements were made from 156 herbarium specimens (Appendix 1).
Depending on availability, all or a portion of the morphological, continuous, quantitative
characters were measured for multiple, mature flowers on each specimen. Immature
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flower structures were not measured for the data set because comparisons of different
developmental stages would confound the results.
DATA ANALYSES. — All statistical analyses were conducted in R version 3.0.2 (R
Core Team, 2013). Mean values for each character per specimen were calculated,
reducing the total number of measurements for 14 variables from 156 specimens (n =
7947) to 2184 mean values. Data for each character were checked for normality and an
initial examination of character variation was conducted using boxplots (Fig. 70) to
determine if characters were sufficiently variable to potentially distinguish among species
and to identify outlying data points. Fifty-one outliers were removed from subsequent
analyses. One-way analysis of variance (ANOVA) and Tukey’s HSD (STATS::aov,
TukeyHSD) were conducted for each character to test whether variation among species
exceeded variation expected by chance.
Non-metric multidimensional scaling analysis (NMDS) using Euclidean distance
was conducted 20 times for the optimization procedure in metaMDS (Oksanen et al.,
2013) to visualize relationships among all specimens for all taxa. This ordination
procedure was chosen over others because it maximizes rank-order correlations rather
than linear correlations among variables in the analysis, thus avoiding difficulties (such
as “horseshoe effect”) in interpreting the final ordination while providing a relatively
conservative estimate of variation explained by each ordination ‘axis.’ In order to choose
the appropriate number of ordination dimensions (k) to accommodate the data set, the
metaMDS ordination procedure was conducted iteratively for a range of dimensions (k =
1–10) and the distribution of stress values was visualized in a screeplot. The smallest
value of k resulting in the highest reduction in stress, a measure of how well rank-order
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distances in the data are expressed as rank-order distances in the ordination plot, was
chosen for the final ordination solution. The optimal value of k was evaluated by nonmetric fit (r2 = 0.995) and linear fit (r2 = 0.971) of observed dissimilarity
(VEGAN::vegdist) to Euclidean ordination distance (VEGAN::metaMDS). MDS dimensions
describing most of the character variation were plotted against each other and 95%
confidence ellipses (with standard errors) were added for each species centroid.
Linear vector-fitting (VEGAN::envfit) to the NMDS ordination was conducted to
evaluate the impacts of each morphological character, geographic location (latitude,
longitude) and elevation on the ordination. To assess correspondence between the
ordination of morphological characters and geography, non-linear surface fitting
(VEGAN::ordisurf) was used to independently evaluate the fit of latitude and longitude
‘topography’ to the ordination. Global and pair-wise analyses of similarity
(VEGAN::anosim) based on rank-order euclidean dissimilarity values (calculated from the
matrix of all morphological characters) were conducted with 1000 permutations to
evaluate whether P. picta, P. dentata, P. aphylla and P. crypta are statistically distinct
from each other given the data on floral morphology used in this study. Finally, ad hoc
linear discriminant analysis (DA) was conducted using the MASS::lda and predict
functions (Venebles & Ripley, 2002) to see whether the floral characters correlated with
species differences in the NMDS ordination are the same ones that will most effectively
discriminate among taxa.
PHENOLOGY OBSERVATIONS. — Nine sites in northern California that had at least
two sympatric species (Fig. 9) were visited to conduct observations of flowering
phenology. Eight stages of floral maturity, from bud to fruit, were identified on the basis
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of clear developmental landmarks. These eight stages were subsequently merged into
three basic developmental stages: (A) pre-anthesis, (B) anthesis and (C) fruiting. Up to 30
inflorescences of each species at a site were included in the data set; for each
inflorescence, the number of flowers in each stage of floral maturity were counted. The
mean proportion of flowers in each stage for each species was calculated for amongspecies comparisons at each site to evaluate whether opportunities exist for heterospecific
crossing. Owing to the fact that the populations used for this study spanned a great
geographic range and were experiencing different environmental conditions, we did not
include them as replicates in a nested ANOVA. Where sample sizes were sufficient,
ANOVA was conducted to assess whether differences in flowering times among
sympatric species were statistically significant.

RESULTS

FLORAL MORPHOLOGY. — Despite considerable intraspecific variation, several of
the characters examined varied more inter- than intra-specifically (Table 1, Fig. 10). Oneway ANOVA and Tukey’s HSD for P. picta, P. aphylla and P. dentata revealed
significant differences (Table 1, P < 0.05) among all species for anther pore height [4]
and floral bract length [13]. Anther length [1], petal length [9], the ratio of sepal width to
length [15] and the ratio of petal width to length [16] were significantly different between
P. dentata and P. aphylla. Anther pore shape [5] and the ratio of petal width to length
[16] differed significantly between P. dentata and P. picta. These findings indicate that
P. dentata possesses shorter anther pores when compared with P. aphylla and P. picta
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(Figs. 10, 11; Table 1). In addition, petals, sepals, floral bracts, and anthers of P. dentata
are shorter, anther pores are wider and directed more horizontally, and sepals and petals
have greater ratios of width to length when compared with P. aphylla. Floral bracts are
shorter and the ratios of anther pore height:width and sepal width:length are greater (i.e.,
more truncated) in P. dentata when compared with P. picta. Pyrola picta differs from P.
aphylla in having taller anther pores and shorter floral bracts (Fig. 10, Table 1). Pyrola
crypta, while not included in the ANOVA, has extremely long sepals, a distinguishing
characteristic of this species (Jolles & Wilson, 2014). Anther pores are particularly
important in the identification of species with significant differences in pore shape and/or
pore height among all three species analyzed quantitatively (Fig. 10). Limited data
indicate that the anther pore shape of P. crypta plants is quite similar to P. picta.
Stress associated with the NMDS ordination was reduced most markedly (from
0.16 to 0.07; data not shown) when three dimensions were used instead of two to
accommodate variation in the data. Although P. picta, P. aphylla, P. dentata and P.
crypta do not form discrete clusters based on the distribution of states for the
morphological characters used in this analysis, there is no overlap of the standard error
ellipses and 95% confidence ellipses show that the species are not identical (Fig. 12A, B).
Axes in the NMDS procedure do not account for variables in a hierarchical way, as in
other multivariate ordination procedures, so each MDS axis may be equally important in
describing overall variation in the dataset. In this case, the greatest number of
morphological characters ‘fit’ to this ordination occur along MDS2 (Fig. 12A, B) and the
greatest species distinction occurs along MDS3 (Fig. 12B). The influence of individual
morphological characters on each axis, based on rank-order similarities (Table 2), is
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given as vector correlations, the lengths of which describe the extent to which a single
axis is influenced by that character (Fig. 12C, D). In our analyses, MDS1 (Fig. 12A) is
largely driven by variation in pedicel length [14], style curvature [7], the distance
between filament terminus and the ventral rim of the anther pore [4], the distance
between filament terminus and dorsal rim of the anther pore [3], sepal length [12], anther
pore diameter [2], sepal width [11], anther length [1] and petal length [9] and width [10].
Loadings on MDS2 (Fig. 12A, B) indicate that this axis mainly describes variation in
bract length [13], style length [6] and stigma size [8]. Finally, MDS3 (Fig. 12B) describes
some of the variation in pedicel length [14] and bract length [13] not described by MDS1
and MDS2, respectively. When ordination analysis is conducted using only the seven
characters exhibiting significant differences in means for at least two species (Table 1),
stress increased and confidence ellipses exhibited more overlap (data not shown). This
supports the idea that species differentiation is associated with covariation of several
traits beyond the seven with statistically significant differences among species.
The fit of vectors and centroids for each morphological character and factor levels
for species, latitude, longitude and elevation to the three-dimensional NMDS ordination
indicates that all morphological characters are significant (P < 0.05, data not shown)
except for style curvature [7]. ‘Species’ is the only factor that exhibits a good fit to the
ordination model. Fitted character and factor vectors added to the existing ordination
model show that vectors for anther pore size [2], stigma size [8] and latitude are strongly
associated with MDS1 (Fig. 12C, E; Table 3). The remaining morphological character
vectors plot most strongly along MDS2 and MDS3 (Fig. 12D), as indicated by vector
length and direction. Latitude and longitude are correlated most strongly with MDS1 and
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MDS2, respectively (Fig. 12E) and, when fitted to a flexible surface, indicate that while
anther pore [2] and stigma size [8] exhibit a strong, linear geographic trend, the other
morphological characters do not appear to exhibit spatial autocorrelation (Fig. 12F). The
first two linear discrimanants (LD1, LD2) of the linear DFA (Fig. 13) contribute to 90%
of the trace and indicate that P. picta, P. dentata, P. crypta and P. aphylla are best
discriminated on the bases of anther pore dimensions (characters 3, 4 and 5) and weakly
by sepal width [11] (Fig. 13). Comparison of prior assignment of specimens to species
categories with posterior probabilities of species assignments indicates that species are
assigned with higher accuracy by linear disciminants than expected by chance alone (X2 =
191.74, df = 9, P < 0.0001).
Analysis of similarity (data not shown) suggests that P. picta, P. aphylla, P. dentata
and P. crypta exhibit significantly more variation among species than within (R = 0.1169,
P < 0.001). Pair-wise comparisons of the species indicate that P. dentata is significantly
different from P. picta (R = 0.1515, P = 0.001), P. aphylla (R = 0.2285, P = 0.001) and P.
crypta (R = 0.2488, P = 0.038), but that the remaining species pairs are not significantly
different.
From the ANOVA (Table 1) and ordination analyses (Fig. 12), it is evident that
differences in P. picta, P. dentata, and P. aphylla arise from traits associated both with
anther dehiscence and with floral display (Figs. 10, 11). Traits described most strongly
along MDS1 exhibit some spatial autocorrelation (Fig. 12E) while many other traits
exhibit phylogenetic differences (Figs. 12F, 13).
PHENOLOGY. — Comparison of flowering phenology at two different times for
population A (Fig. 14, Table 4) indicates that P. dentata flowers mature earlier than
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either P. picta or P. aphylla. When the mean frequency of mature flowers (stage B) in P.
dentata reached 20%, the other species were still pre-anthetic. Pyrola dentata exhbited
significantly greater mean proportions of flowers in these stages compared with
sympatric species (Table 4). Two weeks later, the mean number of fruits per
inflorescence (stage C) increased to 63% in P. dentata and the other two species still had
relatively high mean frequencies of immature flowers (stage A). At this second time
point, August 3, species at population A had different mean proportions of flowers in
each stage of development, but the pattern of divergent species maturity was only
significant for P. dentata (Table 4). Approximately 30–40% of the flowers in each
species were fully mature (stage B) concurrently, but only P. dentata shows a significant
difference in mean number of mature flowers per inflorescence at this stage.
In several of the other populations studied (Fig. 9, A, B, D, G-I), P. dentata is also
the first species to reach reproductive maturity (Fig. 15, Table 4). Pyrola picta and P.
aphylla parallel each other for part of the maturation period in populations A (Fig. 14)
and B (Fig. 15), and exhibit more overlap in flowering times than either does with P.
dentata. In all cases, the extent to which species overlap in stage B indicates opportunity
for heterospecific crossing. In some cases (A1, B, C, D, G, H) the opportunity for
heterospecific crossing is minimized by differences in phenology, whereas in some
populations (or at certain times) there appears to be ample opportunity for heterospecific
crossing (A2, E, F, I). Significant differences among (or between) mean frequencies of
flowers in each stage of development for sympatric species (Table 4) occur in
populations E, I and H. In a few cases, sample sizes were too small to conduct
meaningful statistical comparisons of means.
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DISCUSSION

