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Abstract— The genu$hemeranthugMontiaceae; fameflowers, rockpinks, sunbrights)
comprises ca. 25 species of succulent, terete-leaved herbaceous perensiblsoond

in xeric rock outcrops and sand barrdPlsemeranthuscenter of diversity is in northern
Mexico and the southwestern United States, but several species occur in gldde and f
rock ecosystems in the midwestern and southeastern United States. DNAcesdmfe
chloroplast and low-copy nuclear regions were used to infer the phylogenetic
relationships oPhemeranthuspeciesPhemeranthugexcludingP. aurantiacuyis
monophyletic and likely sister to the remainder of Montiaceae. The genasnsomto
geographically structured and morphologically distinguishable clagesithern clade
centered in Mexico and a northern clade distributed primarily in the United State
Dramatic range disjunctions within each clade suggest broad-scalenentgecarly in
the genus’ diversification, while the current distribution indicates an origin in the
southwestern United States and northern Mexico followed by northward an@ehstw
expansion. Discordance between the chloroplast phylogeny and morpholpgiiaks
boundaries and between chloroplast and nuclear gene trees was further expigred usi
multi-locus species-tree reconstruction methods. The results indicatglhidization

has played an important role in the evolution of this xerophytic genus. Finally, in a
greenhouse-based experiment, seeds of the widespread $pgraegfloruscollected
from natural populations along a latitudinal gradient were chilled for vapenigds

prior to germination. The differential responses of seed germination tagtdliration

for the sampled populations suggest the presence of local adaptation or at least of
adaptive phenotypic plasticity, an important consideration for the use of this gpecies
ecological restoration and green-roof projects.



Keywords—ehloroplast DNA, biogeography, disjunction, latitudinal cline, local
adaptationmatK—trnK maternal effects, Mexico, nuclear DNAJhF, PepC PhyB

PhyC phylogeny, Portulacineae, seed germination, southwestern United Baditasn
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CHAPTER |. BACKGROUND AND CONTEXT

Abstract— The genu$hemeranthugMontiaceae; fameflowers, rockpinks, sunbrights)
provides a case study in the diversification and distributional history of narrowly
restricted species and their more widespread congeners in xeric haliNatshof
America. Fameflower species exhibit wide variation in geographgeraize and habitat
specificity. Some are widespread in North America, while others are entteone or a
few localities. All species are restricted to shallow or sandy soiés; oh rock outcrops;
but some appear to be edaphic specialists, while others occur on a relaiiehange

of soil types. Previously considered part of the géralswum Phemeranthuspecies are
now recognized as a distinct genus belonging to the family Montiaceae, whickehas be
segregated from the traditional Portulacaceae. The taxonomic history of theggroup i
summarized, and its phylogenetic context within the order Caryophyllalesgsubor
Portulacineae, and family Montiaceae are discussed. The morphology, natiors, hi
physiology, and cytology d?hemeranthuspecies are reviewed, with a particular focus
on the relatively well-studied species of the midwestern and southeastezxd Btates.
The biogeographical context of the genus’ diversification is also discussed, eimghas
the nature and development of micro-desert habitats in the midwestern anul @agest
States. Finally, emerging questions and hypotheses are presented to frambedbjaent

chapters.



Introduction: Rarity and Endemism in Evolutionary Biology-Plant species exhibit a
broad spectrum of geographic distributions. While some are nearly cosmopattars
are confined to only one or a few localities in a highly specific habitat typeieSpeith
restricted geographic distributions are of great interest to evolutiordogpj as they
may provide insight into the conditions promoting the origin, geographic spread, and
persistence or extinction of taxa through time (Gaston 2008).

Systematic and population genetic research on rare species alsostaong
conservation implications. The “hollow curve” distribution of species’ rangs size
indicates that species with relatively restricted geographichiisiohs account for the
majority of biodiversity (Brown et al. 1996; Gaston 1996, 1998; Gaston and He 2002).
As the global human population continues to grow and its impact on natural processes
and ecosystems continues to increase, these rare and endemic species peydy es
sensitive to population decline and habitat loss.

Furthermore, while a few invasive species may benefit from human activity
habitat disruption and global climate change are likely to drive many morespecie
toward rarity. Unless species are able to undergo wholesale geographigbétat shifts
in response to changing climate and habitat availability, they will beda@itieer to
rapidly evolve new tolerances or to go extinct (lverson and Prasad 1998; Davis and Shaw
2001; Reusch and Wood 2007; Hoffmann and Sgro 2011). It is therefore imperative to
understand the factors that contribute to the origin and maintenance of rangeamestri
and to predict how these may be affected by ongoing climate change (Sextd20e0).

Stebbins (1942) proposed that rare species contain little genetic varidtemn e
because they have not yet developed much or because their genetic diversignhas be
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depleted. However, some narrow endemics possess high genetic diversity. Rece
reviews have found that while most rare species are less geneticallyedilian their
common relatives, some have equal or even greater diversity (Hamrick antio88gt
Gitzendanner and Soltis 2000). Stebbins (1980) later argued that rarity resulthdr
interaction of genetic architecture, population structure, and localizedyaaltactors.

Species with highly restricted ranges or habitat preferences hgusated in a
variety of phylogenetic and environmental contexts. Historical factorsptagya role:
endemic species occur more frequently in some clades than in others. Holereeay ¢
numerous examples of closely related species that differ in range sizalatiad h
specificity (e.g., Coates et al. 2003; Moyle 2006). Therefore, phylogenetitwods are a
critical component in reconstructing the past and predicting the future chiEngpecies
or group of species that includes such taxa. Molecular phylogenetic data provide
historical insight and help to reconcile competing hypotheses of vicariancesaedsdi
for the origins of species (Schaal et al. 1998).

Phylogenetic studies in an explicit geographic context can assesktive reles
of history and landscape in the evolution of endemic species. Such analyses can help to
distinguish between alternative hypotheses concerning the origin andnsgs of
particular species. For example, plant geographers Engler and Willis ptdpase
narrow endemics were either youthful species that had not yet expandedribes or
senescent species that had suffered range contraction (see Kruckeberbinodiiza
1985). These alternatives would lead to different predictions concerning the gristicg
position of endemics within a broader clade. Understanding the phylogeneticrposit
a given taxon (for example, whether a narrow endemic is closely relsdaddoe

3



widespread congener or whether it represents a highly divergent lineaggprtant in
establishing conservation priorities and planning effective managemefitiesct

The genu®hemeranthufkafinesque (Montiaceae; fameflowers, rockpinks,
sunbrights) provides a case study in the diversification and distributionalylo$tor
narrowly restricted species and their more widespread congeners in a Nogbrdee
arid zonePhemeranthusomprises approximately 25 species of succulent, herbaceous
perennials with terete leaves and fleshy roots, most of which grow in pa&sity,
habitats such as rock outcrops and sand barrens (Figs. 1.1, 1.2; Table 1.1). Over a century
ago, Harshberger (1897) claimed that, among American Portulacadesae,is&tno more
interesting genus from an ecologic standpoint than the gealumini. He referred
specifically to “that group of the genus with round leaves, as distinguishedHose t
species which have leaves more or less flattened” — that is, to the group ngmzedo
asPhemeranthusThese species, he noted, were impressively adapted to withstand the
long periods of drought, high temperatures, and intense sunlight charactériséc

bare, rocky habitats.

FIGURE 1.1(FOLLOWING PAGE ). Photographs dPhemeranthuspecies. AP.
brevifolius UT; B) P. confertiflorus AZ; C) P. mengesjiAL; D) P. parvulus AZ; E)
P. punae Jujuy, Argentina (photo courtesy F. Zuloaga)PFlongipes NM; G) P.
calycinus AR; H) P. sediformisWA,; I) P. thompsonjiUT.
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TaABLE 1.1. Distribution and substrate affinity of Phemeranthusspecies

Taxon Approximate Distribution Substrates

P. brevicaulis Trans-Pecos NM & TX, n. Calcareous
Coahuila & Chihuahua, Mexico

P. brevifolius Colorado Plateau, AZ, UT, & NM  Sandstone

P. calcaricus Central Basin of TN, n. AL Limestone

P. calycinus Ozark and Ouachita highlands, ARSandy prairie & sandstone
and MO; Great plains, NE and CQoutcrops; various, usually non-
south to cent. TX calcareous rock outcroppings

P. humilis sw. NM, s. AZ, to cent.
Chihuahua, Mexico

P. longipes n. cent. NM to n. Coahuila & Calcareous
Chihuahua, Mexico

P. mengesii Southern Appalachia, AL, GA, & Various, non-calcareous rock
TN outcroppings

P. mexicanus San Luis Potosi to Oaxaca,
Mexico

P. multiflorus Durango, Mexico

P. napiformis Madrean region, Durango, San  Shallow soil over surfacing rock
Luis Potosi, south to Mexico City,
Mexico

P. oligospermus n. cent. Mexico

P. parviflorus Southern Rocky Mts., Colorado Non-calcareous rock
Plateau, & northern Madrean outcroppings and sandy prairie
region, UT, AZ, NM, w. cent.
Chihuahua, & ne. Sonora, Mexico;
e. Great Plains & Interior
Highlands, ND south to TX & KS
east to IL; cent. AL
P. parvulus s. AZ & n. Mexico Various
P. punae Puna region, s. Andes, Bolivia & Scree
Argentina
P. piedmontanus Piedmont, n. NC & s. VA Mafic and ultramafic outcrops
P. rugospermus Sandhill prairies in MN, WI, IL,  Eolian sand, sandstone
IN; NE; KS; OK; e. TX & w. LA
P. sediformis Okanagan highlands, n. WA & s. Metamorphic
BC
P. spinescens  Columbia Plateau, e.-cent. WA to Basalt
n. OR
P. teretifolius Piedmont & Appalachia, PAto  Various, usually non-calcareous
GA rock outcroppings; shale,
serpentine
P. thompsonii Cedar Mt., cent. UT Siliceous conglomerate
P. validulus s.UTton. AZ Shallow clay soils; various




Fameflower species exhibit wide variation in geographic range size bitdtha
specificity. Some are widespread in North America, while others are entteone or a
few localities (Table 1.1). For exampke, thompsoni{N.D. Atwood & S.L. Welsh)

Kiger is known from a single location in east-central URHyrevifolius(Torr.)

Hershkovitz is widespread throughout a single geographic region, the Coloradm Plate
(Fig. 1.2B); andP. parviflorus(Nutt.) Kiger ranges from the Texas Gulf Coast to the
Dakotas and from the Rocky Mountains to the southern Appalachians. All species are
restricted to shallow or sandy soils, often on rock outcrops; but some appear to be
edaphic specialists, while others occur on a relatively wide range of sesl (igeinhard
and Ware 1989; Ware and Pinion 1990). For exaniplealcaricus(S. Ware) Kiger is
found only on limestone cedar glades in central Tennessee (Fig. 1.2G)Pwhile
parviflorusis found on sand dunes, on exposed outcrops of a variety of non-calcareous
rocks (Fig. 1.2C), and in open shallow-soil grasslands. This variation in distribution,
range size, and habitat specificity makes the genus an ideal study &ystesearch on

the patterns and processes involved in the evolution of species’ distributions.

This thesis focuses on the phylogenetic relationships and geographicalspatter
PhemeranthusThe results of these analyses clarify the relationships of sevierama
threatened taxa that have been rather poorly known and provide insight into their
biogeographic histories. Additionally, the possibility of clinal adaptation irdaspread,
selfing member of the genus is examined by testing seed germination essfmons
chilling duration. This research has potential implications for conservation pépand
for the increasing horticultural use of fameflowers in water-conseevgtrdening and
green-roof plantings (e.g., Getter et al. 2009; Dvorak 2010).

v



FIGURE 1.Z. Phemeranthuabitats. A) Mountain bald, WA. sediformisB)
Sandstone, UTR. brevifoliusandP. confertiflorus C) Granite, TXP. parviflorus D)
Opening in Ponderosa pine, AZ, validulusandP. confertiflorus E) Ozark glade,
MO, P. calycinusF) Sand blow, WIP. rugospermusG) Limestone cedar glade, TN,
P. calcaricus H) Granite flatrock, ALP. mengesii
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Taxonomic History ofPhemeranthus—

Phemeranthubas a somewhat convoluted taxonomic history. The type species,
which is native to Appalachia and the Piedmont region of the eastern United B¢stes
first validly described by Frederick Pursh in 1814ranum teretifoliunPursh.
Constantine Rafinesque had published the mahsmeranthus teretifoliua 1808, but
the name was invalid (homen nudum) because no type was specified.