Given that species within the P. picta complex occur in both allopatry and
sympatry, possess flowers that are remarkably similar morphologically, and are thought
to share the same pollinators, it is surprising that they remain reproductively isolated to
the degree suggested by phylogenetic analyses (Jolles & Wolfe, 2012; Jolles & Wilson,
2014). It is less surprising, given the findings of this study, that previous authors
considered members of the P. picta complex a single species with infraspecific taxa
(Holm, 1898; Andres, 1914; Camp, 1940; Copeland, 1947; K!ísa, 1971; Haber, 1987).
Major goals of this study were to test whether species in the P. picta complex exhibit
different floral phenological patterns or can be distinguished by suites of floral
characteristics or single character differences. Differences in either of these traits would
likely to contribute to prezygotic isolation.
PATTERNS OF FLORAL VARIATION ACROSS SPECIES. — Floral characters measured in
this study exhibit continuous, overlapping variation both within and among species
(Table 1), concordant with the findings of previous studies (Haber, 1987; Copeland,
1947). Of the morphological patterns present, MDS3 was most correlated with overall
differentiation among species and characters correlating strongly with this axis were
sepal length as well as each of the anther characters. Particularly important are
androecium characters that exhibit significant interspecific differences (Figs. 10, 11),
suggesting that selection for different anther traits has occurred, which should have an
influence on pollen deposition. Anther pore shape is narrow and elongate along the
ventral surfaces of the thecae in most plants of P. picta and, in contrast, is wide and
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truncated in P. dentata (Fig. 11). Three characters involved in floral display (lengths of
petals, sepals, floral bracts) also exhibited significant among species differences. All
characters are notably shorter in P. dentata and longer in P. aphylla and P. picta. Pyrola
crypta, while not included in ANOVA due to small sample size, is similar to P. picta
morphologically, differing in having relatively long sepals and floral bracts (Table 1; see
also Jolles & Wilson, 2014). Flower size is greater overall in P. aphylla compared with P.
dentata, except with respect to sepal length, which varies so much in both P. aphylla and
P. picta that it is not statistically significant by post hoc tests. Although style length was
not statistically different among taxa, this trait is strongly correlated with the ordination
(Table 3, Fig. 12C, D), covarying with bract length [13].
The current study shows that floral characters contribute to species identity (contra
Haber, 1987), but species in the P. picta complex cannot be fully differentiated using
floral characters alone. Of the three species included in the ordination of floral characters,
P. dentata is the most divergent (Fig. 12A, B), corroborating ANOVA results. When
vectors for each character are fit to the NMDS ordination, it is clear that all floral
characters used for this analysis exhibit reduced size for P. dentata (Fig. 12C). Analysis
of similarity suggests that P. dentata may be distinguished from P. picta, P. aphylla and
P. crypta, but that the latter three species cannot be distinguished as easily using the
floral data collected for this study. Pyrola dentata and P. aphylla are most divergent in
the ordination, but the overlap of 95% confidence ellipses indicates that floral shape is
highly conserved among all species despite any significant differences in means for
individual characters. All species of Pyrola included in this study are pollinated
exclusively by bumblebees that land on the corolla, produce an audible ‘buzz’ to cause
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pollen release, and rotate around the flower in a very similar way (personal observation);
selection for floral similarity is expected with respect to petal shape and arrangement.
Pyrola picta is intermediate between both P. aphylla and P. dentata in overall floral
shape (Fig. 12A, B) and this is reflected in some but not all of the individual
morphological characters.
ECOLOGICAL AND GEOGRAPHIC COVARIATION. — To make appropriate comparisons
among species in this study, accounting for possible spatial autocorrelation of traits,
specimens collected from the southern Rocky Mountains were ommitted from ordination
analyses. Geographically widespread species often inhabit broader ecological niches than
geographically restricted species, presumably because of adaptation to environmental
heterogeneity. Increasing range size and ongoing gene flow can result in greater
morphological variation in such a species across its range. Pyrola picta is the most
geographically widespread species in the P. picta complex and exhibits the most
morphological variation for several characters (Fig. 10) compared with P. dentata and P.
aphylla, which inhabit slightly smaller, more distinct ranges of morphological and
geographic space (Figs. 9, 5).
Among floral characters examined for phenotypic covariance studies under
different environmental conditions (Berg, 1960; Brock & Weinig, 2007), style length can
vary more than characters involved in floral display, like petals, which are less labile and
are often experiencing stronger selection. Covariation along MDS1 in this study involves
several morphological characters (Fig. 12C, Table 3) that are nonlinearly correlated with
latitude (Fig. 12E), including those associated with floral display. These characters
increase in size trending geographically in the direction of the Pacific Northwest portion
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of the shared species range (i.e., as latitude increases, longitude decreases and elevation
decreases). Typically the effect of increasing latitude on morphology is similar to the
effect of increasing elevation, a reduction in overall plant size. Unlike other parts of the
species’ ranges, plants of P. picta, P. dentata and P. aphylla in the Pacific Northwest are
frequently found at low elevation, especially close to the coast, a distribution that is likely
due to climatic factors like precipitation that were not accounted for in this study.
Species differences are significantly correlated with MDS3, which does not covary
with geographic coordinates (Fig. 12F). Perhaps the most intriguing finding in the
ordination analyses is that anther characters covary with overall species differentiation
rather than in response to ecological change, a result supported by both NMDS and DFA.
Berg (1960) did not incude stamens in the category of morphological characters in
correlation pleiades, but I suggest that stamen filaments may be extremely labile and
influenced by environmental heterogeneity, whereas poricidal anthers are likely to be
under stronger selective pressure by bumblebees.
MEASURES OF REPRODUCTIVE ISOLATION. — Differences in anther pore shape
directly affect the orientation of the pore and, in keeping with the physical dynamics of
vibrational pollen release from poricid anthers (Buchmann & Hurley, 1978), may result
in pollen being deposited differently on the bodies of visiting Bombus species.
Specifically, the long and narrow anthers and anther pores of P. picta should release
pollen more quickly, in a narrower jet, and with less vibrational energy transfer required
than in the shorter, wider anthers in P. dentata. Wide-pored anthers require more
vibrational energy transfer from the bee for pollen to be released, but shorter anther
length provides some compensation. Given that Bombus species are the exclusive
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pollinators of Pyrola (Knudsen & Olesen, 1993; personal observation), patterns of
orientation and shape of the anther pore (Figs. 10, 11) may be the end products of
divergent selection among members of the P. picta species complex. In order for anther
dehiscence to function as a mechanism for reproductive isolation, pollen transfer via an
optimal (e.g., mean) anther pore should result in higher frequencies of seed set.
Flowering phenology and mating patterns in sympatric populations of P. picta, P.
dentata and P. aphylla are both important aspects of their natural histories and may
partially account for the phylogenetic divergence observed by Jolles and Wolfe (2012).
The current study shows that Pyrola species growing in sympatry have flowering times
that are not entirely asynchronous and likely play a role in shaping the complex
morphological variation patterns observed in the P. picta species complex. Significance
of divergent flowering phenologies could not be tested in some populations (e.g., C, D, F,
G) due to insufficient sample sizes, but for those populations we could test (A, B, E, H,
I), there were significantly different proportions of flowers in stage B among species,
which is the critical period for con- or heterospecific cross-fertilization to occur. Among
sympatric populations of P. picta, P. aphylla and P. dentata (A, B), flowers of P. dentata
reach anthesis earlier than those of P. picta or P. aphylla. In addition to an earlier
flowering time, P. dentata has slightly smaller flowers and shorter anthers with anther
pores that face outward, nearly perpendicular to the ventral margin of the anther. Smaller
floral features, divergent floral mechanics, and earlier flowering time in this species is
likely correlated with the size of bumblebee visiting P. dentata, but whether smaller bee
size is a reflection of sex, age or species will be the subject of furture study. Significant
differences in mean flowering times between P. picta and P. aphylla (population E) and
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P. picta and P. dentata (populations I, H) in sympatry suggest that divergent selection has
occurred in these sympatric populations as well. It is not possible to determine from the
present data whether divergent or homogenizing selection is occurring in sympatric
populations, but this is a question that will be addressed through further demographic
studies of allopatric and sympatric populations.
CANALIZATION AND FLORAL MORPHOLOGY. — The morphological evidence
presented here shows that many aspects of floral morphology covary nonlinearly with
latitude and longitude, but some floral characters (in particular, anther morphology)
appear to be associated with species differences. Many biologists use biometric
approaches to distinguish among taxa undergoing gradual speciation as a way of
summarizing patterns of continuous variation associated with fine-scale adaptation, nonrandom mating and the potential establishments of reproductive isolation (summarized in
Briggs & Walters, 1997). In 1987, Haber argued that no statistically significant
differences existed among P. picta, P. dentata and P. aphylla with regard to their flowers,
based on overlapping confidence intervals (2x standard error) around character means.
However, no statistical tests were conducted among-species. One-way ANOVA
backcalculated from character means and standard deviations for all three species studied
by Haber (1987) indicate that seven of the ten characters he measured are significantly
different (P < 0.001). Should significant differences among means be used to support the
notion of differentiated species, particularly in the face of considerable overlap among
individual measurements? Some of the assumptions underlying biometric species
delimitation using continuous variation are that (1) genetic (allelic) variation is expressed
as phenotypic variation (upon which selection can act), and (2) given a sufficiently large
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and random sample, divergent selection may be inferred from statistically significant
differences in means, a proxy for reproductive isolation and species divergence. Species
delimitation based on biometric tests is sometimes complicated or confounded by cryptic
species (i.e., divergent genotypes with no divergent phenotypes), sampling bias, and
cases in which patterns of gene flow (i.e., allele frequencies) among populations or
species change over time. Haber’s careful studies of herbarium specimens indicate that
there are many mixed collections (herbarium specimens) of P. picta, P. dentata and P.
aphylla, and that there are also many collections of hybrids with malformed floral parts.
Using these observations and those of Holm (1898) and Camp (1940) before him as a
foundation, Haber’s interpretation was that of ongoing gene flow among P. picta, P.
dentata and P. aphylla. In light of new evidence for species monophyly (Jolles & Wolfe,
2012), the patterns of morphological divergence should be interpreted in light of
reproductive isolation instead. Nevertheless, Haber’s observations of putative hybrids and
cryptic collections revive several questions concerning the evolution of the P. picta
species complex. Differences in flower size, which trend toward larger in P. aphylla and
smaller in P. dentata, may be underlain by specific evolutionary processes. One aim of
the current study was to examine any differences observed in the context of gene flow
and phylogeny. The findings presented here suggest that several morphological
characters and differences in flowering times likely play a role in the phylogenetic
patterns observed in other studies (Jolles, 2007; Jolles & Wolfe, 2012; Jolles & Wilson,
2014). Some of the characters associated with species differences are anther characters,
which should be sensitive to directional selection given that these plants require buzz
pollination for outcrossing to occur.
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Although uncommon, hybrid individuals of P. picta, P. aphylla and P. dentata have
been identified from symptaric populations using genetic markers (Jolles & Wilson,
2014). The existence of these hybrids provides one potential explanation for the
disconnect between intraspecific morphological variation and phylogenetic divergence,
which supports monophyletic P. picta, P. dentata, P. aphylla and P. crypta. The former
three species are monophyletic and inhabit large geographic ranges, supporting a model
of secondary contact in which speciation occurred long ago and each species
subsequently dispersed throughout montane western North America. A closer look at the
diversity of P. aphylla and P. dentata, both species that include relatively divergent,
monophyletic lineages, may provide more information concerning adaptation and
phylogenetic divergence in this group.
In conclusion, the current study corroborates findings of previous research
demonstrating that P. picta, P. aphylla, P. dentata and P. crypta are highly polymorphic
and share considerable overlap in floral morphology. However, this is the first
multivariate analysis in Pyrola to test whether suites of floral morphological characters
can be used to distinguish among putative taxa. We found that three of the four Pyrola
species can be distinguished from each other statistically by their anther pore shapes and
by floral bract length (Table 1). A major finding of this study is that, in comparison with
other species, P. dentata exhibits the greatest differentiation in floral morphology and
flowering phenology. This species also possesses leaf adaptations for more xeric forest
habitat conditions and exhibits the greatest difference in climatic associations compared
with other species in the P. picta complex (Jolles, in review). Using information from the
current study as a foundation, future studies may be able to address relationships between
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local ecological adaptation and the phylogenetic structure reported by Jolles & Wolfe
(2012) and Jolles & Wilson (2014). Spatial autocorrelation analyses (data not shown)
suggest that much of the overlap in floral morphology among three members of the P.
picta species complex is due to the broad geographic and ecological ranges these taxa
inhabit. For this reason, it is advisable to use regional keys to distinguish among species
growing under similar ecological conditions. Selection for divergent floral morphology
among species has occurred and it is associated with subtly divergent flowering
phenologies, but more efforts will need to be focused in this area to understand whether
divergence occurs in sympatry alone (i.e., character displacement) or whether differences
in flowering time were established in allopatry and are being sustained after secondary
contact.
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FIGURES AND TABLES

Figure 7. Summary phylogeny of the P.
picta species complex showing the
hypothetical relationships of species
proposed by Jolles (2007) and general
differences among species in leaf shape
and coloration.
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Next page. Figure 8. Buzz-pollinated flowers of the Pyrola picta species complex (A) are
visited by Bombus species (i), which vibrate the poricidal anthers (ii) of flowers. Pyrola
flowers (iii) vary in the sizes and shapes of several structures, many of which can be
measured from the flattened flowers of herbarium specimens (iv). Floral measurements
(B): (1–4) androecium characters, (5–8) gynoecium characters and (9–14) floral display
characters.
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Figure 9. Western North America showing collection localities for specimens used in
this study. Localities for specimens used for morphometric comparisons are marked with
symbols corresponding to each species in the legend. Locations of sympatric populations
(A–I) used for phenology comparison are indicated with arrows. Southern Rocky
Mountain samples excluded from statistical species comparisons are indicated with a
dotted grey line.

64

!"#$%&'()#*(%+&'

!"+

!"#$%%

("#

("+

*"#

*"+

)"+

)"#

,"#-.*$/(%&#&()/.%01#&2#3(%&)$*#)./#2-#$%&'()#42)(

#"*$%%

#")

#"+

#",

#"&

F"#$%&'()#42)(#'(.+'&G#H.I&'

#"'

!"#

!"(

!")

!"&

5"#4(&$*#*(%+&'

)"#$%%

+"#

&"#

,"#

'"#

-"#

!6"#1(4$*#*(%+&'

!"#$%%

!"+

("#

("+

*"#

!7"#8)$9&#*(%+&'

("#$%%

*"#

)"#

+"#

&"#

,"#

!F"#1(4$*#*(%+&'G#4(&$*#*(%+&'

#"*

#"(

#"+

#")

!J"#1(4$*#*(%+&'G#H.I&'

#"&

4"#:;<=>

#"'

4"#>:?@AA>

!"#

!"(

4"#BCD=>=>

!")

4"#<E@:=>

Figure 10. Boxplots showing median, upper and lower quartiles, minimum and
maximum values (excluding outliers), and outliers for characters exhibiting significant
among-species differences.
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Figure 11. Density plot comparing the mean ranges and means of anther pore
height:width ratio (character 5) for P. aphylla (n = 33, dashed-and-dotted line), P. picta
(n = 38, dashed line) and P. dentata (n = 45, solid line). Pyrola picta and P. dentata are
significantly different for this character (Tukey’s HSD, P < 0.01).

Next page. Figure 12. Plot of three NMDS dimensions for 17 morphological characters
showing centroids for each species (A, B) and the influence of each character on the
ordination via linear vector fitting analysis (C, D). The geographic signal of some
characters, shown here as non-linear surface fit of latitude (E) and longitude (F) to the
MDS ordination, indicates that variation in characters strongly associated with MDS1 and
MDS2 have a clear geographic signal. Symbols for each species follow from Figs. 2, 3
(P. picta = open circle, P. dentata = diamond, P. aphylla = star, P. crypta = filled circle).
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Previous page. Figure 13. Linear discriminant analysis of 17 floral morphology
characters measured from specimens of P. picta (open circle), P. dentata (diamond), P.
aphylla (star) and P. crypta (filled circle). Coefficients of linear discrimination indicate
characters that most effectively discriminate among species along LD1, LD2 and LD3
(A). Ordination of discriminant analysis (B) shows four species determined by a priori
assignment (delimited by convex hulls) and symbols containing letters refer to contrary, a
posteriori, species assignments (P = P. picta, D = P. dentata, C = P. crypta, A = P.
aphylla).
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Figure 14. Mean frequencies of flowers per inflorescence in each of three stages of
development for a single site in Siskiyou County, California at which three species occur;
sampling dates separated by 12 days. Bars = standard error of the mean, circles =
standard deviation.
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Figure 15. Mean frequencies of flowers per inflorescence in each of three stages of development for nine sites in the Sierra Nevada
and southern Cascade Mountains of California that were only visited once (Fig. 9); at some, all three species are sympatric whereas
only two of the focal species occur at others. Bars = standard error of the mean, circles = standard deviation.
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0.35 ± 0.05 (0.25–0.45)

0.40 ± 0.05 (0.30–0.54)

0.51 ± 0.08 (0.34–0.68)

1.26 ± 0.16 (0.96–1.68)

6.30 ± 1.18 (3.94–8.70)

0.63 ± 0.41 (0.08–1.73)

0.99 ± 0.22 (0.58–1.50)

6.21 ± 0.83 (4.60–7.80)

4.21 ± 0.85 (2.31–6.10)

1.61 ± 0.20 (1.20–1.91)

1.94 ± 0.34 (1.23–3.00)

4.07 ± 1.10 (1.96–6.91)

5.39 ± 1.17 (3.25–7.64)

0.67 ± 0.01 (0.50–0.86)

0.84 ± 0.02 (0.63–1.17)

0.32 ± 0.01 (0.20–0.56)

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

Mean ± SD (Min–Max)

0.30 ± 0.01 (0.22–0.41)

0.83 ± 0.02 (0.57–1.14)

0.65 ± 0.01 (0.51–0.83)

5.79 ± 1.81 (3.19–9.60)

4.68 ± 1.16 (2.40–7.13)

1.94 ± 0.26 (1.40–2.40)

1.60 ± 0.23 (1.20–2.02)

4.13 ± 0.58 (3.00–5.61)

6.41 ± 0.67 (0.50–0.70)

1.07 ± 0.18 (0.69–1.43)

0.67 ± 0.34 (0.01–1.31)

6.46 ± 0.83 (4.88–8.27)

1.18 ± 0.16 (0.78–1.46)

0.49 ± 0.08 (0.32–0.68)

0.41 ± 0.06 (0.30–0.53)

0.36 ± 0.04 (0.27–0.43)

3.18 ± 0.35 (2.57–3.80)

Mean ± SD (Min–Max)

3.01 ± 0.40 (1.77–3.83)

1.

P. aphylla

P. picta

0.30 ± 0.01 (0.17–0.53)

0.93 ± 0.03 (0.52–1.48)

0.71 ± 0.01 (0.51–0.97)

5.70 ± 1.45 (2.36–8.50)

3.03 ± 0.56 (1.80–4.55)

1.74 ± 0.34 (1.07–2.43)

1.58 ± 0.21 (1.08–2.00)

4.16 ± 0.55 (3.31–5.30)

5.92 ± 0.83 (4.07–7.40)

1.01 ± 0.30 (0.64–1.60)

0.64 ± 0.40 (0.01–1.40)

6.47 ± 1.01 (4.10–8.84)

1.10 ± 0.11 (0.83–1.36)

0.44 ± 0.05 (0.36–0.55)

0.41 ± 0.05 (0.29–0.50)

0.37 ± 0.06 (0.21–0.51)

2.90 ± 0.30 (2.20–3.70)

Mean ± SD (Min–Max)

P. dentata

0.41 ± 0.00 (0.38–0.55)

0.69 ± 0.00 (0.63–0.77)

0.70 ± 0.05 (0.55–0.86)

5.94 ± 1.45 (3.83–7.94)

4.57 ± 0.84 (3.08–5.10)

2.39 ± 0.10 (2.25–2.50)

1.65 ± 0.19 (1.45–1.93)

4.06 ± 0.73 (2.92–4.71)

5.79 ± 0.47 (5.28–6.50)

0.79 ± 0.06 (0.70–0.85)

0.59 ± 0.40 (0.01–1.03)

5.90 ± 0.98 (5.02–7.11)

1.31 ± 0.89 (1.10–1.37)

0.47 ± 0.04 (0.42–0.53)

0.38 ± 0.00 (0.37–0.39)

0.29 ± 0.02 (0.26–0.32)

2.70 ± 0.30 (2.50–3.20)

Mean ± SD (Min–Max)

P. crypta

< 0.01 a x p x d
<0.01 p x d
ns

0.11
0.68
0.001
<0.0001
0.73
0.91
0.30
0.03
0.88
0.77

F (2, 113) = 2.29
F (2, 113) = 0.38
F (2, 113) = 8.82
F (2, 113) =
12.54
F (2, 113) = 0.31
F (2, 113) = 0.09
F (2, 113) = 1.23
F (2, 113) = 3.72
F (2, 113) = 0.13
F (2, 113) = 0.26

HSD

ns

0.77
0.004
0.007
0.38

F (2, 113) = 5.78
F (2, 113) = 5.22
F (2, 113) = 0.97

ns

< 0.05 p x d, a x d

< 0.01 a x d

ns
< 0.01 a x p x d

0.01
<0.0001

F (2, 113) = 5.19
F (2, 113) =
30.23
F (2, 113) = 0.26

ns

ns

< 0.05 a x d

ns

ns

ns

ns

< 0.01 a x d

P
0.01

F (dfB, dfW)
F (2, 113) = 4.52

ANOVA

Table 1. Variation in 17 morphological characters: mean, standard deviation, and range for P. picta (n = 62 specimens), P. dentata
(n = 53), P. aphylla (n = 35), and P. crypta (n = 5). P. crypta was omitted from further analyses due to small sample size. Last three
columns report results from ANOVA for the former three species, significant among- and within- species differences were derived
(F-ratios for ANOVA (P) and significance after Tukey’s post-hoc HSD test are reported).

Table 2. Contributions of 13 floral characters to NMDS ordination. Bold text indicates
strong contributions of morphological characters to MDS1, MDS2, and MDS3 axes.
Character
Anther length [1]
Anther pore diameter [2]
Anther pore height [3]
Anther pore width [4]
Style length [6]
Style curvature [7]
Stigma width [8]
Petal length [9]
Petal width [10]
Sepal width [11]
Sepal length [12]
Bract length [13]
Pedicel length [14]

MDS1
-0.1039
-0.1584
-0.2063
-0.2410
0.0130
-0.3416
0.0214
-0.0538
-0.0535
-0.1242
-0.1625
-0.0523
0.4220

MDS2
-0.0223
0.0254
-0.0090
-0.0464
0.1675
0.1083
0.0248
-0.0193
-0.0390
-0.0190
-0.0802
-0.3225
-0.0683

MDS3
-0.0142
-0.0728
-0.0077
0.0154
0.0406
0.0005
-0.0173
0.0204
0.0137
-0.0215
0.0486
0.2041
-0.2432

Table 3. Linear vector fitting of characters to the 3-dimensional NMDS ordination
indicates how well each character ‘fits’ the arrangement of samples in the ordination. P
values are based on 999 permutations (significance codes: < 0.001 ‘***’, 0.001 ‘**’, 0.01
‘*’, 0.05 ‘.’, 0.1 ‘ ’). Non-linear (nl) surface-fitting was used in a separate analysis to
assess latitude, longitude and elevation.
Character
Anther length [1]
Anther pore diameter [2]
fa.lr [3]
fa.ur [4]
Style length [6]
Style curvature [7]
Stigma width [8]
Petal length [9]
Petal width [10]
Sepal width [11]
Sepal length [12]
Bract length [13]
Pedicel length [14]
Latitude
Longitude
Elevation
Species

MDS1
0.6583
0.9069
0.5357
0.2242
0.5279
-0.1281
0.9459
0.7190
0.7057
0.8014
0.3277
0.2021
0.7606
-0.9115
-0.3877
-0.1454
0.0130

MDS2
-0.3397
0.1859
-0.3666
-0.6173
0.7060
0.8415
0.0809
-0.2717
-0.4209
-0.4196
-0.6146
-0.7528
-0.2408
-0.3825
-0.8687
0.8862
0.4471

72

MDS3
0.6717
-0.3781
0.7607
0.7541
0.4721
0.5248
0.3141
0.6398
0.5699
0.4263
0.7176
0.6265
-0.6029
-0.1510
0.3083
-0.4399
-0.8944

r2
0.3995
0.0921
0.1071
0.1670
0.9373
0.0153
0.2143
0.5092
0.3526
0.2312
0.3063
0.9271
0.9882
0.0328
0.0236
0.0061
0.1202

Pr(>r)
0.001
0.013
0.011
0.002
0.001
0.607
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.253
0.427
0.878
0.004

***
*
*
**
***
***
***
***
***
***
***
***
nl
nl
nl
**
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H

I

G

E

F

D

A2

C

B

Pop
A1

Species
P. picta
P. aphylla
P. dentata
P. picta
P. aphylla
P. dentata
P. picta
P. aphylla
P. picta
P. aphylla
P. dentata
P. picta
P. dentata
P. picta
P. dentata
P. picta
P. aphylla
P. picta
P. dentata
P. picta
P. dentata
P. picta
P. dentata

n
30
26
30
31
29
2
1
11
30
22
29
10
5
1
5
28
33
13
1
30
14
11
17

mean
1.00
1.00
0.83*
0.90
0.58
0.00*
0.00
0.99
0.61
0.64
0.07*
1.00
0.92
0.67
0.05
0.05*
0.18*
1.00
0.33
0.41*
0.04*
0.20*
0.00*

Stage A
± SD
± 0.00
± 0.00
± 0.23
± 0.14
± 0.38
± 0.00
NA
± 0.04
± 0.29
± 0.30
± 0.20
± 0.00
± 0.17
NA
± 0.08
± 0.07
± 0.17
± 0.00
NA
± 0.36
± 0.06
± 0.20
± 0.00
± SE
± 0.00
± 0.00
± 0.04
± 0.03
± 0.07
± 0.00
NA
± 0.01
± 0.05
± 0.07
± 0.04
± 0.00
± 0.08
NA
± 0.04
± 0.01
± 0.03
± 0.00
NA
± 0.07
± 0.02
± 0.06
± 0.00

mean
0.00
0.00
0.17*
0.09
0.35
0.07
1.00
0.01
0.39
0.35
0.31*
0.00
0.08
0.33
0.12
0.73*
0.41*
0.00
0.33
0.59*
0.31*
0.57*
0.03*

Stage B
± SD
± 0.00
± 0.00
± 0.23
± 0.14
± 0.32
± 0.09
NA
± 0.04
± 0.29
± 0.29
± 0.33
± 0.00
± 0.17
NA
± 0.09
± 0.27
± 0.28
± 0.00
NA
± 0.36
± 0.42
± 0.15
± 0.06
± SE
± 0.00
± 0.00
± 0.04
± 0.03
± 0.06
± 0.07
NA
± 0.01
± 0.05
± 0.07
± 0.06
± 0.00
± 0.08
NA
± 0.04
± 0.05
± 0.05
± 0.00
NA
± 0.07
± 0.12
± 0.05
± 0.02

mean
0.00
0.00
0.00
0.00
0.00
0.94
0.00
0.00
0.00
0.01
0.63*
0.00
0.00
0.00
0.84
0.23*
0.41*
0.00
0.30
0.00*
0.65*
0.23*
0.97*

Stage C
± SD
± 0.00
± 0.00
± 0.00
± 0.00
± 0.00
± 0.09
NA
± 0.00
± 0.00
± 0.04
± 0.38
± 0.00
± 0.00
NA
± 0.12
± 0.26
± 0.33
± 0.00
NA
± 0.01
± 0.44
± 0.22
± 0.06

± SE
± 0.00
± 0.00
± 0.00
± 0.00
± 0.00
± 0.06
NA
± 0.00
± 0.00
± 0.01
± 0.07
± 0.00
± 0.00
NA
± 0.06
± 0.05
± 0.06
± 0.00
NA
± 0.00
± 0.12
± 0.07
± 0.02

Table 4. Mean frequencies per inflorescence of flowers in developmental stages A, B, and C for sympatric species at each of
nine sites (mean ± SD, ± SE). Sample sizes (n) represent the number of inflorescences observed per population. Species
exhibiting significant differences in mean frequency of flowers in stages A, B, and/or C are indicated (bold, asterisks).