Other known species dlalinumAdanson had flattened leaves. Believing the new
terete-leaved species to be sufficiently distinct filtminumas to merit its own genus,
Rafinesque validated the generic naddtemeranthusvhen he published the combination
P. teretifolius(Pursh) Raf. in 1814. Augustin Pyramus de Candolle described a second
terete-leaved species in 1828, this one from MexiadirfumnapiformeDC.), and
assigned it and. teretifoliumto Talinumsect.PhemeranthusRafinesque thought that
napiformealso warranted its own genus; he published the combinationon
napiforme(DC.) Raf. in 1833. Numerous additional terete-leaved species have been
described since 1828; notably, J. N. Rose and Paul C. Standley (Rose and Standley 1911)
and Edward L. Greene (Greene 1912) described multiple species from the starthwes
United States and northern Mexico. The most recently published taRbemseranthus
piedmontanus. Ware (2011).

Like much of Rafinesque’s work, the generic nafeemeranthuandEutmon
were generally ignored by subsequent workers, who almost universally folleved d
Candolle in treating the terete-leaved specieBadiaumsect.PhemeranthusHowever,
in the most recent monograph of the group, von Poellnitz (1934) did not recognize any

basis for maintaining the sectional divisiondadinum He recognized 47 species of
9



Talinum mostly in the southwestern United States and Mexico. All membé@ialiatim
sens. lat., both flat- and terete-leaved, are primarily succulent, herbacanfisutescent
perennials with fleshy taproots. They possess cymose inflorescenceschmaedicellate
flower has two sepaloid bracts and usually five petals (tepals). Their wiailpthree-
valved capsules dehisce longitudinally and often circumscissilely abige Bhe seeds
are reniform with coiled embryos and are borne on free-central placelotaever, these
resemblances betwe@&alinumandPhemeranthusnay be symplesiomorphies (i.e.,
characteristics inherited from the common ancestor of Portulacirigaaeuist and
Wallace 2001). In fact, species Tdlinumsect.Phemeranthuare clearly distinguished
from those ofTalinumsect.Talinum Careful morphological (Carolin 1987; Hershkovitz
1993) and molecular (Hershkovitz and Zimmer 1997, 2000; Applequist and Wallace
2001; Nyffeler and Eggli 2010) studies revealed the need for taxonomic revision,
demonstrating th&hemeranthuss only distantly related tdalinum

Several morphological traits differentiate the two groltemeranthuspecies
possess pantocolpate pollen, wAilinumpollen is panporate (Carolin 1987).
Phemeranthusapsules are held erect or nearly so (rarely pendent) and dehisce
basipetally. In contrasT,alinumcapsules are pendent to horizontal on curved pedicels
and dehisce acropetally. TRiemeranthugruit pericarp is undifferentiated; ifalinum
the exocarp and endocarp are differentiated and sometimes separate &t.maturi
Phemeranthuseeds are covered by a chartaceous membrane of funicular origin
(“pellicle”). Talinumseeds are strophiolate but lack an investing pellicle (Carolin 1987,

Hershkovitz 1993).
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In addition, the basic difference in leaf morphology extends to the internal
anatomy of the leaf. IRhemeranthughe palisade mesophyll extends all the way around
the leaf (see Ocampo and Columbus 2010, Fig. 5H), and the midvein is not externally
visible. The leaves are sometimes slightly dorso-ventrally compresskgoang leaves
that have been appressed in winter buds may be nearly planar adaxially widr angul
edges (D-shaped in cross-section) (pers. obs.). However, there is no defined lateral
margin.Talinumspecies possess flattened leaves with palisade mesophyll only on the
adaxial side (Ocampo and Columbus 2010). Although the margins may be revolute,
particularly under drought conditions, at least the midvein is prominently visible.

Molecular phylogenetic data also indicate that the two groups are nelyclos
related.Talinumsens. str. is more closely relatedPrtulacal. and Cactaceae than to
Phemeranthuswvhose close relatives are western North American genera including
CalandriniaKunth, CistantheSpachClaytonialL., LewisiaPursh, and/ontia L.
(Hershkovitz and Zimmer 1997, 2000; Applequist and Wallace 2001; Applequist et al.
2006; Nyffeler and Eggli 2010). As a restithemeranthusas gained recognition as a
separate genus. Most terete-leaVatinumspecies distributed in the United States have
been transferred ®hemeranthugHershkovitz and Zimmer 1997; Kiger 2001) and are
treated as such in tidora of North AmericgKiger 2003). Three Mexican species have
also been transferred previously (Ocampo 2002, 2003), along with a disjunct species
found in northern Argentina (Nyffeler and Eggli 2010).

In addition to the terete-leaved species, Kiger (2001, 2003) placed within
Phemeranthughe linear-leaved specig@slinum aurantiacuntEngelm. [includingr.
angustissimunjEngelm.) Wooton & Standl. and whiteil.M. Johnst., which he treated

11



as synonyms of. aurantiacurh although other workers (Applequist, pers. comm.;
Ferguson, pers. comm.; Ocampo, pers. comm.; Ogburn, pers. comm.) consider these taxa
to belong tolralinumsens. str. Molecular phylogenetic data are needed to establish
whetherPhemeranthugs monophyletic as treated by Kiger (2001, 2003) or whether the

inclusion ofP. aurantiacugEngelm.) Kiger rendeBhemeranthupolyphyletic.

Phylogenetic Context

Phemeranthubelongs to the family Montiaceae, part of the traditionally
recognized Portulacaceae sens. lat. The various families segregatétbftatacaceae,
together with Cactaceae and other closely allied families, make up theeubor
Portulacineae (Nyffeler and Eggli 2010), also known as Cactineae (Ocampo and
Columbus 2010). This group is part of the order Caryophyllales (APG 2009). Below, the
phylogeny and characteristics of these higher-level groups are swaderiprovide a
context for studies d?hemeranthus

The order Caryophyllales largely corresponds to the long-recognized
Centrospermae, a cohesive group distinguished by its free-central oplaasatation
and a suite of embryological traits (Cronquist 1988). The discovery that most rsevhber
this group possessed betalain rather than anthocyanin pigments led to an expanded
circumscription, as the betalain-containing Cactaceae and Didiaeeaese added.
Caryophyllales are also distinguished by a unique type of sieve-tube ptagtthing a
ring of protein filament bundles (Cronquist 1988). Based on these and other
morphological, ultrastructural, and chemical traits, Dahlgren (1975), Thorne (1976),

Takhtajan (1980), and Cronquist (1981, 1988) all recognized Caryophyllales as including

12



Phytolaccaceae, Achatocarpaceae, Nyctaginaceae, Aizoacemee&ieae, Cactaceae,
Chenopodiaceae, Amaranthaceae, Portulacaceae, Basellaceae, Molh#giaande
Caryophyllaceae. They also recognized a close relationship betweapdlgies and

the families Polygonaceae and Plumbaginaceae; Cronquist (1988) assiga¢eithe |
families to Polygonales and Plumbaginales, respectively, and placed both ordiwestoge
with Caryophyllales in a subclass Caryophyllidae.

Subsequently, molecular phylogenetic analyses have clarified thenscaption
of the order, demonstrating that Polygonaceae and Plumbaginaceae; @amserac
Nepenthaceae, and Drosophyllaceae (the carnivorous clade); Ancistroakadacea
Dioncophyllaceae, Frankeniaceae, and Tamaricaceae also belong tphghajes sens.
lat. (The Angiosperm Phylogeny Group 2009). This latter large claddliswpported
(Soltis et al. 2011) and has sometimes been recognized as a separateolygmarales
(Judd et al. 1999).

Many members of Caryophyllales feature unusual ecological and/opfdgysal
traits, including carnivory, highly modified growth habits, and tolerance of saline or
highly arid conditions (Stevens 2001 onwards). Anomalous secondary growth is common
in the group (Cronquist 1988; Carlquist 2010).a@d CAM (crassulacean acid
metabolism) photosynthesis and succulent growth are also widespread in @ialegh
suggesting adaptation to high temperatures and arid climates (Cronquist 1988gtThe
that contemporary Caryophyllales often inhabit marginal, xeric habitg¢gests that
ancestral Caryophyllids evolved in similarly warm, arid habitats with rairsils
(Ehrendorfer 1976). Cronquist (1988) interpreted the common ancestor of Caryoghyllida
as an herbaceous plant with separate carpels, superior ovaries, and laehking pe
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The order has a sparse and relatively short fossil record, dating bac& ablyut
70-80 million years ago (Cronquist 1988; Wikstrom et al. 2001). Calibrated molecular
phylogenies using a variety of genes and dating methods have recoveredrdgtes r
from 104 to 116 million years ago for stem-group Caryophyllales and from 83 to 102
million years ago for the crown group (Wikstrom et al. 2001; Anderson et al. 2005;
Magallon and Castillo 2009). An origin around 104-111 million years ago (Wikstrom et
al. 2001) would predate the major diversification of insect pollinators, consistarthei
hypothesis that ancestral Caryophyllids were wind pollinated (Ehrend®&7é).

Molecular data have produced many successive refinements of the rbipgons
within Caryophyllales (Rettig et al. 1992; Downie and Palmer 1994; Downie et al. 1997,
Cuenoud et al. 2002; Brockington et al. 2009). Using nine plastid genes, two nuclear
genes, and the plastid inverted repeat, Brockington et al. (2009) studied thddwugher
phylogeny of Caryophyllales sens. lat. and tested hypotheses relateliatipal
biology and perianth differentiation. They evaluated the classical hypothattbée
ancestral caryophyllid flower had an undifferentiated perianth and waspelhdated
because these plants evolved in dry, marginal environments where pollinators were
scarce. They found little support for wind pollination as the ancestral condition, although
their analysis did suggest that an undifferentiated perianth was the anuasditibn.
Subsequently, a differentiated perianth evolved at least nine independent times
(Brockington et al. 2009).

Within core Caryophyllales, Portulacaceae sens. lat. is part of a well-segpor
group along with Basellaceae, Cactaceae, Didiereaceae, and Halepkyaig. 1.3).

This group was first recognized by Thorne (Thorne 1968, 1976) and is united by the
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presence of a floral involucre, succulence, mucilage, and Crassulacean tatidlisra

(Thorne 1976; Stevens 2001 onwards; Cuenoud et al. 2002) and by certain pollen exine
characters (Nowicke 1996). The monophyly of this group of families was suppgrted b
early molecular phylogenetic studies of Caryophyllales (Rettad; 4992; Downie and

Palmer 1994; Downie et al. 1997); its probable sister group is Molluginaceae (Cuenoud et
al. 2002; Brockington et al. 2009). The group has been informally known as the
"portulacaceous cohort" (Applequist and Wallace 2001; Cuenoud et al. 2002;
Brockington et al. 2009) or "portulacaceous alliance" (Hershkovitz 1993; Hershkovitz

and Zimmer 1997) and formally as the suborder Portulacineae (Takhtajan 199TerNyffe

et al. 2008; Nyffeler and Eggli 2010) or Cactineae (Thorne 2000; Ocampo and Columbus
2010). Here, | use the name Portulacineae.

Members of Portulacineae are found in Mediterranean, desert, alpine, and boreal
habitats on four of the six continents. The group is poorly represented in Eurasia and in
Africa north of the equator (Hershkovitz and Zimmer 2000), and its members are
predominantly distributed in the New World (Applequist et al. 2006). Molecular data
(e.q., Applequist and Wallace 2001) support the hypothesis that Portulacineaatedigi
in South America or southern North America.

Portulacineae is especially interesting in that about 90% of its ~2200sspezie
succulent to some degree in leaf, stem, and/or root, including representativeisreéal
major types of succulent life forms: stem succulents, leaf succulentsaaahidiform and
pachycaul succulents (Nyffeler et al. 2008). This diversity appears ¢ctrpérallel
evolution of distinct succulent life-forms from similar ancestral conditibtest
Portulacineae inhabit warm, arid environments, and possibly all members obipe gr
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have at least some ability to recycle respire¢ Gler drought conditions via facultative
CAM-cycling.