APPENDICES

Appendix 1. Pyrola aphlla, P. crypta, P. dentata, and P. picta herbarium specimens used
for morphometric analyses.
Specimens organized by species, then state. Under each state, specimen information
includes the holding herbarium (and accession number if available), collector and
collection number, and county.
PYROLA APHYLLA
California: NY, JMJ 2535, Fresno Co.; NY188348, B.M. Bartholomew 4408, Modoc
Co.; NY, RMA 441, Placer Co.; NY 35056, Plumas Co.; NY, Alice Eastwood 641,
Plumas Co.; NY 287506, Trinity Co.; NY, A. Kellogg & W.G.W. Harford s.n.; OS, D.D.
Jolles 112A, Shasta Co.; RSA 467891, E.A. Purer 5113, Mariposa Co.; POM 259135,
P.A. Munz 15370, Riverside Co.; POM 48942, P.A. Munz 8725, San Bernardino Co.;
RSA 612010, L.C. Wheeler 1167, San Bernardino Co.; RSA 747816, Justin M. Wood
1135, San Bernardino Co.; RSA 467901, Lester Rowntree 1925, Santa Clara Co. Idaho:
WTU 160218, G.B. Rossbach 192, Idaho Co.; WTU 169146, Arthur Cronquist 6003,
Idaho Co.; WTU 169149, Quentin Jones 5986, Idaho Co.; NY 1347, Shoshone Co.
Montana: MONTU 36264, Harvey 2762, Lake Co.; NY, BTB 954, Lake Co.; NY, DTM
795, Lake Co. Oregon: ORE 69220, Lincoln Savage, Baker Co.; OSC 11847, H.C.
Gilbert 746, Benton Co.; OSC 7981-a, Laura Hill Griffin, Benton Co.; ORE 69230, L.F.
Henderson 11585, Curry Co.; ORE 11788, Orlin L. Ireland 1491, Jackson Co.; ORE
11790, Orlin L. Ireland 1542, Lane Co.; OSC7972, M.C., Lane Co.; RSA, D.D. Jolles
520, Klamath Co.; RSA, D.D. Jolles 502, Lane Co. Washington: NY 25949, Pend
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Orielle Co.; NY, SM 852, San Juan Co.; WTU 18248, J. William Thompson
8822, Snohomish Co.
PYROLA CRYPTA
California: HSC43596, B. Reinhardt 244, Del Norte Co.; HSC54854, G.L. Clifton
10741, Humboldt Co.; HSC34714, Thomas W. Nelson 1689A, Trinity Co.; HSC46632,
J.P. Smith 9404, Mendocino Co. Washington: OS, D.D. Jolles 10, Clallam Co.
PYROLA DENTATA
California: HSC34714, Thomas W. Nelson 1689A, Humboldt Co.; HSC75050, J.P.
Smith 10041, Tehama Co.; NY 253985, El Dorado Co.; NY, AMO 1192, El Dorado Co.;
NY 27108, Inyo Co.; NY 82508, Inyo Co.; NY 122742, Inyo Co.; NY 121286, Mono
Co.; NY, RJW 1645, Placer Co.; NY, Alice Eastwood 1039, Plumas Co.; NY 287039, San
Joaquin Co.; NY 58944, Trinity Co.; RSA 679074, Michael Denslow 1441, Riverside
Co.; RSA 191562, R.F. Thorne 36561, San Bernardino Co. Idaho: NY 10496, Boise Co.;
UTC 34160, Arthur Cronquist 2023, Clark Co.; NY 3829, Custer Co.; NY 1756, Idaho
Co.; UTC 49513, Arthur Cronquist 3489, Lincoln Co. Montana: MONTU 72899,
Lackschewitz 4649, Lake Co.; MONTU 21807, Hitchcock 1731, Mineral Co.; MONTU
94386, Whittler s.n., Missoula Co.; MONTU 93312, Watson 1348, Powell Co.; MONTU
63913, Fageraas 2083, Ravalli Co.; MONTU 66204, Lackschewitz 2184, Ravalli Co.;
MONTU 68229, Lackschewitz 2955, Ravalli Co.; MONTU 68355, Lackschewitz 3017,
Ravalli Co.; MONTU 76242, Cory 1534, Ravalli Co.; MONTU 104618, Cory 1534,
Ravalli Co.; NY, KHL 3017, Ravalli Co.; NY 2330. Nevada: NY 188344, B. Maguire
22274, Elko Co.; NY 188346, A.H. Holmgren 1666, Elko Co.; NY 188347, P. Train 752,
Elko Co.; NY 428812, Elko Co.; NY, AT 10030, Elko Co.; UTC 226390, A. Pinzl 12645,
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Washoe Co. Oregon: OSC 30003, F.P. Sipe, Jackson Co.; OSC 117362, N.E. West,
Jefferson Co.; ORE 69335, L. Leach 2920, Josephine Co.; ORE 11796, O.L. Ireland
1777, Linn Co.; ORE 69330, L.E. Detling 5057, Linn Co.; RSA, Darrach s.n., Grant Co.
Washington: WTU 25955, J.W. Thompson 8746, Kittitas Co.; WTU 42861, J.M. Grant
s.n., Kittitas Co.; WTU 42890, J.M. Grant s.n., Kittitas Co.; WTU 144834, J.W.
Thompson s.n., Kittitas Co.; Wyoming: NY 10073, Sublette Co.; NY, L.W. 1025, Teton
Co. Mexico: RSA 519545, S. Boyd 2601, Baja California.
PYROLA PICTA
California: NY 41510, El Dorado Co.; NY 16454, Shasta Co.; NY 132465, Trinity Co.;
NY 287505, Trinity Co.; NY, D.W. McNeal 2711, Tuolomne Co.; NY, EAM 36,
Tuolomne Co.; NY 12582; OS, D.D. Jolles 112, Shasta Co.; RSA, D.D. Jolles 471,
Plumas Co.; NY 48354, San Bernardino Co.; NY 767642, San Bernardino Co. Colorado:
CS 30754, P. Douglas 2143a, Archuleta Co.; COLO 72618, W.A. Weber 7897, Boulder
Co.; COLO 274483, Harold Dahnke s.n., El Paso Co.; COLO 16538, Alice Eastwood
s.n., Elbert Co.; COLO 474814, T. Kelso 99-126, Elbert Co.; COLO 507210, Jeannine
Shawver s.n., Grand Co.; NY 70838, Park Co.; COLO 522537, Tim Hogan 4542, Pueblo
Co.; COLO 522547, Tim Hogan 4553, Pueblo Co. Idaho: UTC 34106, Arthur Cronquist
1784, Boise Co.; WTU 240222, R.F. Daubenmire s.n., Boundary Co.; WTU 148949,
Quentin Jones 359, Idaho Co. Montana: MONTU 80029, Antos 199, Flathead Co.;
MONTU 122519, Lesica 7766, Glacier Co.; WTU 212046, J.R. Habeck s.n., Missoula
Co.; MONTU 58039, Diettert s.n., Ravalli Co.; NY, KHL 3160, Ravalli Co. New
Mexico: UNM 18484, E.F. Castetter 2336, Catron Co.; UNM 76109, P.J. Knight 3063,
Catron Co.; NY, P12548, Catron Co.; NY, P12566, Catron Co.; UNM 69439, R. Fletcher
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4849, Catron Co.; UNM 78341, C.R. Hutchins 11260, Grant Co.; NY, PCS 4685, San
Miguel Co.; UNM 72331, P.J. Knight 1292, Sandoval Co. Oregon: OSC 7981-p, Laura
Hill Griffin, Benton Co.; OSC 82082, C. Hudelson, Clackamas Co.; ORE 69233, L.F.
Henderson 13221, Douglas Co.; OSC 127361, R. Waring 213, Josephine Co.; ORE
11869, Orlin L. Ireland 1331, Klamath Co.; ORE 11789, Orlin L. Ireland 1528, Lane
Co.; OSC 100310, S.C. Head 1550, Union Co.; RSA, D.D. Jolles 521, Klamath Co.;
RSA, D.D. Jolles 501, Lane Co. Utah: UTC 159194, Gary A. Reese 965, Kane Co.; UTC
149399, Noel H. Holmgren 5492, Rich Co.; NY 188349, F.W. Gould 1958, Washington
Co.; NY 188350, E.J. Neese 17093, Washington Co.; NY 223418, Washington Co.;
Washington: NY 27863, G.E. Morrill 413, Chelan Co.; WTU 322886, E.B. Caswell
s.n., Chelan Co.; NY 363297, Chelan Co.; WTU 35077, G.N. Jones 1622, Kittitas Co.;
NY, WHC 105, Pierce Co.
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3.
Spatial and genetic consequences of niche conservatism among species in the
Pyrola picta complex

INTRODUCTION

The genus Pyrola L. is comprised of 30–40 species, all of which have north
temperate distributions (Kron & Luteyn, 2005). Pyrola section Ampliosepala Andres
(Andres, 1914) is comprised of three series (Liu et al., 2010), including ser. Scotophyllae
(Nutt.) Zhen W. Liu & H. Peng (Nuttall, 1843; Liu et al., 2010). Series Scotophyllae (Fig.
16) comprises four western North American species and is often referred to as the P.
picta species complex: P. aphylla Sm., P. crypta Jolles, P. dentata Sm., and P. picta Sm.
(Smith, 1814; Haber, 1987; Jolles & Wolfe, 2012; Jolles & Wilson, 2014). Phylogenetic
analyses of combined chloroplast and nuclear loci (Liu et al., 2010) indicate that ser.
Scotophyllae is sister to a clade of Asian taxa, ser. Japonicae K!ísa (K!ísa, 1965). These
two series are together sister to a trans-Beringian clade, ser. Chloranthae K!ísa (K!ísa,
1971), which includes P. chlorantha Sw., a species of North America and Eurasia.
Together these three series (i.e., Chloranthae, Japonicae, Scotophyllae) form sect.
Ampliosepala Andres (Fig. 16). Fossil calibrated molecular phylogenies (Liu et al., 2014)
suggest that, like many groups that have ranges consistent with Tertiary relict
distributions (Hultén, 1937; Raven & Axelrod, 1978; Pielou, 1991), ancestors of ser.
Scotophyllae must have existed in North America at least 5.4 Mya (Gladenkov et al.,
2002; Liu et al., 2014). The fact that the Beringian land bridge has been submerged since
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this time suggests that one or more cladogenic events (e.g., speciation by vicariance)
could have precipitated divergence between ser. Scotophyllae and ser. Japonicae given
their modern geographic ranges in western North America and eastern Asia, respectively.
Based on what is known about relationships in Pyrola (Liu et al., 2010), analytical
methods for inferring historical geography such as cladistic biogeography (Platnick &
Nelson, 1978) or alternative, model-based analyses (reviewed by Ronquist & Sanmartin,
2011) predict that the ancestor to sect. Ampliosepala was Eurasian and that the split
between ser. Scotophyllae and ser. Japonicae represents a late Miocene vicariance event
(ca. 11 Mya) followed by diversification on two different continents (Liu et al., 2014).
The phylogeographic histories of species within ser. Scotophyllae are not
straightforward. Phylogenetic analyses based on combined nuclear and chloroplast loci
indicate that ser. Scotophyllae is relatively young (ca. 5 Mya) and diversified in North
America after divergence from a common ancestor shared with ser. Japonicae (Liu et al.,
2014). The collective range of the four species within ser. Scotophyllae (P. aphylla, P.
crypta, P. dentata, P. picta) extends from Bella Coola, British Columbia, Canada (ca.
52.2N, 125.5W) south to the Sierra San Pedro Mártir in Baja California, Mexico (ca.
30.9N, 115.6W) in western North America. Several mountain ranges may serve as
dispersal corridors for these and many other plant species associated with the north
temperate conifer forest assemblage (Engler, 1879/1882; Raven & Axelrod, 1978;
Graham, 1999). Still, it is unclear whether reproductive isolation and speciation in ser.
Scotophyllae occurred in sympatry, parapatry, or allopatry. For example, interspecific
differences in leaf morphology suggest that parapatric speciation associated with
ecological niche divergence may have occurred some time in the past. Departures in leaf
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morphology from the ancestral type exhibited by P. picta and P. crypta include glaucous
leaf surfaces with dense stomata in P. dentata (possibly an adaptation to more xeric
conditions) and a transition to obligate mycoheterotrophy and reduction of leaves in P.
aphylla (possibly an adaptation to low light conditions).
Pyrola picta is by far the most widespread species in the complex, ranging from
Bella Coola to the southern Rocky Mountains in the east and the Transverse and
Peninsular Ranges in the west. Pyrola dentata and P. aphylla have relatively large ranges
as well, from southeastern British Columbia to southern Idaho and northern Nevada in
the east and to Baja California in the west. Pyrola crypta has the smallest geographic
range as it is restricted to the Pacific Northwest physiographic province. At least two
major factors make it difficult to determine whether reproductive isolation in ser.
Scotophyllae (sensu Jolles & Wilson, 2014) occurred in allopatry or sympatry, and where
in North America speciation events might have occurred. First, western North America
has a complicated history of glaciation and orogenic events, which reshaped the
landscape and transformed habitats over millions of years. The second major factor
influencing our ability to understand the phylogeographic history of the P. picta species
complex is biological. Pyrola aphylla, P. crypta, P. dentata, and P. picta have similar
natural histories in several respects: they share the same preference for relatively mesic,
primary and second-growth coniferous and conifer-oak forests, they have obligate
(though not species-specific, Hynson & Bruns, 2009) relationships with mycorrhizal
fungi (Baskin & Baskin, 1998; Zimmer et al., 2007), and they have similar floral
morphology and phenology (Jolles, in press). In fact, for many years these species were
thought to represent a single, morphologically diverse species, P. picta (sensu Haber,
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1987), despite isotopic evidence supporting the contrary (Zimmer et al., 2007; Hynson &
Bruns, 2009). Recent molecular phylogenetic evidence indicates that these species are
reciprocally monophyletic (Jolles & Wolfe, 2012), but hybridization has also been
observed at low frequency in sympatry (Jolles & Wilson, 2014). This background
hybridization may explain why previous taxonomists who studied sympatric populations
in northern California, the area of greatest range overlap, population size, and population
density, recognized the P. picta complex as a single species (Camp, 1940; Copeland,
1947) rather than multiple, distinct species (Jolles, 2007; Jolles & Wolfe, 2012).
Speciation in sympatry is predicted to result in the formation of strong
ethological, phenological or sexual prezygotic barriers. In contrast, comparative study of
floral morphology and phenology (Jolles, in press) indicates that species in ser.
Scotophyllae exhibit weak prezygotic barriers, including significantly different anther
morphologies and differences in the timing of anthesis. These species also exhibit
differences in leaf morphology and geographic range (Figs. 16, 17). Taken together, these
patterns suggest that genetic differentiation is more likely to be associated with climatic
adaptation and speciation in allopatry than it is to reproductive niche partitioning in
sympatry. Many studies have shown that allopatric speciation followed by range
expansion or shifts of closely related species can result in the formation of hybrid zones
(reviewed by Arnold, 2006), but in the case of ser. Scotophyllae it is not yet clear what
factors mediate secondary contact.
If these species became genetically distinct in allopatry and have since
experienced secondary contact through range shifts, it will be useful to understand the
environmental conditions under which they evolved, as well as the geographic areas of
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origin of these species. The North American West is experiencing climate change that
could cause many species’ ranges to shift and require plants of many lineages to adapt.
Understanding how plant lineages respond to climate change is of the utmost importance
if we are to play a hand in conserving the ‘evolutionary potential’ (Rojas, 1992) of these
lineages.
Climatic conditions in western North America have changed drastically over time
(Graham, 1999), resulting in species range shifts and the formation and dissolution of
species assemblages (Delcourt & Delcourt, 1991), presumably also resulting in
adaptation and speciation in many lineages. Ericaceous species complexes such as
Vaccinium uliginosum L. (Young, 1970), Rhododendron occidentale (Torr. & A. Gray)
A. Gray (Hrusa, 2012), and Pyrola picta (Haber, 1987; Jolles & Wolfe, 2012) all have
extensive ranges along the montane, temperate conifer forest assemblage. The
phylogenetic complexity exhibited across their respective ranges highlights the regional
impacts of natural selection, genetic drift, and gene flow on patterns of dispersal and
colonization in the context of Pleistocene glaciation and mountain building events.
Understanding historical biogeography is a challenge because the adaptations that were
present in each species long ago or what kinds of climatic conditions were associated
with species' niches are unknown. However, many workers have begun to model presentday associations among climate, species, and geographic ranges to better understand
adaptation.
In this study, phylogeny estimates for ser. Scotophyllae plants collected from
across their geographic ranges are used to infer historical biogeography and investigate
the role of climate in dispersal and adaptation over time. Climate data associated with
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collections were used to test whether species can be discriminated on the basis of their
climatic ranges. Finally, the phylogeographic and phyloecological histories for ser.
Scotophyllae were estimated to better understand the contexts for speciation in the group.
Using these estimates, I discuss the possibility that speciation in ser. Scotophyllae
occurred as the result of natural selection, genetic drift, or a combination of evolutionary
processes. For example, whereas the former processes imply sympatric or allopatric
modes of speciation, a parapatric mode of speciation by niche diversification at range
edges is equally likely.