This large clade represents one of the many origins of a different&iadth
within Caryophyllales. In Portulacineae, preceding bracts have beerteddo form
perianth parts. This involucre consists of two leafy sepaloid bracts below th@getal
perianth parts. The phyllomes or bracts enclose the developing floralameribus
playing the role of a calyx. The petaloid parts, meanwhile, are derived frats fowa
sepals) rather than from stamens. The ancestral condition of the cladleiseriate
pentamerous flower (Brockington et al. 2009). Portulacaceae sens. lat. have diverse
pollen, varying from tricolpate to pantocolpate, polypantocolpate, pantoporate, or
polyporate, with echinate to almost glabrous surface ornamentation (Nyananyo and
Mensah 2004). Basic chromosome numbers range from two to twelve (Nyananyo and
Mensah 2004). Like most Caryophyllales, portulacaceous plants contain betlaens r
than anthocyanins in their floral and vegetative tissues (Nyananyo and Mensah 2004).

As traditionally circumscribed, Portulacaceae included several morgsor le
cosmopolitan genera along with genera endemic to Africa, Madag@seania,
Eurasia, North America and South America, suggesting a pre-Tertiany origi
(Hershkovitz and Zimmer 1997). The family was hypothesized to have originated in
Gondwanaland (Applequist and Wallace 2001) and to have spread by long-distance
dispersal following its breakup (Nyananyo and Mensah 2004). Portulacaceaetsens. la
was thought to have originated relatively recently, in the late Miocene @JT394-
2007), in part because the habitats occupied by most contemporary Portulacaceae and
allied families formed during the Miocene or later. However, the fossitdexfahe
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group is almost non-existent. Possiblentia-like pollen has been reported from the
Cenomanian of lowa (Ravn 1987), but this interpretation of the fossil is suspect
(Hershkovitz and Zimmer 2000). Polyrugate Portulacaceae-like pollen has etso be
reported from the upper Miocene and Pliocene of Alaska (Muller 1981). Despite thei
often distinctive pollen and durable cuticles, spines, and glochids, Cactaceae hafte not le
a fossil record. Arid-adapted portulacaceous lineages likely originiateng the late
Cretaceous or early Tertiary after the breakup of Gondwana and latzd sptie the
widespread aridification in the late Tertiary (Raven and Axelrod 1974). Hershi&ovitz
Zimmer (2000) suggested a late Eocene to Miocene origin for Cactacegeatffibeited
the present-day distributions of portulacaceous taxa to late Tertiagy&reaternary
climate trends that caused the development of arid habitats in temperate regions of
western North and South America, thus opening new niches and promoting speciation
(Raven 1963; Raven and Axelrod 1974, 1978; Axelrod 1979, 1983). The many 5000—
15000-km disjunctions within Portulacineae show low ITS divergences, suggesting
relatively recent long-distance dispersal. Morphological evidence alsosss gjoet
disjunctions inTalinum Phemeranthuysother western North American genera, and
Cactaceae are due to recent long-distance dispersal (Hershkovitz aner 26@8).
Portulacineae comprises four major lineages (Fig. 1.3): Basellésraab-
flowered vines with fleshy rhizomes or tubers from Africa and CentichiSouth
America); Didiereaceae (large woody trees or shrubs, some cactusdikesastern and
southern Africa and Madagascar); Montiaceae (herbaceous plants, oftenfoyestig,
with clasping, non-constricted leaf bases, mostly from North and South Araadca
Australia); and the large, diverse "ACPT clade", which includes Anacaotpseae,
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Cactacead?ortulaca(Portulacaceae sens. str.), dralinum(Talinaceae) (Stevens 2001

onwards; Nyffeler et al. 2008; Nyffeler and Eggli 2010). Although relationshipsnwit

Portulacineae, especially within the ACPT clade, remain somewhat prdialetima

_____Phemeranthus
(1/~25)

[____other Montiaccac
(~14/195)

Halophytaceae
(1

Didiercaceac
(~7/19)

Bascllaceac
(~4/19)

Talinaceae
(~2/27)

_ Portulacaceac
(1/~100)

v

to other ____Anacampscrotaceae
Caryophyllales (~3/32)

(Cactaceae
(~125/1500)

FIGURE 1.2 Schematic cladogram showing
relationships in Portulacineae. Approximate

numbers of genera and species are given for eac

family. Tree based on Nyffeler & Eggli (2010),

ACPT clade as a whole is
consistently well supported
(Hershkovitz and Zimmer 1997;
Applequist and Wallace 2001;
Nyffeler 2007; Brockington et al.
2009; Nyffeler and Eggli 2010).
Thus, Portulacaceae sens. lat. is
paraphyletic with respect to
Cactaceae, necessitating either the
lumping of Cactaceae into
Portulacaceae—an unattractive
prospect—or the recognition of
several small segregate families
(Hershkovitz and Zimmer 2000),
haaving onlyPortulacain

Portulacaceae sens. str. (APG

Fig. 1; genera and species numbers from Nyffeler

& Eggli (2010) and Stevens (2001 onwards).

2009; Nyffeler and Eggli 2010).

This breakdown of the traditional Portulacaceae and thBEdlofumwithin it

were hinted at by early morphological cladistic studies of the group. 187ar&9iew,

Roger Carolin performed a cladistic analysis of Portulacaceae gertleeic and sectional
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level using 40 morphological characters. Accepting the classical vieC#lttdiceae and
Aizoaceae were close relatives, he used those families as the outgroup tcRosag +
[Basellaceae + Didiereaceae]. This rooting resulted in a ratherchraetj with most
tribes and several genera appearing polyphyl@atinumsect.Phemeranthusever
formed a clade witffalinumsect.Talinum Carolin noted that the investing aril of sect.
Phemeranthusvas an important difference from setalinum but its homology was
difficult to interpret, andralinumneeded further study. He did not propose to divide the
genus, and his analyses recovered sdatmeranthuss sister to a large clade including
portions of various genera that are now assigned to Talinaceae, Montiaceae,
Portulacaceae, and Anacampserotaceae. The genera now assigned tekontae
divided among several clades (Carolin 1987).

Subsequently, Hershkovitz (1993) used 46 morphological characters in a cladistic
analysis focusing on the relationshipGaflandrinia Like Carolin (1987), Hershkovitz
found support for a fundamental division of Portulacaceae and their relatives between
predominantly eastern American and African taxa (which were paraighyiéh respect
to Basellaceae, Cactaceae, and Didiereaceae) vs. western Northudméi®@erican and
Australian taxa. He recover@@linumsect.Phemeranthug a basal position within the
former group, although it did not form a clade witlinumsect.Talinum Hershkovitz
(1993) suggested that additional phylogenetic analyses would support segregashg "
or all of the western American taxa into a distinct family, expanding thergxis
circumscriptions of Cactaceae, Basellaceae, and Didiereaceakitteiticeir
portulacaceous sister taxa, and retaining Portulacaceae only for their mietiophy
residue.”
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In a phylogenetic study directed at understanding the evolutionarpnslaips
and antiquity of Cactacaeae, Hershkovitz and Zimmer (1997) regahdgderanthuss
distinct fromTalinumand published nomenclatural combinations for the three
Phemeranthuspecies in their ITS data sét [brevifolius(Torr.) Hershkovitzp.
confertiflorus(Greene) Hershkovitz, ar®l spinescenglorr.) Hershkovitz]. In contrast
to the earlier morphological analyses, they recovBteemeranthum the western
American and Australian clade of Portulacaceae, rather than theneasterican and
African clade. The siXalinumandTalinella Baill. exemplars did not form a clade, but
their positions lacked support. The thRigemeranthusxemplars formed a strongly
supported clade that was sister to a group consisting of an Aus@aliandrinia, two
Cistanthespecies, and Blontia. The authors referred to this large clade as the PAW
clade (forPhemeranthusAustralia, Western America) (Hershkovitz and Zimmer 1997,
2000). It in turn was sister to the ACPT clade, though with poor support.

Applequist and Wallace (2001) applied sequence data from the chloroplast gene
ndhFto further elucidate relationships among the major lineages of Portedas;ac
Basellaceae, Cactaceae, and Didiereaceae. They found two largevathdethis group:
the ACPT clade and the remainder of Portulacaceae (including the tenetddalinum
mengesj)i plus Basellaceae and Didiereaceae. Thus, their chloroplast sequence data
reinforced the earlier morphological and molecular evidencéltdatumsens. lat. was
polyphyletic, with terete-leave@hemeranthubeing unrelated to trukalinum The
polyphyly of Talinummay have contributed to the failure of previous infrafamilial

classifications to correspond to monophyletic groups (Applequist and Wallace 2001).
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Subsequently, Applequist and colleagues (Applequist et al. 2006) added the
enigmatic New Zealand cushion-forming pl&ftectorella caespitosilook. f. to the
ndhF dataset, also incorporatimgatk andrbcL sequences for many taxa. The familial
placement oHectorellahad been controversial; variously associated with Portulacaceae
and Caryophyllaceae, it had commonly been accepted as a separatevidnmly
Caryophyllales, Hectorellaceae. The molecular data showed that nalidhlgctorella
belong within Portulacaceae, but it was nested within the PAW clade.

As support for the monophyly of the PAW clade accumulated (Hershkovitz and
Zimmer 1997, 2000; Applequist and Wallace 2001; Applequist et al. 2006; Nyffeler
2007), it was recognized at the family level as Montiaceae (APG 2009; &tydied
Eggli 2010). After the hyper-diverse Cactaceae, Montiaceae is the mosedilzzte
within Portulacineae, with about 200 species in 15 genera (Table 1.2) (Herzlait
Zimmer 1997; Nyffeler and Eggli 2010). All are low-growing herbaceous plants. The
species in this group are divided approximately equally between North and South
America, with concentrations in California and northern Chile (Hershkovitz 2006) and
members in Australia and New Zealand. Using a rough calibration based ahedbli
divergence rates for the ribosomal DNA internal transcribed spacer réB®)n (
Hershkovitz and Zimmer (2000) estimated that this group originated during ohkater t
the mid-Miocene.

Montiaceae are notable for their pattern of closely related speciesperie
North and South America (Hershkovitz 1993; Hershkovitz and Zimmer 2000;
Hershkovitz 2006), a pattern recognized in several plant groups (Raven 1963).
Phemeranthugs one example, with a single species found in the southern Andes and the
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remainder north of the Isthmus of Tehuantepec in Mexico. Raven & Axelrod (1978)
argued that the North American taxa in this group were derived from Southcameri
ancestors. Hershkovitz and Zimmer (2000) focused on the relationships and
biogeography of western American Portulacaceae using ITS dataanhgisis strongly
supported the monophyly of the PAW clade (i.e., Montiaceae) and indicated multiple
intercontinental disjunctions, with 8-13 dispersal and colonization events across
distances exceeding 2000 km. However, the choice of outgroup would affect the ancestral
area inferred foPhemeranthudf the chosen outgroup were distributed predominantly in
South America, the optimal ancestral areaFfoemeranthusvould be South America,
even though only one species occurs thenemeranthuseemed more likely to have
originated in North America (Hershkovitz and Zimmer 2000).

Nuclear ITS data do not provide strong support for relationships among the
genera of Montiaceae. In a maximum-parsimony analysismeranthusvas sister to all
other members of Montiaceae; in a maximum-likelihood tPéemeranthusvas sister to
a clade consisting @alyptridium part ofCistantheand other segregates@élandrinia
(Hershkovitz and Zimmer 2000). ChloroplasthFandmatK data supported
Phemeranthuss sister to the remainder of Montiaceae (Applequist and Wallace 2001,
Nyffeler and Eggli 2010) (Fig. 1.3). The pattern of well-supported major lineages
separated by relatively long branch lengths but with short internal branchdemgt
poor internal resolution might reflect rapid origin and diversification ofitfeages in
association with the late Tertiary—early Quaternary geolognshthmatological events
that produced the diverse topography and vegetative communities of western North
America and temperate South America. The low interspecific divergertteonflict
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between the relationships inferred from nuclear DNA, chloroplast DNA, and morgholog

could also be explained by widespread hybridization (Hershkovitz 2006).