METHODS

DATA.!!"!!Leaf and stem tissues, in addition to voucher specimens of P. aphylla,
P. crypta, P. dentata, and P. picta (Appendix 1), were obtained from 278 populations
(Fig. 17) across their collective ranges in western North America between 2005 and
2013. Voucher specimens are deposited in the herbaria of Rancho Santa Ana Botanic
Garden (RSA) and Ohio State University (OS). Additional specimens from several
herbaria (HSC, OSC, RSA-POM) were used to increase sampling continuity across
species’ ranges. Specimens used in the current study were verified visually by the author
to ensure correct taxonomic identification and plants missing the morphological
characters required for diagnosis were omitted from the study. Geographic coordinates
associated with these specimens were compiled from the author’s collection records and
from herbarium specimen information. WorldClim bioclimate layers (Hijmans et al.,
2005) aggregated to 30 arc second spatial resolution were stacked, manipulated and
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queried with geographic coordinates using the RASTER 2.2-31 (Hijmans, 2014) and DISMO
(Hijmans et al., 2013) packages in R version 3.0.2 (R Core Team, 2013). Bioclimatic data
extracted for all 278 specimens were subsequently used for statistical discriminant
analysis, Bayesian cluster analysis, and phylogenetic ancestral character state estimation.
Genomic DNA extraction, PCR amplification, cycle sequencing, and Sanger
sequencing via capillary electrophoresis were all conducted at Rancho Santa Ana Botanic
Garden according to standard methods (Jolles & Wolfe, 2012). Universal primers were
used for nr ITS, and plastid petL-psbE and rpl32-trnL PCR amplifications (White et al.,
1990; Shaw et al., 2007). Parts of the matK coding region and the upstream intron were
amplified with one universal primer (Johnson & Soltis, 1995) and one designed by the
first author (Table 1). Pyrola-specific primers for amplifying introns 7 (rpb2-A) and 11
(rpb2-B) of the single-copy nuclear RPB2 gene (RNA polymerase II gene family;
Weinmann et al., 1974; Popp & Oxelman, 2004) were designed by modification to the
plant-specific primer sequences RPB2-6F, -7R, 10F, and -11aR (Denton et al., 1998).
RPB2 intragenic regions have been used in studies of Rhododendron (Goetsch et al.,
2005) but have not been used for other published studies in Ericaceae to date. All
nucleotide sequences were proofread, edited, and assessed for homology (e.g., alignment
and coding of indels) following the method reported in Jolles & Wilson (2014).
PHYLOGENETIC ANALYSES.!!"!!Alignment and concatenation of ITS, rpb2-A, rpb2B, psbE-petL, matK and rpl32-trnL sequences resulted in three matrices: a combined
plastid matrix (3293 bp), a combined RPB2 matrix (1410 bp), and an ITS matrix (666
bp). The number of samples sequenced for each locus varied, with ITS being the most
complete. Model estimates of nucleotide evolution and subsequent phylogeny estimates
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using maximum parsimony (MP), maximum likelihood (ML), and Bayesian inference
(BI) were conducted in R following the methods of Jolles & Wilson (2014) for each of
the four matrices. Statistical support for clades are reported as MP bootstrap (PBS), ML
bootstrap (BS), and Bayesian posterior probabilities (PP).
Two of the resulting topologies, those based on ITS and the plastid locus,
resolved the four species clades identified as in previous studies (Jolles & Wolfe, 2012;
Jolles & Wilson, 2014). These data sets were thus retained for biogeographic analysis by
ancestral state estimation. In contrast, the RPB2 intergenic region exhibited major
incongruences with respect to these topologies and species monophyly (data not shown);
these data were omitted from biogeographic estimates. Ad hoc species identifications
based on leaf morphology were compared with phylogenetic placements of specimens
prior to statistical climate analyses. Phylogeny estimates based on the nuclear and plastid
datasets indicated that a group of 20 samples, containing P. aphylla, P. crypta, P.
dentata, and P. picta individuals, is responsible for gene tree discordance with respect to
species monophyly.
In order to better understand patterns of lineage sorting and deep coalescence
among loci, gene phylogenies based on RPB2 and the chloroplast were reconciled within
a species phylogeny (sensu Page & Charleston, 1997) based on the nrITS species
phylogeny estimate. The ITS locus has been used in conjunction with other loci to
recover species relationships previously (Jolles, 2007; Jolles & Wolfe, 2012; Jolles &
Wilson, 2014). In this study, we used the Gene Trees module in Mesquite version 3.01
(Maddison & Maddison, 2014) to simulate RPB2 and chloroplast coalescences,
respectively, within the species phylogeny.
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AMONG-SPECIES GEOGRAPHIC AND ECOLOGICAL RANGE COMPARISONS.!!"!!Species
distribution models are based upon presence-only data (rather than presences and
absences) were used to delimit species ranges. To determine which, if any, bioclimatic
variables were associated with differences in species ranges, analysis of variance
(ANOVA) was conducted using the STATS::aov function in R. Linear discriminant
analysis (DA) was also conducted using the MASS::lda (Ripley, 1996; Venables &
Ripley, 2002) and STATS::predict functions on the climate data extracted for all specimens
to determine which bioclimatic variables optimally distinguish species’ ranges.
Descriptive DA is the optimal tool for extracting a relatively small number of climatic
correlations that maximize differences among species from a set of many climatic
variables, many of which may co-vary with all species in ser. Scotophyllae, given how
similar the habitats appear to be for this species complex.
Bioclimatic data for 19 variables were extracted using the DISMO::extract function
and were then checked for normality and co-linearity. Eleven variables were discarded
due to co-linearity. ANOVA (with Tukey’s HSD) and DA were conducted using the
remaining eight climate variables (bio1: annual mean temperature, bio3: isothermality,
bio6: minimum temperature of the warmest month, bio7: annual temperature range,
bio12: annual precipitation, bio15: precipitation seasonality, bio17: precipitation of the
driest quarter, and bio19: precipitation of the coldest quarter) to determine which of the
bioclimatic factors exhibit significant differences among means, which best discriminate
among species ranges, and what their relative contributions to the DA ordination are.
Prediction accuracy of the DA for each species was calculated by dividing number of
correctly predicted samples based on my prior classification by the total number of
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samples. A chi-square test was conducted to determine whether the model (based on
ecological niche space) could diagnose species identity with greater accuracy compared
with random assignment.
GEOGRAPHIC AND ECOLOGICAL CATEGORIES.!!"!!In this study, I used geologic
features and geographic ‘gaps’ in the collective range to define boundaries within the
floristic regions proposed by Cronquist (1982) as follows: The Coastal Mountains of
mainland British Columbia and Vancouver Island (CAN); the Olympic Peninsula (WA)
and Cascade Mountain Ranges (WA, OR, CA); the Siskiyou and Klamath Ranges (OR,
CA); the Sierra Nevada (CA, NV); the Tranverse Ranges (CA), Peninsular Ranges (CA
and Sierra San Pedro Mártir, MX); the Central Rockies (CAN, MT, ID, WY); and the
Southern Rockies (CO, UT, NM, AZ). The seven geographic areas used in this study
were loosely classified a priori based on the floristic classification system of Cronquist
(1982). Cronquist’s Vancouverian Province area was subdivided into four different
regions corresponding to the Coastal Mountains of British Columbia, the Cascade
Mountains, the Klamath Region, and the Sierra Nevada, which all have distinct orogenies
and experienced vastly different glacial and interglacial conditions during the
Pleistocene. Likewise, Cronquist’s Rocky Mountain Province was split into the Southern
Rockies (consisting of the Colorado Plateau) and Central Rockies based on a natural
geographic barrier formed by the Wind River Basin in Wyoming. This gap could be a
significant barrier to gene flow for montane, forest-loving plant species. The last region
considered for this study includes the Transverse Ranges and the mountains of Baja
California, Mexico. Although the Transverse and Peninsular Ranges have different
geologic histories, subsampling of discrete mountain ranges in the Southwestern area was
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not adequate to permit their inclusion as distinct areas. The consequences of this model
choice will be discussed below, particularly with respect to the San Bernardino
Mountains, the only glaciated mountain range in the Pacific southwestern part of the
range. Designating biogeographic areas within a relatively continuous range is
challenging and can be somewhat subjective.
Bioclimate data extracted for all specimens were used to estimate ‘ecological
zones’ using the MCLUST package (Fraley et al., 2014), which conducts iterative Bayesian
cluster analyses and likelihood estimates for multiple values of K clusters. All specimens
were assigned to one of four ecological zones (i.e., clusters) based on cluster analysis of
the eight WorldClim variables retained after colinearity assessment. I conducted
predictive DA to evaluate the accuracy of ecological zone assignment and found that all
but two samples were assigned with 100% accuracy to their respective zones. These
ecological zones were used in subsequent ancestral state estimations to better understand
the conditions under which species may have evolved.
Finally, I conducted post hoc analyses to determine whether climate categories
were correlated with species and geographic area. I used a chi-squared goodness of fit
test to evaluate whether the frequencies of species in each climatic zone and geographic
area, respectively, are as expected by random or whether there is an association between
these categorical variables and the presence of certain species.
PHYLOGENETIC ESTIMATION OF GEOGRAPHIC AND ECOLOGICAL HISTORIES.!!"!!I used
the BIOGEOBEARS package version 0.2.1 (Matzke, 2014) to infer phylogeographic and
ecological histories of species in the P. picta complex. This application uses ML and BI
to estimate ancestral states under different dispersal and vicariance models. In this case, I
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use geographic areas (n = 7) and ecological categories (n=4) as the states to be estimated
at ancestral nodes of the tree. Estimated likelihood values of several different models that
incorporate different anagenic (dispersal, sympatric speciation) and cladogenic
(vicariance, allopatric speciation, founder events) processes are compared
simultaneously. The models used for ancestral state estimation and model comparison in
BIOGEOBEARS include the BAYAREA-like model (Landis et al. 2013), the DEC model
implemented in LAGRANGE (Smith & Ree, 2008), a DIVA-like model (Ronquist,
1997), and these three models with an additional parameter, j, that can account for
founder events. Ancestral state estimations under these six models were conducted
independently for the plastid and ITS phylogenies using the geographic regions and the
ecological categories. Prior to estimating ancestral states, unresolved nodes in
phylogenetic trees were randomly resolved using the APE::multi2d function (Paradis et
al., 2004). Likelihood estimates under each of the six models were compared for
plastid/geography, plastid/ecology, ITS/geography, and ITS/ecology. The most likely
ancestral geographic and ecological states for major cladogenic events under the most
likely model of character evolution (based on the AIC) in the phylogeny of ser.
Scotophyllae were plotted on phylogenies using the BIOGEOBEARS package. Ancestral
state estimates corresponding to nodes in the phylogeny that were randomly resolved
prior to the BIOGEOBEARS procedure were discarded; only estimates on nodes
supported by MP, ML, and BI in the original phylogeny estimates were retained.
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RESULTS