TABLE 1.2. Genera of Montiaceae

Genus # of spp. Distribution

Calandrinia Kunth ~14 Western North, Central, and South America

CalyptridiumTorr. & A. Gray ~14 California

CistantheSpach ~20 Western North and South America

Claytonial. ~27 North and Central America, Siberia

HectorellaHook. f. 1 New Zealand

LenziaPhil. 1 Chile

Lewisial. ~16 Western North America

LewisiopsisGovaerts 1 Western North America

Lyallia Hook. f. 1 Kerguelen Islands (southern Indian Ocean)

Montia L. ~12 Western North America, Siberia,
circumboreal, Colombia, Australia

MontiopsisKuntze ~40 Western South America

ParakeelyaHershk. ~40 Australia

(AustralianCalandrinia)

Phemeranthufaf. ~25 North America and Argentinean Andes

PhilippiamraKuntze ~8 Western South America

SchreiteriaCarolin 1 Argentinean Andes

Sources: Nyffeler (2010); Hershkovitz & Zimmer (2000); www.tropicos.org

Morphology, Natural History, and Physiology

All Phemeranthuspecies are succulent perennials with stout rhizomes, fleshy
taproots, or tuberous roots (Fig. 1.1). The herbaceous stems are usually short, with
contracted internodes, so that the leaves are more or less rosette-fonmigt kpecies,
the aboveground growth dies back each winter, and the plants regenerate imthe spri
from resting buds on a usually underground caudex. In some species, vegetative

propagules form as thickened winter buds clad in appressed scale leavesathatfbre
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from the main stem as the aboveground portion of the plant dies back in the fall
(Harshberger 1897; Ware 1972). SoRteemeranthupossess perennial, branched,

woody above-ground stems (e.g., the mat-forniingpinescenandP. sediformisof the
inland Northwest and some Mexican species). This herbaceous or slightly woody,
rosulate growth form is widespread in Montiaceae (Nyffeler et al. 20@8dlin (1987)
described the growth habit Bhemeranthuss "suffruticose and passive chamaephytes”,
in which "the perennating buds are held close to the ground on weak, more or less
decumbent or short branch systems". Sé&memeranthusvould be better described as
"active chamaephytes or protohemicryptophytes”, in which "the perenmaiiisgare

held at or below ground level on prostrate stems or stolons" (Carolin 1987). The tuberous
roots or rhizomes and the lower, perennial portions of the stems store large amounts of
starch. The leaves have slightly sunken, ellipsoidal stomatal guard celiseacmvered

with a waxy cuticle (Harshberger 1897). The leaves and young vegetathseratey

feature unicellular epidermal papillae (Bogle 1969).

The cymose inflorescencesPiiemeranthubave sometimes been described as
scorpiod cymes (e.g., Ware 1969b), but this terminology is inaccurate. In facyéhey
dichasia (or polychasia) that may appear monochasial distallyhlptager 1897; Carolin
1987). Other genera of Portulacaceae exhibit regularly monochasiad tdyateould
properly be called scorpioid. The inflorescences often appear terminattibaityathey
are borne in leaf axils.

Phemeranthupollen is pancolpate with a few broad colpi (ca. 3—4 times as long
as broad) and usually numerous irregular papillae scattered over theeapertace
(Carolin 1987). The pollen @. teretifoliushas 12 more or less circular apertures
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distributed evenly around the surface of the pollen grain, three of the colpiléejag

than the rest (Bogle 196®hemeranthuseeds are enclosed in a membranous aril that
develops from the funicle (Bogle 1969), which is loose and wrinkled in some species and
tightly adherent to the testa in others (Fig. 1.4). This chartaceous ariliolepalhy be

evanescent, rubbing or flaking away when the seeds are released from the fruit.
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FIGURE 1.4. Scanning electron micrographsRifiemeranthuseeds. AP. brevicaulis
B) P. calcaricus C) P. mengesjiD) P. parviflorus E) P. punaeF) P. rugospermus
Note differing scale ba.
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Examination of flowers, fruit, and seeds is often necessary to identify
Phemeranthuspecies (Kiger 2003). The diagnostic characteRhefmeranthuspecies,
such as flower color and size, fruit shape and size, sepal persistence, stamen numbe
style length, and stigma lobes are often difficult or impossible to evaluatessepor
specimens. Thus, examination of living materials, especially those grownaomdeaon
conditions in the greenhouse, is necessary to understanding these species {Holzinge
1900; Ware 1967, 2011).

Within Phemeranthusa group of relatively tall, pink- or white-flowered species
is broadly distributed in patchy xeric habitats across the Midwestern and &siathe
United States. This eastern North American (ENA) group inclBdesnfertiflorus P.
parviflorus P. calycinusP. calcaricus P. mengesjiP. teretifolius andP. rugospermus
ENA Phemeranthugs a morphologically cohesive group distinguished by erect,
distinctly cauline habit; long leaves; multi-branched inflorescences barlmng, erect
peduncles; and usually bright pink flowers. Chloroplast and nuclear sequence data
indicate close relationships among all of the ENA speci®hemeranthusbut show
very little divergence among species.

ENA Phemeranthusre especially characteristic of granite outcrops in central
Texas (Walters and Wyatt 1982) (Fig. 1.2C), rock outcrop plant communities (glades)
the Ozarks (Baskin and Baskin 2000; Ware 2002) (Fig. 1.2E), limestone glades in the
Central Basin of Tennessee (Harper 1926) and northern Alabama (Baskin et al. 1995)
(Fig. 1.2G), granite outcrops of southern Appalachia and the Piedmont of Georgia and the
Carolinas (McVaugh 1943; Murdy 1968; Wyatt 1997) (Fig. 1.2H), and the serpentine
barrens of Pennsylvania (Baskin and Baskin 1988; Tyndall and Hull 1999). The plants
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occupy a similar niche in each of these rock outcrop systems: very shallotysoally

at the ecotone between bare rock and dense vegetation at the edges of outcropsland of soi
pits or depressions on the outcrops. They are typically the only vascular plant actively
growing, flowering, and setting seed in this zone during the hottest, driesf fae

summer. ENAPhemeranthusre also found in open barrens or savannas in sandy prairies
from the upper Midwest south to Texas.

Within the ENA group, intriguing intraspecific disjunctions occur among
populations oP. rugospermuandP. parviflorus The latter species is distributed almost
entirely west of the Mississippi River, with populations just across the nauthern
lllinois, but a disjunct population grows on bluffs above the Coosa River in central
Alabama. The species may have first entered Alabama at a time whenethedya
habitat on exposed Pottsville sandstone was more widespread and continuous than at
present, subsequently becoming confined to remote, isolated outcrops as forest
communities encroached upon the gradually deepening soil (Wolf 1939). The prairie
fameflower,P. rugospermugHolz.) Kiger, also shows striking population disjunctions.
While the main part of this species' range is in the upper Midwest, populations have been
found in central Nebraska, central Kansas, southern Oklahoma, and east Texas and
adjacent Louisiana (Holzinger 1899a; Nixon et al. 1980; Cochrane 1993; MacRoberts and
MacRoberts 1997). Several hypotheses have been proposed to explain this widely
disconnected distributio®. rugospermusnay have arrived in its present localities via
post-glacial long-distance dispersal (Cochrane 1993). Its distribution neayelbenant of
a previously widespread range (Harshberger 1897). (®.thegospermusnorphology
may have arisen multiple times via hybridization between its co-distribeld/es. Its
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morphology is intermediate in several respects between that of the smaitdt
sunbrightP. parviflorus and that of the large-flowered fameflowr,calycinus These
two species are broadly sympatric and often syntopic across the radhgeigbspermus

Beginning with Harshberger’s (1897) “Ecological study of the gd@alisunt,
the ENA group has been relatively well studied. A wealth of morphologicabgical,
cytological, genetic, and reproductive studies have been performed on the gladskand ro
outcrop species, including allozyme surveys, chromosome counts, and substrate
specificity experiments (e.g., Harshberger, 1897; Wolf, 1939; Steiner, 1944; Ware, 1967,
Ware, 1968; Montgomery & Blake, 1969; Ware, 1969; Ware & Quarterman, 1969;
Murdy et al., 1970; Krebs, 1971; Black & Murdy, 1972; Carter, 1983; Carter & Murdy,
1985; Murdy & Carter, 1985; Carter & Murdy, 1986; Reinhard & Ware, 1989; Ware &
Pinion, 1990; Harris & Martin, 1991; Ware, 1991; Murdy & Carter, 2001). The findings
of these studies are summarized below.

Menges’ fameflowerR. mengesjiis typical of ENAPhemeranthug its natural
history. It is found most often on sandstone outcrops exposed along streams. The strongly
sloped outcrops often receive heavy runoff from adjacent woods during winter rains,
making them susceptible to erosion. This soil erosion is probably a limiting fadte i
establishment d?. mengesiseedlings (Ware 1969b). A few long, elastic roots anchor
the perennial tuberous rhizome to the soil. Following winter dormancy, the rhizomes
resume growth in early April as new green leaves emerge from tledesaees
surrounding the winter bud. The new fleshy stems grow quickly, and an extensive
branching root system arises along with them. In older plants, severaldeagehed
stems bearing numerous inflorescences may arise from the winter busiagtea
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growing season. Flower buds become visible in mature plants as earlyeasdbkes
after growth resumes, and flowers and fruits are produced throughout threesum
typically from mid-May to mid-September or even October. Capsules develdgyeaic
the seeds ripen in about 20 day#®ircalcaricus P. teretifolius andP. mengesi(Ware
1968)—so plants can produce seed throughout the season. At the end of the season,
clusters of awl-shaped scale leaves form at the base of the stem or on theidapeios
the rhizome, surrounding the winter buds, although plants may continue to flower for
several weeks after these buds develop. Soon after flowering ceaseshthdiplaack
to the rhizome. Non-flowering stems may develop thick corky skins, their dgpidal
become protected by scale leaves and become winter buds, and they become incorporated
into the perennial rhizome (Ware 1969b). Though plants usually do not flower their firs
year as seedlings in the field, they can do so in the greenhouse (Ware 1968; pers. obs.)
The daily periodicity of flowering iPhemeranthuss well known (Harshberger
1897; Holzinger 1899b; Wolf 1939). The flowers open at a particular time each day,
which varies among species and populations. Each flower opens for just a few hours on a
single day, but large individuals may have dozens of flowers open at one time when
conditions are favorable. In the morning, when the flowers are not open, the plants tend
to be inconspicuous against their background of rock, lichens, and mosses. However, they
become quite conspicuous when the flowers open in the afternoon, as their showy pink
flowers on tall, wiry peduncles rise above the surrounding vegetation (Ware 1969Db,
1969a).
Relatively little information is available concerning the pollination egylaf
PhemeranthusHarshberger (1897) observed tRarugospermugasT. teretifoliun)

30



flowers were visited b alliopsis andreniformigHymenoptera), a small, short-tongued
bee. In the Piedmont of Georgia, the most frequently observed pollinatBrsy@ngesii
andP. teretifoliuswere the small native be@siglochoraandLasioglossunand the
largerBombusandApis (Carter and Murdy 1986). Sweat bees (Halictidae) are the
primary pollinators oP. mengesjiP. teretifolius P. calcaricus andP. calycinugWare
1968; Krebs 1971; pers. obs.). These small, dark bees visit the flowers in linear sequence
often beginning their activity before the flowers have opened for the day ¢psrsand
frequently effecting pollination of the stigmas before the corollas havedpéped

(Ware, 1968). The bees do not discriminate betvizenengesiandP. teretifoliuswhere
those species are sympatric, and hybrids are known (Carter and Murdy 1986). These
species produce a tiny amount of nectar (Krebs, 1971) but are not fragrant; atid Halic
bees are pollen eaters. In the western United SRatésevifoliushas a strong, pleasantly
sweet fragrance at anthesis (Ferguson, pers. comm.; pers. obs.), but it is not known
whether this contributes to pollinatidd. sediformif the inland Northwest arfel.
napiformeof Mexico (and probably all oth&hemeranthuspecies) possess a small
nectary at the base of the innermost stamens (Vanvinckenroye and Smet®1o9)

role of this structure in pollinator attraction has not been studied.

ENA Phemeranthusisually grow in very shallow (2-5 cm), sandy or rocky sail,
with the rhizome often resting on bedrock and its top exposed above the soil surface.
Nevertheless, the plants withstand severe drought. They can continue flofeering
several days even after the leaves wilt, and the leaves promptly reggaitywand
flowering resumes after rain (Ware 1969b). When uproétethengesiplants are slow
to wilt; left unpotted, they may continue to flower for a day or two and can reftdiyer
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upon potting even after a week or more without soil or water. Furthermore, given
sufficiently frequent watering, broken-off branches can produce adweestitbots and
thus continue to flower (Harshberger 1897; Wolf 1939; Ware 1969b).

Glade and rock-outcrophemeranthusnay be confined to the shallowest soil
zones because they are poor competitors for light and nutrients but can explmiamarg
habitats where drought stress excludes their potential competitors (Vé&e Baskin
and Baskin 1988; Ware 1991). In cedar glades, soil a bit deeper than that occuied by
calcaricusis dominated by annual grasses sucB@srobolus vaginiflorugTorr.) Wood
(Quarterman 1950; Ware 1969a). AltholRjfiremeranthuplants are most dense in
shallower soil where grasses are absent, a few large, vigéhenseranthusre typically
found in deeper solil (pers. obs.), suggesting that the slow-growing seedlings of
Phemeranthusre unable to compete with faster-growing annual grass seedlings, limiting
their establishment in deeper soil. In controlled growth experim@ntsengesiandP.
calcaricuswere inhibited by whole-plant and/or root competition from the dgrass
pratensis Decreased light intensity also inhibited the growtR ofalcaricus Although
drought stress reduced the growtiPbemeranthugplants, the grass was much more
strongly affected by low moisture, givilhemeranthua competitive advantage under
these conditions (Ware 1991).

Indeed Phemeranthusf the southeastern United States are somewhat legend
among those who know them for their extreme temperature and drought tolerance. Fo
exampleP. calcaricusis the only indigenous vascular plant that actively grows and
flowers during the hot, dry summer in the shallow soil bordering bare limestoedan c
glades (Ware 1967; Ware and Quarterman 1969). The succulent leaves naayimglt
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extended drought, but the plants continue to flower and produce seeds. The plants can
withstand soil-surface temperatures measured at more than 50°C (@8/att Ih
Mexico, P. humilisandP. napiformisthrive on exposed volcanic rocks at arid, high-
elevation sites (Harshberger 1897). Characteristics that promote drouiggrcesn
Phemeranthuspecies include their succulent stems and leaves, terete leaves, sunken
stomata, low stomatal number, thick cuticle, profusely branched summer stnhsand
ability to flower even with a water deficit in the leaves (Harshberger X89till 1947;
Ware 1968). Some species also possess long, elastic roots that penetrate dezp into t
rocky substrate and/or swollen, tuberous roots protected by corky scales.

Additionally, althougiPhemeranthuare primarily G plants, some species
apparently utilize a facultative CAM-cycling mode of photosynthesis intwhic
atmospheric C@is taken up and fixed via the @athway during the day and respiratory
CO, is recaptured at night via the CAM pathway to form malic acid (Guralnick and
Jackson 2001). This GQ@ecycling process enables plants to reduce atmosphesic CO
uptake and transpiration during the day, thus limiting transpirational wates.losse
Conceivably, drought-stressed plants could continue to utilize recycleftr@o
accumulated malic acid even while keeping the stomata closed throughout the day
("CAM-idling"), thus maintaining the activity of photosynthetic enzymesndudrought
and enabling plant growth to rebound quickly when water becomes available. This
pathway has been reported to occur in at least 15 plant families, especiallgulessuc
herbs found in xeric microenvironments (Martin et al. 1988).

Researchers have studied this phenomenon in eastern and Midwestern
Phemeranthuspecies (Martin et al. 1982; Martin and Zee 1983; Martin et al. 1988;
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Harris and Martin 1991a; Harris and Martin 1991b; Harris et al. 1993). In one set of
experiments, Harris and Martin (1991a; 1991b) measured photosynthetic gas exchange
and malic acid fluctuations iA. teretifolius P. parviflorus P. mengesjiP. calycinus

andP. calcaricus They hypothesized that high CAM-cycling activity decreases daytime
transpiration and increases water-use efficiency under non-drought conditierdata
showed similar CAM-cycling patterns in all five species; the plants took ydGing

the day using the typicals@athway and accumulated malic acid at night. However, the
species differed significantly in their rates of gas exchange and avea acid
fluctuations. Day-night fluctuations in leaf malic acid content were polsitocerelated

with net overnight C@exchange for all individuals combined and within three species
and negatively correlated with net daytime Q@take for all individuals combined and
within one speciedR( parviflorug. Also, the extent of C&recycling via malic acid was
negatively correlated with daytime transpirational water loss ($lanmd Martin 1991a;
Harris and Martin 1991b). The trend of increasing water-use efficiencymeitbasing
overnight malic acid fluctuation levels was non-significant. Neverthelessrdacg to

Martin et al. (1988)P. calycinusmight effect a daily water savings of up to 43% via
CAM-cycling.

Geological substrate is important in determining the distribution and occeirrenc
of Phemeranthuspecies (Harshberger 1897; Reinhard and Ware 1989; Ware and Pinion
1990). While som&hemeranthuspecies occur on a range of geologic substrates, other
species show some degree of substrate specificity. According to Warenenm(P990),

P. teretifolius P. mengesjiandP. calcaricusare each characteristic of a major rock
outcrop system in the southeastern United StRte®retifoliusgrows on granite
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outcrops of the Piedmont from Virginia to Georgia and on serpentinite in Maryland and
Pennsylvania, and occasionally on sandstBnenengesiis found on Pottsville

sandstone outcrops of northern Alabama and adjacent Georgia and Tennessee,
occasionally on granite in north-central Georgia, and in the Altamaha @atref the
Coastal Plain of Georgia (Montgomery and Blake 19B9talcaricuss endemic to
limestone cedar glades of the Central Basin of Tennessee and Moulton Vaéthefn
Alabama. Related species are rarely found on calcareous substratesiaBennaind

growth experiments indicate thRt calcaricuscan tolerate greater variation in soil pH
than its relativéd®. mengesi{Ware 1969b; Krebs 1971). Growth experiments on different
soil types indicate that all three southeastern species, inclBdrajcaricus grow best

on more acidic substrates, but oRlycalcaricusgrows uninhibited on calcareous soil
(Ware 1969b; Reinhard and Ware 1989; Ware and Pinion 1990). In contrast, several
species in the southwestern United States are found on calcareous substrates.

The broad range of substrates occupie® bigretifolius(granite, serpentinite) is
apparently due to broad edaphic tolerance rather than to ecotypic adaptatitsiréta
serpentinite in Maryland grew better on limestone soil than on serpentine soil but
exhibited abnormal coloration on limestone. They grew better on sandstone and granite
than on either limestone or serpentinite, defying the common assumption that plants
found on serpentine soils are physiologically adapted to this soil type. Titedllim
competition in the shallow soil of serpentine barrens ensures that the slow-gkRowing
teretifoliuscan survive and reproduce (Ware and Pinion 1990).

Whereas different types of rock outcrop systems in the Southeast are
geographically separated, outcrops of different rock types occur in closenjiyaxi the
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Interior Highlands (Ozarks and Ouachitas). Two species are broadly d¢bededrin this
region:P. calycinusandP. parviflorus The former species was regarded as substrate
indifferent (Steyermark 1963), having been recorded from limestone, sandstonie, g
shale, chert, syenite, and other igneous rocks. The latter species had alscdreienl r

on siliceous and igneous rock types, but not on limestone. When seeds and plants from
multiple populations of these species were grown in soil collected from thige nat
outcrops and from outcrops of different geological typegarviflorusfrom sandstone
outcrops grew well on either shale or sandstone soils but very poorly on soils from
calcareous outcrops, showing abnormal pigmentation, poor growth, and high mortality.
All P. calycinugpopulations also grew well on non-calcareous substrates, including
sandstone, shale, granite, and syenite, but very poorly on calcareous soils. However, one
population collected from a limestone outcrop did not display abnormal coloration when
grown on calcareous soil, as plants from other outcrop types did, suggesting that some
ecotypic adaptation had occurred to extend the limit of tolerance and permpldrgse

to grow on calcareous substrate. Likecalcaricus thisP. calycinugpopulation was
tetraploid (Reinhard and Ware 1989).

Different populations of. calycinusexhibit morphological differences, although
most of these differences are difficult to detect in herbarium specimensam clearly
observed only in living plants. These differences persist in plants growrs&edwunder
controlled conditions in the greenhouse (Reinhard and Ware 1989). For example, plants
from shale and syenite outcrops in three counties in northwestern Arkansasaige s
overall, had proportionally longer stigmas relative to the style, had quickigudeis
sepals, and had smaller black seeds than other populations. Plants from tledetrapl
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population on limestone were consistently larger in both vegetative and reproductive
parts, and plants from a Missouri population on granite had stamens equal in length to the
styles. Their stigmas were also dorsiventrally flattened and pink at thevhasethey

joined the style. However, there was no clear correlation between the morpablogi
differences and the responses of various populations to different types of sidtsubs
(Reinhard and Ware 1989).

Fameflower species vary in breeding system and in ploidy level (K106,

Murdy & Carter 2001). Some species show pronounced herkogamy, which promotes
outcrossing. Others, particularly the small-floweRegbarviflorusandP. confertiflorus

have stigmas equal to the stamens and can self-pollinate when the flowers these i
afternoon. Species are occasionally found in sympatry with close relatndespme
hybridization is known. Furthermore, allopolyploid and autopolyploid speciation have
apparently been important in the evolution of ERBemeranthusTetraploidP.

teretifoliusis derived from hybridization betweéh parviflorusandP. mengesjiwhile

P. calcaricusis apparently an autotetraploid derivativdPofcalycinugMurdy and

Carter, 2001). Chromosome numbers, hybridization, and polyploid speciation are further
discussed below.

Phemeranthuspecies fit a simple polyploid series based on a chromosome
number ofx=12 (Steiner 1944) o=6 (Black and Murdy 1972). All species and
populations examined to date are either diploid or tetraploid, although some ceitsal
in P. parviflorusroot tips contain 96 chromosomes, a feature not observed in other
species studied (Steiner 194R).calcaricus(Krebs 1971) ane. teretifoliusare
tetraploid (2=48) (Fig. 1.5), the latter behaving as an amphidiploid (Murdy 1968; Black
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and Murdy 1972)P. mengesiis diploid, except for an outlying population in the
Altamaha Grit region of the Georgia Coastal Plain, which is tetraploid thdorery and
Blake, 1969; Murdy et al., 1970). Chromosome counts are also available for a few other

species (Table 1.3).

g : FIGURE 1.E. Meiotic chromosome squashféf
T . _ teretifoliusfrom Wake Co., NC (TMP 272).
&,
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TN

1

TABLE 1.3. Chromosome numbers oPhemeranthusspecies

Species Locality Chromosome No. Reference
P. brevicaulis  Harding County, NM R=24 8

P. calcaricus Central TN, northern AL 2=48 59

P. calycinus Various =24, 48 9

P. confertiflorus Valencia & Harding Counties, NM n248 8

P. mengesii 29+ populations =24 1,2,4

P. mengesii Altamaha Grit region, GA 2-48 3,6

P. parviflorus  Various =24 1,7

P. parviflorus  Springdale, AR 2-=48 1

P. teretifolius 32+ populations 12=48 1,2,4,6

*References: 1. (Steiner 1944); 2. (Murdy 1968); 3. (Montgomery and Blake 1969); 4.
(Murdy et al. 1970); 5. (Krebs 1971); 6. (Black and Murdy 1972); 7. (Carter and Murdy
1985); 8. (Ward and Spellenberg 1986); 9. (Murdy and Carter 2001)

P. mengesiandP. calcaricushave pistils longer than the stamens and are
dependent on pollinators to effect fertilization, though they are apparentlglifiot s
incompatible (Ware 1967; Murdy and Carter 2001). Mstalycinugpopulations have

stigmas exceeding the stamens, but plants from one Missouri population on granite had

stamens equal in length to the styles and were able to self-pollinate to gente ex
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without a vector (Reinhard and Ware 1989). Manual crosses beRvealcaricusor P.
mengesiplants from different populations produced seed set comparable to that observed
in the field (Ware 1967). Similarly, various Missouri and Arkari3asalycinus

populations were inter-fertile, despite pronounced differences in vegetative and
reproductive proportions (Reinhard and Ware 1989). Poteretifoliuspopulations

from different substrates were also fully inter-fertile, although pl&mom serpentinite in
Maryland produced fewer seeds per capsule than those from other populations (Ware and
Pinion 1990). Crosses betwencalcaricusand eitheP. mengesior P. calycinusrom
Arkansas resulted in no or very low fruit and seed production (Ware 1967), and crosses
betweerP. calcaricusandP. teretifoliusyielded vigorous but sterile hybrids (Murdy and
Carter 2001). Crosses between diploids of different species or between diploid and
tetraploidP. calycinusalso yielded sterile hybrids. However, crosses between
calcaricusand tetraploidP. calycinudater yielded fertile hybrids (Murdy and Carter

2001). Crosses betweén parviflorusandP. teretifoliusand betweeR. parviflorusand
Talinum aurantiacumvere unsuccessful (Steiner 1944).