PHYLOGENY.!!"!!Phylogenetic estimates for ITS and plastid datasets differed
somewhat with regard to relationships among species in ser. Scotophyllae and to the
placement of several putative hybrid samples (data not shown). Both phylogenies support
a monophyletic ser. Scotophyllae (MP > 0.95, ML > 0.85, PP ! 0.96) sister to an
outgroup clade containing P. chlorantha (ser. Chloranthae).
The plastid phylogeny indicates that a clade containing 14 of the 16 P. crypta
samples (MP = 0.90, ML = 0.88, PP = 1.00) is sister to a clade containing 57 of the 68
samples of P. dentata (MP = 0.85, ML = 0.87, PP = 0.96). This sister relationship is
moderately supported (MP = 0.83, ML = 0.90, PP = 0.85). The P. crypta + P. dentata
clade is sister to a clade containing P. picta + P. aphylla (MP = 0.83, ML = 0.90, PP =
0.85). A clade containing 88 of the 96 samples of P. picta is moderately supported (MP =
0.70, ML = 0.75, PP = 1.00), but P. aphylla is complicated by the presence of 20
samples, belonging to each of the four species, that occur as (1) a grade basal to a “core
group” of P. aphylla samples and (2) a sister clade. The clade containing both P. aphylla
and the samples of questionable identity is moderately supported (MP = 0.89, ML = 0.90,
PP = 0.99). Within this clade, there are two subclades, one containing a monophyletic P.
aphylla (MP = 0.90, ML = 1.00, PP = 0.96) and a grade containing samples of other
species is well-supported (MP = 0.85, ML = 0.90, PP = 0.99). The second subclade is
well supported (MP = 0.90, ML = 0.90, PP = 0.99) and is composed exclusively of P.
picta (n = 3) and P. dentata (n = 8) samples.
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In contrast to the plastid phylogeny, the ITS phylogeny suggests that P. dentata is
monophyletic (MP = 0.95, ML = 1.00, PP = 0.98) and sister to the other species in ser.
Scotophyllae. Of the remaining species, monophyletic P. crypta (MP = 1.00, ML = 1.00,
PP = 0.99) is supported as sister to a clade containing P. aphylla (MP = 0.98, ML = 1.00,
PP = 1.00) and P. picta (MP = 0.90, ML = 0.98, PP = 0.66). The sister relationship
between P. picta and P. aphylla is well supported (MP = 1.00, ML = 0.99, PP = 0.78). In
the ITS phylogeny, the P. aphylla clade is composed of two subclades with a single
individual of P. picta collected from northern Arizona basal to these two. The larger
subclade (MP = 0.99, ML = 0.99, PP = 1.0) is comprised P. aphylla samples from across
the geographic range of this species. The smaller subclade (MP = 0.75, ML = 0.79, PP =
0.83) contains individuals of P. aphylla from the Cascade Mountain Ranges in the Pacific
Northwest (n = 6) and the Transverse and Peninsular Ranges (n = 4), and a single P. picta
plants from the Pacific Northwest. In the nuclear phylogeny, P. picta contains all
individuals identified as P. picta, but also a few putative hybrids (Appendix 1) between
P. picta and either P. aphylla (n = 1), P. dentata (n = 2), or P. crypta (n = 1).
To better understand lineage diversification patterns and relative timing in ser.
Scotophyllae, the ITS phylogeny was used to examine gene coalescence of the RPB2 and
plastid phylogenies, respectively. The RPB2 phylogeny (data not shown) supports
paraphyletic species in ser. Scotophyllae, in which clades are a mix of P. picta samples
and one other species (e.g., either P. chlorantha, P. crypta, P. aphylla, or P. dentata).
Under this model, P. picta occurs in every clade, and each of the other species arises
multiple times (i.e. P. dentata occurs in four different clades, P. aphylla occurs in three
different clades, and P. crypta occurs in two clades). Reconciliation of the RPB2 gene
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tree with the ITS species tree shows that deep coalescence is likely responsible for the
conflict and that allelic divergences likely preceded speciation events.
In contrast, the plastid phylogeny resulted in monophyletic species (data not
shown), differing from the ITS phylogeny in sister relationships among species. Lineage
diversification in the plastid occurred relatively early compared to ITS, preceding
speciation in the ser. Scotophyllae. Tree reconciliation suggests that plastid lineage
divergence between (1) the ancestor to P. crypta + P. dentata and the ancestor to P.
aphylla + P. picta, and subsequently (2) P. crypta and P. dentata, both preceded
speciation of P. dentata and P. crypta from a common ancestor. Plastid divergence of P.
aphylla and P. picta from a common ancestor may have been offset or concurrent relative
to speciation.
GEOGRAPHIC AND ECOLOGICAL RANGE COMPARISONS.!!"!!The geographic
distributions of each species used for this study do not correspond to any one of the seven
geographic areas considered for this study. Pyrola crypta has a much smaller range than
the other species, being restricted to parts of the Cascade and Klamath Regions, but the
other species have broad ranges spanning multiple geographic areas and the obvious lack
of correlation between species and geographic region was one of the bases for the current
study.
ANOVA based on eight bioclimatic factors indicated that three variables exhibit
significant inter-species differences: mean annual temperature (bio1, P < 0.001), mean
summer temperatures (bio10, P < 0.0001), and winter precipitation (bio19, P < 0.01).
Descriptive DA of the same variables indicated that three linear discriminants were
important for maximal differentiation of species ranges (LD1 = 0.43, LD2 = 0.31, LD3 =
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0.26). In comparison with ANOVA, factors that best discriminated among species (Fig.
18A) were mean annual temperature (bio1), mean diurnal range (bio2), isothermality
(bio3), and mean temperature of the warmest quarter (bio10). However, the graphs of
optimized discriminants (Fig. 18B, C) indicate that these factors only separate means and
standard error ellipses rather than identifying discrete clusters of points. Additionally,
predictive DA indicates that classification accuracy based on bioclimatic characteristics
varies considerably among species (P. aphylla = 0.64, P. crypta = 0.94, P. dentata =
0.47, P. picta = 0.73). A large proportion of misclassified P. aphylla (0.35), P. crypta
(0.33), and P. dentata (0.26) were classified as occurring in the climatic niche of P. picta
(Fig. 18C).
GEOGRAPHIC AND ECOLOGICAL CHARACTERISTICS.!!"!!Bayesian cluster analysis of
bioclimatic data for all accessions sampled for DNA in this study resulted in the
identification of four major ecological zones (Fig. 19B). The ecological zones differ
significantly with regard to means and variance (Tukey’s HSD, P < 0.01) of several
climatic variables. Patterns of variation among clusters are best summarized by mean
annual temperature, annual precipitation, precipitation seasonality, and summer
precipitation (Fig. 19). The first ancestral ecological zone, a, is characterized by the
lowest annual temperatures and precipitation, and the largest ranges in both precipitation
seasonality and summer rain. The second zone, b, is characterized by moderate annual
mean temperatures, precipitation, precipitation seasonality, and summer precipitation. Of
the four ecological zones, the third, c, experiences the highest annual precipitation and
annual temperatures. The fourth zone, d, includes those areas experiencing slightly more
summer precipitation, but low annual precipitation, and lower annual temperatures and
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precipitation seasonality than b or c. A chi-squared test to determine whether ecological
clusters are predominantly one species suggested that the null hypothesis of statistical
independence between species and ecological cluster for only one species, P. aphylla,
could be rejected. This species was distributed relatively evenly across the four climate
zones (X2 = 7.44, df = 3, P = 0.591). The only correlation between geographic areas and
ecological zones occurs in the southern and central Rocky Mountain areas, which are
exclusively in a single ecological zone.
ANCESTRAL CHARACTER ESTIMATION.!!"!!Estimation of historical geography and
climate on the plastid phylogeny (Fig. 20A) suggests that the ancestor to ser.
Scotophyllae likely occurred in the Sierra Nevada and existed in relatively dry ecological
conditions in which annual fluctuations in temperature and precipitation are high (Fig.
20). The ancestor to P. crypta is highly supported as being Cascadian, experiencing
moderate annual precipitation, high precipitation seasonality, and relatively high annual
mean temperatures of zone d. The ancestor to P. dentata was likely Sierra Nevadan and
existed in more xeric, rain shadow conditions (zone a). The ancestor to P. crypta and P.
dentata is equivocally from either of geographic area (Cascades or Sierra Nevada), but
likely experienced the ancestral conditions of zone a. The ancestor to P. aphylla and P.
picta is estimated to have occurred in the Siskiyou-Klamath region of southeastern
Oregon and northern California, in relatively dry conditions of zone a or d (equivocally).
The ancestor to P. picta was likely Sierra Nevadan (zone d), while the ancestor to P.
aphylla and a group of 20 specimens (containing some samples of each of the four
species) is estimated as being from the Klamath region. The clade containing a ‘core’
group of P. aphylla individuals, a mixed grade of P. aphylla and individuals of other
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species, and a clade of individuals belonging strictly to P. picta and P. dentata represents
a plastid type estimated to have an ancestor (node 11) in the Klamath-Siskiyou region and
the relatively warm, mesic conditions of zone b. The first split among subclades produces
two clades estimated to have ancestors in the Klamath-Siskiyou region: a clade (node 12)
containing P. dentata + P. picta estimated to have occurred in zone d and a sister clade
(node 13) estimated to have an origin in zone a, the cooler, drier climate type. The core
group of P. aphylla is estimated to have an ancestor in the Sierra Nevada and is
associated with zone d. Within this P. aphylla plastid clade, the presence of individuals
belonging to other species (Fig. 21) is associated with the Klamath-Siskiyou region and a
higher likelihood of having an ancestor in the zone b habitat type.
Ancestral state estimation on the ITS phylogeny (20B) is in agreement with
estimation on the plastid phylogeny in several respects. The ancestor to ser. Scotophyllae
is estimated to have been Sierra Nevadan with zone a climate conditions. The ancestor to
P. dentata also has it’s origin in the Sierra Nevada and zone a climate. The ancestor to P.
crypta, P. aphylla, and P. picta was Cascadian (zone b), whereas the ancestor to P. crypta
is estimated to have occurred in the Klamath region (zone b). The ancestor to P. aphylla
and P. picta is estimated to have occurred in the Cascades (zone a), but with low
confidence. Likewise, the ancestor to P. picta is Cascadian (zone a), but with low
support. The core group of P. picta was likely Sierra Nevadan and originated under zone
b or c (equivocal) conditions. Pyrola aphylla likely originated in the southern Rockies
region (zone a), but this result is also weakly supported. Within P. aphylla, there were
independent dispersals to the Cascades (zone d) and to the Sierra Nevada (zone d but
increasingly zone b (nodes 37, 38)).
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DISCUSSION

Series Scotophyllae has attracted the attention of plant taxonomists (Holm, 1898;
Andres, 1914; Camp, 1940; Copeland, 1947; Haber, 1987; Jolles, 2007) because several
aspects of the natural histories of P. aphylla, P. crypta, P. dentata, and P. picta obscure
species delimitations and relationships that have since become evident from recent
molecular systematic studies (Jolles & Wolfe, 2012; Jolles & Wilson, 2014). The group
has a broad geographic range that shifts from mature, mixed conifer forests in the Pacific
Northwest and throughout the Rocky Mountains to mixed conifer-oak woodlands in
California and Mexico. Differences in leaf morphology motivated use of the predictive
power of phylogeny to examine whether leaf morphology may have been associated with
initial speciation within ser. Scotophyllae and whether speciation may have been driven
by adaptation to different climatic conditions. Findings of the current study indicate that,
despite the monophyly of species in ser. Scotophyllae supported by ITS and the plastid,
these species are young enough that loci such as the RPB2 intragenic spacers have not
experienced the same evolutionary ‘sorting’ and are therefore discordant. Assuming that
the ITS and plastid phylogeny estimates accurately reflect species phylogenies, the
current study suggests that species in ser. Scotophyllae shared a common ancestor that
resided in the Sierra Nevada and that dispersal occurred from east to west, in the direction
of increasingly warm, moist climates and higher isothermality. These findings largely
support a model of allopatric speciation, except in the case of P. dentata, which may have
diverged from a common ancestor parapatrically.
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Species in ser. Scotophyllae are relatively “cryptic” in multiple senses of the term:
some species exhibit continuous, overlapping morphological variation and a single, very
divergent species (Jolles & Wilson, 2014) does not exhibit much variation, instead
retaining what appears to be the ancestral morphology in sect. Ampliosepala. I suspect
that overlapping geographic ranges and climatic associations of species in ser.
Scotophyllae could be explained by secondary contact following allopatric speciation
because in present-day, sympatric populations plants exhibit weak reproductive isolation
(i.e., similar flowering phenologies, floral morphologies, and low levels of hybridization).
Although adaptation to different habitat conditions in sympatry or parapatry could also
explain initial reproductive isolation, these modes are typically characterized by the
development of strong reproductive isolation mechanisms (Grant, 1981), which appear to
be “leaky” in ser. Scotophyllae. Of the four species in ser. Scotophyllae, P. dentata
exhibits stronger signs of reproductive isolation (Jolles, in press) in the forms of
divergent floral morphology and flowering phenology, so perhaps it is no surprise that
this species, unlike the others, diverged from a common ancestor in the Sierra Nevada
(e.g. in parapatry) as opposed to allopatrically.
The current study confirms my suspicion that, given the broad, present-day
geographic and climatic range of ser. Scotophyllae spanning a great latitudinal and
longitudinal range, species are not easily discriminated on the basis of climatic niche.
Descriptive DA suggests that multiple aspects of monthly and annual temperatures best
discriminate among climates associated with different species, but there is also a high
misclassification rate of species based on their climatic niches, perhaps owing to the large
geographic and climatic ranges of these species. High misclassification rates of species
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climate associations in predictive DA suggest that phylogenetic species either diversified
in sympatry due to a strong selective force or diversified in allopatry, accumulated
enough polymorphisms to appear as phylogenetically distinct species, and have since
migrated into secondary contact zones. The climate data used for the current study are
relatively coarse, so it may be that with more precise information on microhabitat
characteristics, some patterns in habitat preference could be elucidated for these species
with increased accuracy. However, in light of the fact that molecular phylogenies support
monophyletic species, the current findings support the idea that species may have once
inhabited different climate zones but have since dispersed to zones where secondary
contact is facilitated. To the best of my knowledge, the current study represents the first
attempt to uncover the biogeographic histories and climatic affiliations of species in ser.
Scotophyllae. In recent years, a number of biogeographic studies have focused on species
with equally complex evolutionary histories (reviewed by Beheregaray, 2008), but few
concern groups in western North America containing multiple species and covering
comparably broad geographic ranges.
Ancestral character estimation can be used to better understand possible areas of
species origin, migration routes, and the ecological conditions under which species
became reproductively isolated. The data and analyses presented in this study suggest
that speciation from a northern ancestor in ser. Scotophyllae occurred in a step-wise
fashion, beginning in the Sierra Nevada. Dispersal from the Sierra Nevada into
surrounding regions during one or more glacial maxima likely caused adaptation to
warmer, wetter conditions and may have caused secondary contact among species that
had previously been isolated on high elevation sky islands. Alternatively, the opposite
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could have occurred: populations may have been isolated during glacial maxima when
plants would have migrated to lower elevation refugia. The present-day pattern of
overlapping climatic niches and geographic ranges recovered in this study could be
explained by secondary contact after allopatric speciation may have caused allopatric
speciation. I think that the data support the former hypothesis and that a series of glacial
and interglacial cycles mediated the dispersal of Pyrola species from the Sierra Nevada,
through the southern Cascades, to both the central Cascades and the Klamath-Siskiyou
region of northern California.
The current distributions of species in ser. Scotophyllae are wide and largely
overlapping. There are many cases of species occurring in close sympatry. So how is it
possible that these species maintain reproductive isolation? In this chapter, I am
proposing that species diverged in allopatry and have since expanded their ranges so that
they are coming into secondary contact. The analyses in this study indicate that some
biotic or abiotic factor (or genetic drift event) in the Sierra Nevada was responsible for
divergence of the ancestor to ser. Scotophyllae from a common ancestor with P.
chlorantha. These analyses also suggest that each species has a common ancestor in a
different biogeographic region. Although P. dentata and P. picta both have ancestors
from the Sierra Nevada, the phylogenies in this study suggest that these two speciation
events in the Sierra Nevada occurred independently of each other.
The importance of the southern Cascade Mountain region to diversification in ser.
Scotophyllae cannot be understated. The geographic region appears to have been a central
dispersal corridor for Pyrola species during glacial maxima. Dispersal among
neighboring areas (e.g., the Klamath Siskiyou, Sierra Nevada, and central Cascade
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Mountains) would have been more restricted during interglacial cycles, but habitat likely
persisted in some areas so that connectivity was possibly reduced but not necessarily
absent. Given the high number of glacial and interglacial cycles that occurred during the
Pleistocene and their transformative influence on plant communities in western North
America, it is surprising that more lineages (resulting from geographic isolation) within
each species in ser. Scotophyllae have not been recovered in phylogenetic or
fingerprinting analyses. With one exception, these species are remarkably cohesive given
the fact that they can (1) hybridize in sympatry, and (2) have such large geographic
ranges. Future studies of ser. Scotophyllae will examine the relationships among
population-level gene flow, geographic range size, and cladogenesis in order to better
understand the evolution of long-lived, perennial species and the climax forest
communities they are part of.

101

FIGURES

Figure 16. Ingroup species used in this study were Pyrola crypta (A), P. dentata (B), P.
aphylla (C), and P. picta (D). The chronogram based on ITS estimated by maximum
likelihood for Section Ampliosepala (E), the Asian Series Japonicae (F), the clade
containing members of the trans-Beringian Series Chloranthae (G) and North American
Series Scotophyllae (G,H), shows the phylogenetic relationships and geographic
arrangements among these clades.
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Figure 17. Approximate
geographic range of ser.
Scotophyllae in North
America.

________________________________________________________________________
Next page. Figure 18. Discriminant analyses based on 19 climatic variables for P. aphylla
(star, pink), P. crypta (solid circle, yellow), P. dentata (diamond, blue), and P. picta
(open circle, green) samples. A. Coefficients of discrimination for LD1 (42%), LD2
(31%) and LD3 (26%) based on 19 WorldClim climate variables describe the relative
influence of each variable on species discrimination. B. Linear discriminant functions,
LD3 (y-axis) and LD2, LD1 (x-axes) showing convex species hulls and standard error
(SE) ellipses, and C. Plot of LD1 by LD2 showing convex hulls, SE ellipses, and a
posteriori species classifications on predictive DA. Symbols for each species indicate a
priori species classification. Samples with alternative a posteriori species classifications
are indicated with dotted outlines and letters indicating each species (A = P. aphylla, C =
P. crypta, D = P. dentata, P = P. picta).
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Figure 19. Maps showing the seven geographic areas (A) and four ecological zones (B) used for ancestral state estimation in the
study. Colors of geographic boundary lines in A correspond to color scheme used in subsequent representations of geographic areas.
Ecological zones a (green), b (red), c (yellow), and d (blue) may be summarized by differences in several variables (B inset),
including (1.) annual mean temperature, (2.) annual precipitation, (3.) precipitation seasonality, and (4.) precipitation in the driest
quarter.
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Previous page. Figure 20. Plastid (above) and ITS (below) phylogeny estimates based on
Bayesian inference (branches supported by < 0.95 PP were collapsed), indicating
probable ancestral geographic areas (pie charts on internal nodes) for P. aphylla, P.
crypta, P. dentata, and P. picta based on a DIVALIKE+J model of historical
biogeography. Estimates of ancestral climate zones and their corresponding nodes on the
phylogeny are listed for the plastid (upper right) and ITS (lower left) phylogenies.
Information at the phylogeny terminals includes sample numbers (outside) with
corresponding climate zones (outside color block) and geographic regions (interior color
block).

Figure 21. Map showing
where samples in the
plastid “P. aphylla clade”
were collected. Among
these are P. aphylla
samples in the ‘core clade’
(open circles),
P. aphylla samples
occurring in the mixed
grade subtending the core
clade (open diamonds),
non-P. aphylla samples
occurring in the mixed
grade (stars), and non-P.
aphylla samples that from a
clade sister to the core +
mixed clade (filled
diamonds). The non-P.
aphylla samples in the
“P. aphylla clade” include
samples P. picta, P.
dentata, and P. crypta.
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APPENDICES