Several studies have examined polyploid speciation processes in ENA
PhemeranthusWolf (1939) noted thd®. teretifoliusappeared to be morphologically
intermediate betweehalinum appalachianur(a central Alabama taxon similar o
parviflorus) andP. mengesiand accordingly proposed that the former species occupied
an intermediate phylogenetic position between the latter two. Based on #rigatios
and on Steiner's (Steiner 1944) report thateretifoliushad twice the chromosome
number ofP. mengesjiMurdy (Murdy 1968) hypothesized thHat teretifoliushad
originated as an amphidiploid, one of whose parentdRwasengesiiBlack and Murdy
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(1972) tested this hypothesis by generating artificial hybritlgdsnP. teretifoliusand
diploid and tetraploidP. mengesiand observing their chromosome-pairing behavior.
Both triploid and tetraploid hybrids were sterile with abnormal pollen. Triplomlity
exhibited 18—-24 meiotic associations per cell, while tetraploid hybrids &edhib4—30.
These observations reinforced the idea Ehderetifoliusoriginated as an amphidiploid
hybrid of P. mengesiand another species; appalachianunmet all the morphological
and cytological requirements to be the second paéaatk and Murdy (1972) proposed
a model to explain this meiotic behavior in whEhmengesiand the other parent Bf
teretifoliusalso began as amphidiploids that shared one genome in common; this
hypothesis has not been further tested.

Later, Carter and Murdy (1985) succeeded in generating artificialdsybri
betweerP. mengesiandP. parviflorusand compared them B teretifolius Although
the hybrids were sterile, their floral morphology and time of diurnal anthesgs we
intermediate between the parental species and similar to thBse¢eoétifolius When the
hybrids were polyploidized by colchicine treatment, they were able toajerfertile
offspring by selfing, sib-crossing or crossing to natBraieretifolius Isozyme data
showed thaP. teretifoliuspopulations were genetically uniform and that their alleles
were a combination of alleles found in the putative parents. The enzyme data ruled out
the alternative hypothesis tHat calycinusrather tharP. mengesjiwas one parent ¢f.
teretifolius(Murdy and Carter 1985). Electrophoretic polymorphism was high in
calycinusandP. mengesjilow in P. parviflorus and none ifP. teretifolius Most of the
variation was between rather than within populations (Murdy and Carter 1985). The
genetic uniformity of. teretifoliussuggests a recent origin; it must have migrated north
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to the serpentine barrens of eastern Pennsylvania since the lasioglaei@eated from
the area around 12 kya (Murdy and Carter 2001).

Carter and Murdy (1985) also compailecappalachianunto several populations
of P. parviflorusand concluded that the former was synonymous with the latter,
overlapping in all measured traits and being fully inter-fertile. Is@zgata reinforced
the conclusion thal. appalachianumvas merely a disjunct population®f parviflorus
The average genetic identity between populations of these taxa was highbathan t
between populations &f. calycinusor P. mengesi{Murdy and Carter 1985). The
Alabama population may represent a remnant of a formerly more extensilmitstr
of P. parvifloruseast of the Mississippi (Carter and Murdy 1985).

Murdy and Carter (2001) added additional morphological, isozyme, and crossing
data onP. calcaricusandP. calycinugo their previous work on speciationfn
teretifolius P. mengesjiandP. parviflorus They found that diploid and tetrapldid
calycinusdid not differ in floral traits and th&. calcaricusshared the persistent sepals
and darker purple flower color &%. calycinus Crosses betwedn calcaricusand
tetraploidP. calycinusyielded fertile hybrids. Enzyme data also supported the hypothesis
thatP. calcaricusis derived from autotetraploi@. calycinus

On granite outcrops in the Piedmont of Georgia, where the ranges of
teretifoliusandP. mengesimeet and overlap. teretifoliusappears to competitively
replace its parent species (Murdy et al. 1970). The two species can baudisgddy
petal size and shape, stamen number, relative length of style and stamemse arid ti
diurnal anthesi<P. teretifoliuspossesses a competitive advantage due to its greater
dessication tolerance in the seedling stage and to the difference in bresting. sy
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Because its stamens are held at the same level as the Rigeratifoliuscan set seed
without pollinators by self-pollinating upon flower closure. The flowerB.ahengesii
have stigmas held well above the anthers, so they do not set seed without pollinators
(although they are not self-incompatible). Thiasteretifoliuscan both self and outcross,
wheread”. mengesidepends mostly on cross-pollination, makihderetifoliusa more
effective colonizer and makirf§. mengesimore subject to deleterious fitness effects of
hybridization.

WhereP. mengesiandP. teretifoliusare found in sympatry, triploid hybrids
sometimes occur (Murdy et al. 1970). In such populations, the former species (but not the
latter) exhibitsdivergence in sexual and asexual reproductive characters, including larger
flowers, longer styles, and earlier time of diurnal anthesis (CE®&3; Carter and
Murdy 1986). These traits might help to reduce interspecific hybridization and thus
gamete wastage, providing a selective advantage under the threat of hybndiattP.
teretifolius For example, earlier flowering would provide an increased opportunity for
intraspecific pollination irP. mengesiprior to the opening d?. teretifoliusflowers.

Plants in sympatric populations Bf mengesialso form asexual propagules, while those
in allopatric populations do not. All of these traits had high heritability in expatah
crosses, and the divergence was not due to ecotypic or clinal variation (C&3er

Carter and Murdy 1986).

Geographic Context: Xeric North Ameriea-

Phemeranthuspecies are almost exclusively North American in distribution. The

one exception i®. punagR.E. Fr.) Eggli & Nyffeler, which is narrowly restricted to the
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puna region of northern Argentina and southern Bolivia, approximately 5500 km from
the southern limit of its congeners in Oaxaca and Puebla, Mexico. Another disjunction
occurs in the inland NorthwedR®: spinescenéTorr.) Hershkovitz is found in the
Columbia Plateau of northern Oregon and central Washington, Rihslediformis
(Poelln.) Kiger is restricted to the Okanagan region of northern Washington aceradja
British Columbia. The nearest congeners are found across the Rocky Mounthas in t
Great Plains of eastern MontaRemeranthugxhibits a biogeographic pattern similar
to that of numerous other taxa of arid western North America. Like other ekeofe¢he
so-called Madro-Tertiary Geoflora (Axelrod 1958), its center of diweisiin the
Chihuahuan region of northern Mexico and the southwestern United States.ovaareef]
in this region occur mostly in mid-elevation pinyon-juniper or xericgjemd habitats.
The biogeography of western North American deserts is more extensivelyweeMn
Chapter II. Here, | focus dPhemeranthuabitats in the midwestern and southeastern
United States, which can be viewed as micro-deserts for their dry, xeri¢icoadi

The distribution oPhemeranthugh ENA is unique within Montiaceae, most of
whose genera are distributed primarily in western North America andafadtewisig
Cistanthe andCalandriniaare diverse in the West but absent from the Edaytonia
has two widespread species and one narrow endemic in ENMartth has about five
species in ENA, most occurring at the southern extent of a boreal/ardtioutish.
Phemeranthushowever, has apparently speciated in the midwestern and southeastern
United States, giving rise to the seven named species of the ENA group. Magpoar
ENA Phemeranthubabitat include sand blows or dunes in the Midwest (Cochrane
1993); Ozark glades in Missouri, Arkansas, and adjacent states; granitekBah the
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Piedmont from Georgia to Virginia; limestone cedar glades in centraléBsee and
adjacent Alabama and Kentucky; mid-Appalachian shale barrens imidirgvest
Virginia, and Pennsylvania; serpentine barrens in the Piedmont of Pennsyrédnia
Maryland; and sandstone outcrops in northern Alabama (Ware 2002).

Glades and flatrocks form where bedrock is exposed at or near the soil surface,
resulting in moisture stress and limiting tree establishment. Gladesomayph a variety
of substrates, including limestone, dolomite, sandstone, granite, rhyolite, chettabnd s
(Ware 2002). The glade environment is characterized by intense sunlight throighout t
year; winter moisture and summer drought; daily temperature extrehaow, bare
soil with low water-holding capacity; and soil chemistry closely linked todbleyr
substrate (Baskin and Baskin 2000; Ware 2002; Baskin and Baskin 2003). Glade plants
encounter much greater drought stress during summer and potentially grehstress
during winter than may be experienced by surrounding vegetation. The shalloigest s
of glades and flatrocks are mostly dominated by bryophytes and smai anmtual
plants (Baskin and Baskin 2000, 2003). Southeastern rock outcrops feature level terrain
and moderate erosion, resulting in distinct vegetational zonation from bare rockdutwa
through increasing soil depth, whereas Ozark glades are often strapghgskesulting
in substantial soil erosion and a mosaic of different soil depths and associated plant
species in small patches. Ozark glades are maintained by periodiafiperted by the
fuel load created by perennial grasses, which suppresses the invasion of wotgly pla
(Ware 2002).

The relatively xeric habitats occupied by ERRemeranthusow exist as islands

within a matrix of more mesic deciduous forest vegetation, but may have been more
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widespread during earlier periods. Pollen data from Missouri, Kentucky, amg3see
indicate that warm and dry climates with low groundwater tables alsail@e

throughout the Ozark Plateau and Interior Low Plateaus from about 30,000 to 24,000 BP,
and prairie and glade habitats may have been widespread during thiadmé striod
(Delcourt et al. 1986). The ancestors of ERAemeranthusnay have spread from the
Southwest into Midwestern prairies and into the Southeast via the Ozarks duwging thi
period of warming and drying (Walters and Wyatt 1982; Baskin and Baskin 1986).
Subsequently, cool and wet climates associated with the Late Wisconslaciatian
promoted the development of boreal coniferous forest throughout the region, probably
eliminating suitable habitats for characteristic glade species rcattoat 34°N.

However, suitable habitats probably persisted in the southern portion of the pregent ran
Alternatively, small, isolated patches may have supported winter-wet, stainyne
microclimates throughout the full-glacial interval, even while the surroundiggtation
changed dramatically (Baskin and Baskin 1986). As the climate warmed during the
Pleistocene-Holocene transition, glade species may have colonized neWdilavai
habitats to the north from their full-glacial refuges in the south. Gladeatsapitobably
reached their maximum extent during the mid-Holocene Hypsithermal (ca. 40,500
BP), when temperatures in inland North Temperate regions were 1°-4°C warmat tha
present (Delcourt et al. 1986). Glade plant populations in the Ozarks and Interior Low
Plateaus likely had increased gene flow during this period. More recentBasimogly
mesic conditions have resulted in the encroachment of closed deciduous forest,
decreasing the connectivity of glade habitats and possibly leading ticcgsokation
(Delcourt et al. 1986).
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Emerging Questions-

The phylogenetic and geographic contexPbémeranthusaise several intriguing
guestions. If, as previous studies suggesemeranthuss sister to the remainder of
Montiaceae (Applequist and Wallace 2001; Nyffeler and Eggli 2010), then understanding
its biogeography and character evolution is an important key to understanding those of
the family as a whole. Phylogenetic analyses using DNA sequenceatata farge
sample ofPhemeranthuspecies will show whether the genus is monophyletic as
presently circumscribed and clarify its position within Montiaceae.

Given the overall concentration of Montiaceae in western North America and
western South Americ&hemeranthdsenter of origin is relevant to the biogeography of
the family as a whole. Fameflowers seem to exemplify a biogeogragiécrpof origin
and diversification in the arid southwestern United States and northern Mexito, wit
expansion north and east into patchy, isolated xeric habitats within more meses biom

The dramatic geographic disjunctiondPhemeranthusaise further questions. The
phylogenetic positions of the Argentine@npunaeand of the northwestef. sediformis
andP. spinescenare particularly interesting. Do these species occupy cladigticeal
positions, suggesting long-distance dispersal or vicariance early in thsifitation of
the group, or are they deeply nested in the tree, indicating a recent orighm? RVit
rugospermus&ndP. parviflorus do the population disjunctions correspond to divergent
lineages?

FurthermorePhemeranthugcludes several rare and endemic taxa whose
relationships are not well understood, and species boundaries are unclear insaany ca
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Sampling multiple exemplars from across the distribution of widespread speltie

make it possible to evaluate whether named taxa correspond to evolutionary lineages.
The morphological, cytological, and enzyme evidence for allopolyploid speciation in
ENA Phemeranthusaises the question of how prevalent this process has been
throughout the genus. By sequencing multiple chloroplast and nuclear regions and
reconstructing gene trees and species trees, the role of hybridizatiorevolison of

the genus can be assessed.

Due to their unique habitat requirements, fameflowers grow in widelyessatt
patches across wide areas. The extreme microclimates of their hedaatdikely to
impose strong selection pressure on life-history traits such as the timirggof se
germination, possibly resulting in clinal variation within widespread spedmes. T
possibility has implications for conservation planning and horticulture. Résesr@nd
designers of water-conservative and green-roof plantings have shown increteses} i
in MidwesternPhemeranthuspecies (e.g., Getter et al. 2009; Dvorak 2010), and the
success of these efforts may be affected by clinal variation in the seedssosed.

These emerging questions will be addressed in the following chapters. Ghapter
utilizes multiple chloroplast loci to infer the phylogenyRifemeranthuand to assess
the role of hybridization in its evolution. The phylogeny provides a framework to
examine the biogeographical history of the genus. Chapter Il repoetspariment
designed to detect latitudinal variation in seed germination requiremeptslidinary

taxonomic treatment of the genus is given as an appendix.
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CHAPTER Il. PHYLOGENY AND EVOLUTION OF PHEMERANTHUS IN NORTH AMERICAN

XERIC HABITATS BASED ON CHLOROPLAST DNA SEQUENCES

Abstract—The center of diversity d?hemeranthuss in northern Mexico and the
southwestern United States, but several species occur in the glade aockflat-r
ecosystems of the Midwestern and Southeastern United States, and otHesjsiace

from the remainder of the genus in the inland Northwest or the southern Andes. Here, the
phylogenetic relationships &hemeranthuspecies are inferred from DNA sequences of
the chloroplast regionsdhF andmatK-trnK and geographic patterns within the genus
are examined in the context of other North American desert Blbeanmeranthus
(excludingP. aurantiacu}is monophyletic and is likely sister to the remainder of
Montiaceae. The genus contains two geographically structured cladeghears clade
centered in Mexico and a northern clade distributed primarily in the Unitesk SRdaint
habit and flower color distinguish the northern and southern clades, but seed coat
morphology does not reliably separate groups wiltfiemeranthusA geographically
disjunct lineage is sister to the remainder of each cRdeunaeof Argentina is sister to
the Mexican species, whife. spinescenandP. sediformif the inland Northwest are
sister to the remaining northern species, suggesting broad-scale maeargnin the
diversification of the genus. The current distribution indicates an origin in the
southwestern United States and northern Mexico, followed by northward and eastward
expansion with accompanying speciation. The placement of certain species and
populations highlights the probable role of hybridization in the evolution of this
xerophytic genus.
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Introduction: Biogeography of North American DesersSpecies diversification in
North Temperate arid zones, such as the American Southwest, is of greattoterest
evolutionary biologists, especially as climate-change models predietising aridity
and an expansion of xeric conditions in mid-latitude regions throughout the world (IPCC
2007; Seager et al. 2007; Fawcett et al. 2011). Landscape heterogeneity &me extr
climatic conditions are associated with the evolution of many endemic speearas |
zones (e.g., Moore and Jansen 2006). Harsh environmental conditions may promote
adaptation to narrowly restricted microhabitats, while landscape heteibgeay
enforce isolation of populations in fragmented habitats such as mountain ranges, dese
springs, and geologic outcroppings. Severe climatic conditions of intense insolagion, hi
air and soil temperature, and drought can impose strong natural selectionti©rama
seasonal differences in temperature and soil moisture are an additidleadgsha

The classic pattern of post-glacial migration in eastern North AmgNa) has
been extensively studied with fossil pollen and molecular phylogeography (evgtt H
1996; Comes and Kadereit 1998; Soltis et al. 2006), and many European taxa exhibit
common genetic patterns due to classical refugial dynamics duringudter@ary (e.g.,
Hewitt 1996; Comes and Kadereit 1998; Hewitt 2004). However, the biogeographic
patterns of xerophytic Southwestern plants are less well understood. According to
Axelrod (1958), the desert and semi-desert vegetative communities of southwester
North America first began to form during late Tertiary (Miocene) acatifon, reaching
their widest distribution in the early Pliocene and shrinking during wetteraierc

intervals in the late Pliocene and throughout the Pleistocene. During pluvial perigdds, a
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adapted vegetation was confined to western and southern refugia (Rebernig et al. 2010Db;
and references therein).

The regional deserts of today developed as a result of dramatic atidific
following the Last Glacial Maximum, covering their maximum area duhieg t
Hypsithermal interval ca. 9,000-5,000 BP (Riddle and Hafner 2006). This Holocene
aridification proceeded from west to east, beginning in the Sonoran Desert (xemiBe
and Spaulding 1979; McAuliffe and Van Devender 1998; Holmgren et al. 2007). During
mid-Pleistocene interglacials, parts of the Southwestern United Seateshrough
periods of high temperatures and increased aridity lasting centuriedeiomail(Fawcett
et al. 2011). Thus, arid-adapted taxa are expected to show genetic sigrdieresg
late Miocene to Pliocene vicariance due to mountain building, plateau uplift, and rifting
Pleistocene fragmentation and divergence due to cyclical isolation in defagia; and
Holocene range expansion and secondary contact (Riddle and Hafner 2006; Rebernig et
al. 2010a; Bryson et al. 2011; and references therein).

Biogeographic studies of arid ecosystems are hampered by the scarogyilof f
evidence. The main sources of biogeographic hypotheses have been contemporary
species' distributions and the geological record. In addition to these indirect data
numerous studies have used packrat middens and pollen cores to reconstruct dramatic
vegetation shifts in the Southwest (e.g., McAuliffe and Van Devender 1998; Mettalf
al. 2000; Thompson and Anderson 2000; Holmgren et al. 2003; Holmgren et al. 2007).
These records, however, extend back only to the mid-Pleistocene; hypotheses about

earlier conditions rely on geology and, increasingly, on phylogenetiesse.
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Hypotheses about the biogeography of the arid Southwest have been tested
against phylogeographic data in numerous animal groups, and certain commos pattern
have emerged. Perhaps the most general pattern is a pronounced eastibesivepin
species or intraspecific phylogroups. Often, molecular dating techniqueatathat this
divergence is associated with Late Miocene to Pliocene Cordilleran Vptdiriance
between eastern (Chihuahuan) and western (Sonoran and Mojave) continentatideserts
to the uplift of the Sierra Madres and Mexican Plateau has been inferred fosr@gnt
Riddle 1995), insects (e.g., Wilson and Pitts 2010), amphibians (e.g., Jaeger et al. 2005),
snakes (e.g., Castoe et al. 2007; Fontanella et al. 2008; Bryson et al. 2010; Bayson et
2011), and lizards (e.g., Morafka 1977; Haenel 2007). In many groups, however, east-
west divergence across the Continental Divide dates to the Pleistoceneydnel ma
associated with climatic oscillations (e.g., Zink and Blackwell 1998; Poalk 2000;

Ashton and de Queiroz 2001; Reeder and Montanucci 2001; Ayoub and Riechert 2004,
Leaché and McGuire 2006; Leaché and Reeder 2006). In many cases, both ifitraspec
differentiation attributed to Pleistocene refugial dynamics and deepmegdnces

associated with Neogene formation of geographical barriers can b&edetec
simultaneously.

During the Holocene and likely during some earlier interglacialsagitm
warming has permitted migration across the Continental Divide, partictiaough the
Cochise Filter Barrier, a narrow region in southern New Mexico and Arizoniae it
Chihuahuan and Sonoran desert biotas come into contact. High species, clade, and
haplotype diversity in this contact zone is the result of post-Pleistocene iexpios
separate desert refugia located east and west of the Divide (e.g.k&Mb®E7; Jaeger et
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al. 2005; Castoe et al. 2007). Commonly, eastern phylogroups exhibit more dramatic
Holocene range expansion compared to western phylogroups, with evidence for
northward, eastward, and even westward (into the Colorado Plateau and/or Rockies)
movement from refugia located in the southern Chihuahuan desert and elsewthefre eas
the Continental Divide (e.g., Ayoub and Riechert 2004; Jaeger et al. 2005; Smith and
Farrell 2005a; Castoe et al. 2007; Haenel 2007; Fontanella et al. 2008).

In contrast to highly arid-adapted lowland taxa, the more mesic and colantoler
biota of southwestern mountain ranges may have expanded their ranges downward and
southward during glacials and contracted during interglacials. Depending xpan ta
specific factors such as dispersal ability, these fluctuations could ireslifferentiation
among isolated sky islands or in the presence of northern phylogroups unexpectedly f
to the south (e.g., Masta 2000; Knowles 2001; Smith and Farrell 2005b; Moore and
Jansen 2006; McCormack et al. 2008; Burbrink et al. 2011).

Despite these advances in understanding the phylogeography of southwestern
fauna, comparable studies in plants have been rare until recently, and getensd pat
less clear. Several studies have focused on plant taxa that are distributedsirdy tive
Continental Divide, in the Mojave, Sonoran, and/or Peninsular deserts (e.g., Nason et al.
2002; Clark-Tapia and Molina-Freaner 2003; Fehlberg and Ranker 2007, 2009; Garrick
et al. 2009). These studies have found evidence for Miocene-Pliocene vicariast event
largely congruent with those inferred for co-distributed animal groups and Isave a
reported dramatic northward (and, to a lesser extent, southward) post-Pheistooge
expansion. Sosa et al. (2009) studied a xerophytic plant from the opposite side of the
Continental Divide, the Mexican tulip poppy, which is centered in the Sierra Madre
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Oriental. They too detected the signatures of historical isolation and poist-ggage
expansion.

Among plants found on both sides of the Continental Divide, some exhibit a
broad east-west split like that seen in many animal groups, with glacigiadédcated
both west and east of the Continental Divide (e.g., Moreno-Letelier and Pifiero 2009;
Rebernig et al. 2010b; Sanchez-del Pino and Motley 2010). Refugial areas inferred for
both animals (e.g., Riddle and Hafner 2006; Castoe et al. 2007) and plants include the
lower Colorado basin (Hunter et al. 2001; Fehlberg and Ranker 2007; Rebernig et al.
2010Db), the central or southern Chihuahuan Desert (Hunter et al. 2001), and the
Tamaulipan plains (Rebernig et al. 2010a). Post-Pleistocene range ergdanmsi
separate desert refugia has produced contemporary contact zones and opportunities for
hybridization (e.g., Rebernig et al. 2010b). At a broader scale, dispersion out of a
southwestern center of diversity is a general pattern in xeric-adapted plaps$ gMoore
and Jansen 2006; Moore et al. 2006; Douglas and Manos 2007; Marlowe and Hufford
2007; Evans et al. 2009; Rebernig et al. 2010a; Yang and Berry 2011).