Appendix 1. Pyrola aphylla, P.crypta, P. dentata, and P. picta samples used for
phylogenetic analyses.
Species. Number, herbarium, collection-voucher number, County, State.
Pyrola aphylla.
2, RSA 519509, S. Boyd 2601, RSA519509, Baja California, MX; 41, RSA, D.D. Jolles
573, Py0573, Riverside Co.; 51, RSA, D.D. Jolles 569, Py0569, Riverside Co.; 61, RSA,
D.D. Jolles 572, Py0572, Riverside Co.; 102, RSA, T.R. Stoughton 1554, TRS1554, San
Bernardino Co.; 291, 301, 311, OS, D.D. Jolles 143, Py0081A, Py0081B, Py0081C,
Calaveras Co.; 352, RSA, D.D. Jolles 463, Py0463, Alpine Co.; 401,5, NH2973D, Amador
Co.; 411,5, NH3612B, Amador Co.; 481, RSA, D.D. Jolles 394, Py0394, El Dorado Co.;
53, RSA, D.D. Jolles 380, Py0380, Lake Co.; 611,5, NH2821, Placer Co.; 625, NH2425,
Placer Co.; 635, NH2815, Placer Co.; 65, HSC 46616, J.P. Smith 9290, HSU9, Lake Co.;
71, OS, D.D. Jolles 133A, Py0073A, Butte Co.; 72, OS, D.D. Jolles 133B, Py0073B,
Butte Co.; 73, OS, D.D. Jolles 134A, Py0074A, Sierra Co.; 74, OS, D.D. Jolles 134B,
Py0074B, Sierra Co.; 81, OS, D.D. Jolles 129A, Py0071A, Plumas Co.; 82, OS, D.D.
Jolles 129B, Py0071B, Plumas Co.; 86, RSA, D.D. Jolles 487, Py0487, Mendocino Co.;
88, OS, D.D. Jolles 127, Py0069B, Plumas Co.; 89, OS, D.D. Jolles 126, Py0069A,
Plumas Co.; 911,5, NH3018, Plumas Co.; 921,5, NH3087, Plumas Co.; 99, HSC 54161, G.
Muth 8380, HSC13, Trinity Co.; 99, HSC 54161, G. Muth 8380, HSC13, Trinity Co.;
100, HSC 70178, T.W. Nelson 4462A, HSC17, Tehama Co.; 1051, RSA, D.D. Jolles 443,
Py0443, Plumas Co.; 1071,5, NH3009C, Plumas Co.; 1091,5, NH4096, Lassen Co.; 1151,5,
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NH3026, Lassen Co.; 1161,5, NH3067, Lassen Co.; 1321, OS, D.D. Jolles 114A,
Py0062A, Shasta Co.; 134, HSC 17974, R. Spellenberg 179, HSC1, Trinity Co.; 1351,
OS, D.D. Jolles 113A, Py0061A, Shasta Co.; 1371, OS, D.D. Jolles 112A, Py0060A,
Shasta Co.; 147, OS, D.D. Jolles 111, Py0059A, Shasta Co.; 1485, NH3071D, Siskiyou
Co.; 1632, 1642, RSA, D.D. Jolles 397, Py0397(flower), Py0397S (stem), Siskiyou Co.;
171, RSA, D.D. Jolles 593, Py0593, Del Norte Co.; 1882, RSA, D.D. Jolles 481, Py0481,
Siskiyou Co.; 193, HSC 70803, Gail Newton 1800, HSC18, Del Norte Co.; 196, ORE
69246-a, ORE6; 2031,2, RSA, D.D. Jolles 520, Py0520, Klamath Co.; 207, OS, D.D.
Jolles 101, Py0051A, Jackson Co., OR; 209, ORE 69233, ORE5, Douglas Co., OR; 219,
OS, D.D. Jolles 99, Py0050B, Douglas Co., OR; 220, OS, D.D. Jolles 96, Py0050A,
Douglas Co., OR; 221, OS, D.D. Jolles 91, Py0049A, Douglas Co., OR; 2221,2, RSA,
D.D. Jolles 506, Py0506, Douglas Co., OR; 2312, RSA, D.D. Jolles 500, Py0500, Lane
Co., OR; 234, RSA, D.D. Jolles 502, Py0502, Lane Co., OR; 241, OS, D.D. Jolles 80A,
Py0040A, Lane Co., OR; 245, OSC 7981-a, OSC11, Benton Co., OR; 259, RSA 76879,
Marcus E. Jones, Py0374, Lake Co.; 262, RSA, D.D. Jolles 523, Py0523, Clallam Co.,
WA; ORE 112512 (mixed sheet), ORE-2, county; OSC69256-1, OSC6; OSC69256-6,
OSC10.
Pyrola crypta.
75, HSC 46632, J.P. Smith 9404, HSC11, Mendocino Co.; 108, HSC 34714, T.W. Nelson
1689A, HSC5, Trinity Co.; 143, T.R. Stoughton 1637C, TRS1637C, Trinity Co.; 150,
HSC 54854, G.L. Clifton 10741, HSC15, Humboldt Co.; 159, RSA, D.D. Jolles 599,
Py0599, Siskiyou Co.; 161, RSA, D.D. Jolles 598, Py0598, Siskiyou Co.; 1622, HSC
29312, HSC4, Siskiyou Co.; 170, HSC 43596, HSC7, Del Norte Co.; 208, OS, D.D.
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Jolles 89, Py0048, Klamath Co.; 212, OS, D.D. Jolles 90, Py0049, Klamath Co.; 213,
RSA, D.D. Jolles 516, Py0516, Klamath Co.; 214, OS, D.D. Jolles 88, Py0047, Douglas
Co.; 216, RSA, D.D. Jolles 514, Py0514, Douglas Co.; 228, RSA, D.D. Jolles 505,
Py0505, Douglas Co.; 2431, OS, D.D. Jolles 79, Py0039, Linn Co.; 250, RSA, D.D.
Jolles 365, Py0365, Hood River Co.; 261, OS, D.D. Jolles 14, Py0004, Clallam Co.; 263,
OS, D.D. Jolles 10, Py0003, Clallam Co..
Pyrola dentata.
1, RSA 519545, S. Boyd 2723, Py0373, Baja California, MX; 3, RSA, D.D. Jolles 580,
Py0580, Baja California, MX; 83, RSA, T.R. Stoughton 1555, TRS1555, San Bernardino
Co.; 93, RSA, T.R. Stoughton 1557, TRS1557, San Bernardino Co.; 12, RSA, D.D. Jolles
488, Py0488, San Bernardino Co.; 13, RSA, T.R. Stoughton 1545, TRS1544, San
Bernardino Co.; 14, OS, D.D. Jolles 145, Py0145, Los Angeles Co.; 16, RSA, D.D. Jolles
435, Py0435, Kern Co.; 17, RSA, D.D. Jolles 432, Py0432, Tulare Co.; 18, RSA, D.D.
Jolles 433, Py0433, Tulare Co.; 191, RSA, J.M. Orozco 334B, JMO334B, Tulare Co.; 24,
SJC 034211, S.L. O'Kane, Py0376, Archuleta Co., CO; 27, SJC 030182, K. Heil, Py0375,
Hinsdale Co., CO; 33, RSA, D.D. Jolles 466, Py0466, Mono Co.; 34, RSA, D.D. Jolles
462, Py0462, Tuolumne Co.; 361,3, RSA, D.D. Jolles 464A, Py0464A, Alpine Co.; 381,3,
RSA, D.D. Jolles 465, Py0465, Alpine Co.; 471, RSA, D.D. Jolles 389, Py0389, El
Dorado Co.; 50, OS, D.D. Jolles 139, Py0078, Placer Co.; 51, RSA, D.D. Jolles 384,
Py0384, Placer Co.; 54, RSA 132307, C.F. Baker 1288, Py0368, Washoe Co., NV; 57,
RSA, D.D. Jolles 382, Py0382, Placer Co.; 64, HSC 25423, J.P. Smith, HSC3,
Mendocino Co.; 67, HSC 46622, J.P. Smith, HSC10, Lake Co.; 681, RSA, D.D. Jolles
449, Py0449, Sierra Co.; 791, RSA, D.D. Jolles 474, Py0474, Plumas Co.; 841, RSA,
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D.D. Jolles 472, Py0472, Plumas Co.; 90, HSC 41292, HSC6, Humboldt Co.; 981, OS,
D.D. Jolles 124, Py0068, Plumas Co.; 101, HSC 75050, J.P. Smith, HSC19, Tehama Co.;
1021, RSA, D.D. Jolles 445, Py0445, Plumas Co.; 1111, RSA, D.D. Jolles 602, Py0602,
Trinity Co.; 1181, RSA, D.D. Jolles 470, Py0470, Lassen Co.; 1191, RSA, D.D. Jolles
441, Py0441, Lassen Co.; 1271, RSA, D.D. Jolles 476, Py0476, Shasta Co.; 1301, RSA,
D.D. Jolles 478, Py0478, Lassen Co.; 139, HSC 98808, HSC21, Humboldt Co.; 146,
HSC 46733, William J. Ferlatte, HSC12, Trinity Co.; 149, OS, D.D. Jolles 110, Py0059,
Lassen Co.; 153, RSA, D.D. Jolles 396, Py0396, Modoc Co.; 156, RSA, D.D. Jolles 391,
Py0391, Modoc Co.; 157, HSC 92973, HSC20, Siskiyou Co.; 1601, RSA, D.D. Jolles
599A, Py0599A, Siskiyou Co.; 1653, RSA, D.D. Jolles 398, Py0398, Siskiyou Co.; 166,
RSA, D.D. Jolles 401, Py0401, Modoc Co.; 167, RSA, D.D. Jolles 590, Py0590, Del
Norte Co.; 1731, RSA, D.D. Jolles 485, Py0485, Siskiyou Co.; 1781, RSA, D.D. Jolles
437, Py0437, Siskiyou Co.; 181, OS, D.D. Jolles 106, Py0055, Modoc Co.; 183, HSC
23613, J.O. Sawyer, HSC2, Del Norte Co.; 184, RSA, D.D. Jolles 483, Py0483, Siskiyou
Co.; 1893, RSA, D.D. Jolles 482, Py0482, Siskiyou Co.; 190, RSA, D.D. Jolles 356,
Py0356, Elko Co., NV; 191, RSA, D.D. Jolles 355, Py0355, Elko Co., NV; 192, RSA,
D.D. Jolles 354, Py0354, Elko Co., NV; 195, RSA, D.D. Jolles 349, Py0349, Josephine
Co., OR; 199, HSC 62102, Ruby Van Deventer, HSC16, Curry Co., OR; 200, OSC
176689, OSC2, Linn Co., OR; 206, OSC 54638, OSC5, Curry Co., OR; 2101,3, RSA,
D.D. Jolles 517, Py0517, Klamath Co., OR; 2231, RSA, D.D. Jolles 508, Py0508,
Douglas Co., OR; 226, RSA, D.D. Jolles 511, Py0511, Douglas Co., OR; 229, OS, D.D.
Jolles 84, Py0044, Klamath Co., OR; 233, RSA, D.D. Jolles 83, Py0043, Klamath Co.,
OR; 235, ORE 110709, ORE1, Lane Co., OR; 236, RSA, D.D. Jolles 251, Py0251,
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Harney Co., OR; 237, RSA, D.D. Jolles 359, Py0359, Blaine Co., OR; 238, RSA, D.D.
Jolles 250, Py0250, Harney Co., OR; 240, ORE 11796, ORE4, Linn Co., OR; 2681,3, OS,
D.D. Jolles 22, Py0007, Whatcom Co., WA.
Pyrola picta.
73, RSA, D.D. Jolles 571, Py0571, Riverside Co.; 11, RSA, D.D. Jolles 480, Py0480, San
Bernardino Co.; 15, RSA 344540, J.D. Morefield 2863, Py0371, Coconino Co., AZ; 202,
RSA, J.M. Orozco 180, JMO180, Tulare Co.; 21, OS, D.D. Jolles 163, Py0091, Taos Co.,
NM; 22, RSA 467995, N. Cooper 1896, Py0372, Coconino Co., AZ; 23, OS, D.D. Jolles
167, Py0094, Taos Co., NM; 25, OS, D.D. Jolles 147, Py0083, Washington Co., UT; 26,
OS, D.D. Jolles 174, Py0097, Mineral Co., CO; 28, OS, D.D. Jolles 172, Py0096, Rio
Grande Co., CO; 323, OS, D.D. Jolles 141, Py0081, Calaveras Co., CA; 372,3, RSA, D.D.
Jolles 464, Py0464, Alpine Co.; 39, OS, D.D. Jolles 140A, Py0080, Amador Co.; 423,5,
NH2188, Amador Co.; 433,5, NH2961A, Amador Co.; 442, OS, D.D. Jolles 140, Py0079,
Amador Co.; 45, RSA, D.D. Jolles 388, Py0388, El Dorado Co.; 46, RSA, D.D. Jolles
390, Py0390, El Dorado Co.; 49, RSA, D.D. Jolles 387, Py0387, El Dorado Co.; 52, RSA
172389, M.E. Jones s.n., Py0370, Washoe Co., NV; 55, OS, D.D. Jolles 138, Py0077,
Placer Co.; 56, RSA, D.D. Jolles 257, Py0257, Pitkin Co., CO; 58, RSA, D.D. Jolles 383,
Py0383, Placer Co.; 59, RSA, D.D. Jolles 381, Py0381, Lake Co.; 60, OS, D.D. Jolles
137, Py0076, Placer Co.; 66, OS, D.D. Jolles 136, Py0075, Sierra Co.; 692, RSA, D.D.
Jolles 448, Py0448, Sierra Co.; 703,5, NH2898, Sierra Co.; 76, OS, D.D. Jolles 135,
Py0074, Sierra Co.; 77, OS, D.D. Jolles 132, Py0073, Plumas Co.; 78, OS, D.D. Jolles
131, Py0072, Plumas Co.; 802, OS, D.D. Jolles 474A, Py0474A, Plumas Co.; 833, OS,
D.D. Jolles 130, Py0071, Plumas Co.; 852, RSA, D.D. Jolles 471, Py0471, Plumas Co.;
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87, OS, D.D. Jolles 128, Py0070, Plumas Co.; 933,5, NH3003, Plumas Co.; 943,5,
NH3034, Plumas Co.; 953,5, NH3002F, Plumas Co.; 96, OS, D.D. Jolles 123, Py0067,
Plumas Co.; 97, OS, D.D. Jolles 125, Py0069, Plumas Co.; 1032, RSA, D.D. Jolles,
Py0446, Plumas Co.; 104, OS, D.D. Jolles 122, Py0066, Plumas Co.; 1063, RSA, D.D.
Jolles 444, Py0444, Plumas Co.; 1103,5, NH4097, county; 1122, RSA, D.D. Jolles 601,
Py0601, Trinity Co.; 113, RSA, D.D. Jolles 447, Py0447; 114, OS, D.D. Jolles 121,
Py0065, Tehama Co.; 1175, NH3068, county; 1202, RSA, D.D. Jolles 442, Py0442,
Lassen Co.; 121, RSA, D.D. Jolles 252, Py0252, Routt Co.; 122, RSA, D.D. Jolles 253,
Py0253, Routt Co.; 123, RSA, D.D. Jolles 254, Py0254, Routt Co.; 124, RSA, D.D.
Jolles 255, Py0255, Routt Co.; 125, RSA, D.D. Jolles 256, Py0256, Routt Co.; 1262,
RSA, D.D. Jolles 475, Py0475, Shasta Co.; 128, OS, D.D. Jolles 118, Py0064, Lassen
Co.; 129, OS, D.D. Jolles 117, Py0063, Shasta Co.; 131, RSA, D.D. Jolles 477, Py0477,
Shasta Co.; 133, OS, D.D. Jolles 114, Py0062, Shasta Co.; 136, OS, D.D. Jolles 113,
Py0061, Shasta Co.; 1383, OS, D.D. Jolles 112, Py0060, Shasta Co.; 140, RSA, T.R.
Stoughton 1637A, TRS1637A, Trinity Co.; 141, RSA, T.R. Stoughton 1637B, TRS1637B,
Trinity Co.; 144, HSC 54232, Griswold 7313, HSC14, Humboldt Co.; 145, HSC 54232,
Griswold 7313, HSC14, Humboldt Co.; 151, RSA, D.D. Jolles 440, Py0440, Siskiyou
Co.; 1522, OS, D.D. Jolles 109, Py0058, Modoc Co.; 1542, RSA, D.D. Jolles 395,
Py0395, Modoc Co.; 155, OS, D.D. Jolles 108, Py0057, Modoc Co.; 158, RSA, D.D.
Jolles 597, Py0597, Siskiyou Co.; 168, RSA, D.D. Jolles 596, Py0596, Del Norte Co.;
169, RSA, D.D. Jolles 595, Py0595, Del Norte Co.; 172, RSA, D.D. Jolles 591, Py0591,
Del Norte Co.; 1742, RSA, D.D. Jolles 484, Py0484, Siskiyou Co.; 175, RSA, D.D. Jolles
486, Py0486, Siskiyou Co.; 176, OS, D.D. Jolles 107, Py0056, Modoc Co.; 177, RSA,
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D.D. Jolles 439, Py0439, Siskiyou Co.; 1792, RSA, D.D. Jolles 438, Py0438, Siskiyou
Co.; 180, RSA, D.D. Jolles 436, Py0436, Siskiyou Co.; 182, RSA, D.D. Jolles 576,
Py0576, Siskiyou Co.; 185, RSA, D.D. Jolles 577, Py0577, Modoc Co.; 186, RSA, D.D.
Jolles 392, Py0392, Modoc Co.; 187, HSC 44422, HSC8, Del Norte Co.; Oregon: 194,
RSA, D.D. Jolles 347, Py0347, Josephine Co.; 198, OS, D.D. Jolles 102, Py0052,
Jackson Co.; 201, RSA, D.D. Jolles 348, Py0348, Josephine Co.; 202, OS, D.D. Jolles
104, Py0053, Jackson Co.; 204, RSA, D.D. Jolles 521, Py0521, Klamath Co.; 2112,3,
RSA, D.D. Jolles 519, Py0519, Klamath Co.; 215, ORE112512-p (mixed sheet), ORE3,
county; 217, OS, D.D. Jolles 87, Py0046, Douglas Co.; 218, OS, D.D. Jolles 100,
Py0051, Douglas Co.; 224, RSA, D.D. Jolles 507, Py0507, Douglas Co.; 225, OS, D.D.
Jolles 86, Py0045, Klamath Co.; 227, RSA, D.D. Jolles 510, Py0510, Douglas Co.; 230,
RSA, D.D. Jolles 503, Py0503, Douglas Co.; 2323, RSA, D.D. Jolles 501, Py0501, Lane
Co.; 239, OS, D.D. Jolles 82, Py0042, Lane Co.; 242, OS, D.D. Jolles 80, Py0040, Linn
Co.; 2443, OS, D.D. Jolles 78, Py0038, Linn Co.; 246, OSC 7981-p, OSC12; 247, OS,
D.D. Jolles 69, Py0031, Plumas Co.; 248, OS, D.D. Jolles 70, Py0032, Plumas Co.; 249,
RSA, D.D. Jolles 226, Py0226, Clackamas Co.; 251, RSA, D.D. Jolles 366, Py0366,
Clackamas Co.; 252, RSA, D.D. Jolles 360, Py0360, Clackamas Co.; 253, OS, D.D.
Jolles 75, Py0036, Union Co., OR; 254, OS, D.D. Jolles 73, Py0035, Umatilla Co., OR;
255, OS, D.D. Jolles 5, Py0001, Mason Co., WA; 2563, OS, D.D. Jolles 8, Py0002,
Mason Co., WA; 2573, OS, D.D. Jolles 62, Py0028, Kootenai Co., ID; 2583, OS, D.D.
Jolles 58, Py0027, Kootenai Co., ID; 260, OS, D.D. Jolles 15, Py0005, Clallam Co., WA;
265, OS, D.D. Jolles 21, Py0006, Skagit Co., WA; 266, OS, D.D. Jolles 26, Py0009,
Okanogan Co., WA; 2673, OS, D.D. Jolles 44, Py0018, Boundary Co., ID; 269, OS, D.D.
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Jolles 25, Py0008, Whatcom Co., WA; 271, OS, D.D. Jolles 39, Py0015, Pend Orielle
Co., WA; 2733, OS, D.D. Jolles 46, Py0020, Boundary Co., ID; British Columbia,
Canada: 274, OS, D.D. Jolles 199, Py0199, Comox-Strathcoma; 275, RSA, D.D. Jolles
206, Py0206, Squamish-Lillooet; 276, RSA, D.D. Jolles 208, Py0208, SquamishLillooet; 277, RSA, D.D. Jolles 211, Py0211, Squamish-Lillooet; 278, RSA, D.D. Jolles
212, Py0212, Squamish-Lillooet; 279, RSA, D.D. Jolles 214, Py0214, SquamishLillooet; 280, RSA, D.D. Jolles 221, Py0221, Squamish-Lillooet; 281, RSA, D.D. Jolles
215, Py0215, Squamish-Lillooet; 282, RSA, D.D. Jolles 220, Py0220, SquamishLillooet; 283, RSA, D.D. Jolles 225, Py0225, Central Coast; 284, RSA, D.D. Jolles 224,
Py0224, Central Coast; 285, OS, D.D. Jolles 190, Py0190, Vancouver Island.
________________________________________________________________________
1
Collection sympatric with P. picta
2
Collection sympatric with P. dentata
3
Collection sympatric with P. aphylla
4
Collection sympatric with P. crypta
5
No voucher specimen available
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