As in animals, sky islands have played an important role in the phylogeogrfaphy
southwestern plants. For example, some coniferous taxa that originated irregioles
to the north migrated southward along the Cordillera during glacial epochs ancebecam
isolated in mountainous regions during warmer periods (Moreno-Letelier and Pifie
2009; Gugger et al. 2010b; Gugger et al. 2010a). Clearly, a nuanced and thorough
understanding of the influence of recent and ancient events on Southwestern biota will

require studies of additional plant groups.
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PhemeranthusA Case Study for North American Xerophytic Plandseric habitats in

North America are not restricted to the desert Southwest. In the gladetandklia
ecosystems of the interior highlands and the southeastern United States,ttbed ph
extreme desert-like habitats are surrounded by deeper-soil forest coramunit
(Quarterman et al., 1993). The flora and fauna of these glade ecosystems incl

numerous species whose closest relatives occur to the west, including daigals
scorpions, tarantulas, lichen grasshoppers, collared lizards, and roadrunners) and plants
(e.g., prickly pear cacti, evening primroses, and bladderpods). Numerous endemg specie
are found in these open, rocky habitats (Baskin and Baskin 1988, Pd@d)eranthus

Raf. (Montiaceae; fameflowers, rockpinks, sunbrights) exemplifies thrsodisonal

pattern, forming part of the characteristic flora of many glade ahkdawtcrop

ecosystems. Even among glade plants, fameflowers stand out for their extreme
xerophytic adaptation, actively growing and flowering in the shallowest swdughout

the height of summer, seemingly heedless of drought and temperature stress.

The genu®hemeranthusomprises about 25 species of succulent, herbaceous
perennials with terete leaves, most of which grow in patchy xeric hakitatisas rock
outcrops and sand barrens (Figs. 1.1, 1.2). Formerly includealimumAdans.,
Phemeranthubas been segregated on the basis of molecular (Hershkovitz and Zimmer

1997, 2000) and morphological evidence (Carolin 1987; Hershkovitz 1993).

64



Phemeranthuspecies are almost exclusively North American in distribution
(Table 1.1; Fig. 2.1), with a center of diversity in northern Mexico and the soudmwest
United States; one disjunct species is found in northern Argentina. Severasspdend
northward and eastward across the Great Plains and into the interior highlarts and t
southeastern United States. This distributional pattern suggests a biogengrguhin
the Southwest followed by northward and eastward movement into arid habitats
elsewhere.

Phemeranthuspecies vary widely in geographic range size and habitat specificity.
For exampleP. calcaricus(S.Ware) Kiger is restricted to limestone cedar glades in the
central basin of Tennessée;brevifolius(Torr.) Hershk. is widespread in a single
geographic region, the Colorado Plateau; Rnpgarviflorus(Nutt.) Kiger ranges from
Texas to the Dakotas and from Colorado east to lllinois, with a disjunct population in
central Alabama. Some species appear to be edaphic specialists, ndrdeoatur on a
wide range of soil types (Ware 1967, 1969a, 1969b; Reinhard and Ware 1989; Ware and
Pinion 1990). This variation in geographic distribution, range size, and habitat specifici
makesPhemeranthusn ideal study system for research regarding diversification in arid

habitats and the origins of glade endemics.
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FIGURE 2.1. Distribution map foPhemeranthusshowing the approximate ranges of
each major clade. Colors correspond to the clades labeled in Fig. 2.2 (below): Clade
1A, red; Clade 1B, blue; Clade 1C, green; Clade 2, orange. Highlighted areas in the
United States are based on county-level occurrence data, while those in Mexico and
Argentina are based on departamento (state)-level occurrence data.

The families that constitute the suborder Portulacineae (Cactaceaee&udee,
Basellaceae, Halophytaceae, and the various lineages of the traditdnédaceae,

including Montiaceae) provide many opportunities to study the evolution of xeric-
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adapted plant taxa; most members of the group exhibit some type of succulgihelerN
et al. 2008). The relationships among these families have been clarifiecbt rec
analyses of both morphological and molecular data (Fig. 1.3). Notably, Cactaceae is
derived from within the traditional Portulacaceae, necessitating thediwkthe latter
family into several smaller families (Nyffeler and Eggli 2010). Mosiioers of the
former Portulacaceae found in temperate North and South America, including
Phemeranthysare now classified in Montiaceae, the largest family segregated from
Portulacaceae and the possible sister group to the remainder of Porteladimwaver,
although major clades within Portulacineae have been identified and arg wibtl
supported, many details of their relationships remain poorly resolved. Furteermor
lower-level relationships within Montiaceae have yet to be examined ih. dep
present study examines an important lineage within Montiaceae that alsoliégsrthe
evolution of xeric-adapted plant groups in temperate North America.

The goals of this study were to evaluate the monophyBhemeranthuss treated
in theFlora of North Americaand to assess its relationships with other lineages of
Montiaceae and Portulacineae; to discern geographic patterns &memgranthus
clades in the context of plant biogeographic patterns in xeric North Amenitdp a
examine whether certain morphological traits, especially seedtestaentation,

reliably distinguish clades.

Materials and Methods-

Taxon Sampling and Field Studie$hemeranthuspecies were collected throughout the

southwestern, midwestern, and southeastern United States, with multipk@wé&oam
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across the geographic ranges of widely distributed species. Fauthys $5
Phemeranthuaccessions representing 15 taxa were collected at 50 sites. Collections
were documented with digital photographs and voucher specimens (deposited at MO).
Leaf material was desiccated in silica gel for DNA extraction. Whesilgeslive plants

and/or seeds were brought back to the greenhouse and grown under controlled conditions
to provide fresh leaf material for higher quality DNA extracts. Mategpiesenting

species from Argentina, Mexico, and the United States was generously provided by
colleagues, and additional accessions of five species (seed or live plaetshiaened

from commercial rock-garden and succulent nurseries. In athé&eranthus

accessions were newly sequenced for this study.

Outgroup selection was guided by recent phylogenetic analyses (efgleNghd
Eggli 2010; Ocampo and Columbus 2010) that have clarified relationships within
suborder Portulacineae (see Fig. 1.3). Nine outgroup samples were collectedkid the f
including threeClaytonial. and ond.ewisiaPursh (Montiaceae), tw@ortulacal.
(Portulacaceae), and three accessioif@abhum aurantiacuniEngelm. [=Phemeranthus
aurantiacus(Engelm.) Kiger; Talinaceae]. In addition, DNA was extracted and
sequences generated from silica-dried tissue of three dlieumandTalinella Baill.
species supplied by M. Ogburn of the University of Missouri, St. Louis. In all, five
additional Montiaceae, two Portulacaceae, and six Talinaceae accessiemsewly
sequenced for this study (seerkNDIX1 for taxon sampling).

Additional sequences were downloaded from GenBank, includinggitiie
sequences fd?. mengesi(W.Wolf) Kiger andT. angustissimuriVooton & Standl.
generated by Applequist and colleagues (Applequist and Wallace 2001; Appétclist
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2006) anchdhFandmatK sequences for 30 other taxa (ten Montiaceae, four Talinaceae,
four Portulacaceae, three Cactaceae, one Anacampserotaceae, gvedoahe, two
Basellaceae, and one Molluginaceae) lhF sequence was available for every

terminal taxon used in the final dataset, iatK sequences were not available for some
taxa (see AppendixMollugo verticillataL., which is not a member of Portulacineae but
has been implicated as a possible sister group in previous studies (e.g., Apeleglui

2006), was used as a more distant outgroup to root the trees.

DNA Regions and Phylogenetic Analyse&enomic DNA was extracted from either

silica-dried or liquid nitrogen-frozen leaves using a modified CTAB protocol. IBst m
accessions, either a 1:10 or a 1:100 dilution of genomic DNA extract was used for PCR
To placePhemeranthusvithin its phylogenetic context in Montiaceae (Nyffeler
and Eggli 2010), the chloroplast gemthFwas sequenced. This region has been used in
previous studies of Portulacinae (Applequist and Wallace 2001; Applequist et al. 2006;
Nyffeler and Eggli 2010), making sequences available for a broad sampling of outgroup

taxa. In addition, the chloroplast regioratk—trnK was sequenced using primers from
Johnson and Soltis (1995) and Hilu et al. (2003). These two regions consistently
amplified inPhemeranthuspecies and produced high-quality, readily alignable sequence
data. In the search for better phylogenetic resolution, we surveyed sevetiahatdi
chloroplast intergenic spacer regions (e.g., Small et al. 1998; Shaw et al. Ra@=tS
al. 2007). However, most primer sets either did not amplify reliafhameranthusr
produced poor sequence data due to the presence of lengthy poly-A/T regions.

The primers NYmatK480F (Borsch et al. 2003) and trnK2R (Johnson and Soltis
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1995) were used to amplifpatK and the primers 1B, 8B, 5C, and 16D of Applequist

and Wallace (2001) were used to ampfiihF (Table 2.1). The completedhFregion

was typically amplified in two overlapping segments using the primer pa+#&B and
5C-16D. For some taxa in which PCR or sequencing reactions using these prireers wer
unsuccessful, the alternative forward primer ndhF20F (substituted for 1B) and the

alternative reverse primer ndhF2047R (substituted for 16D) were employed.

TABLE 2.1. Primers used to amplify and sequence chloroplast regions

Primer Sequence Reference

NYmatK480F  5-CATCTGGAAATCTTGSTTC-3' Borsch et #2003

trnK2R 5-AACTAGTCGGATGGAGTAG-3' Johnson & Solti995

1B 5-CCTTYATTCCRCTTCCAGTTCC-3' Applequist & Wallag
2001

8B 5-ATAGATTCGACACATATAAAATGCAGTT-3' Applequist &Wallace,
2001

5C 5-CTTCTTCCTCTTTTCGTAGTTATACC-3' Applequist & Wace,
2001

16D 5-CCTCCTRYATAYTTGATACCTTCTCC-3' Applequist & allace,
2001

ndhF20F 5-GTTAATAGGAGTGGGACTTC-3 This study

ndhF2047R 5-AACACCAAAACCATTCGGA-3' This study

For bothmatK andndhF, PCR amplifications were performed in a total volume of
10.0 pL containing A Tag buffer [Qiagen CoralLoad (Qiagen Inc., Valencia, California)
or Promega GoTag Green (Promega Corporation, Fitchburg, Wisconsin)], 1.5-2.5 mM

MgCl, (contained in the buffer and/or added separately), 0.2 mM each dNTP, 0.2 uM
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forward primer, 0.2 UM reverse primer, 0.25 U Taqg DNA polymerase (Qiagen or
Promega GoTaq), and 1.0 pL genomic DNA (usually a 1:10 dilution of the genomic
DNA extract). FomdhF, the PCR thermal-cycling profile consisted of a 1-min initial
denaturation at 94°C; 36 cycles of 1 min at 94°C, 1 min at 53°C, and 2 min 10 sec at
72°C; and a 10-min final extension at 72°C. fatK, the PCR thermal-cycling profile
consisted of a 3-min initial denaturation at 94°C; 30 cycles of 30 sec at 94°C, 30 sec at
53°C, and 2 min at 72°C; and a 10-min final extension at 72°C.

Amplified products were purified by treatment with exonuclease | and either
shrimp alkaline phosphatase or Antarctic phosphatase. Cycle-sequencing resettbns
the same primers used for amplification and BigDye Terminator v1.1 or v3.1 (Applie
Biosystems Inc., Foster City, California). Amplicons were sequencedhrdibettions
on an ABI 3130xI DNA sequencer at Washington University in St. Louis or on an ABI
3730xI DNA sequencer at the Institute for Genome Sciences & Policy DNA IS2qge
Facility at Duke University. Sequence chromatograms were exanmaecbatigs
constructed in Sequencher v4.10.1 (Gene Codes Corporation, Ann Arbor, Michigan).
Additional outgroup sequences were downloaded from GenBank, and sequences were
manually aligned using Se-Al v2.0al11 (Rambaut 1996). Single-nucleotide-repsat g
were removed, and informative gaps were coded using simple gap coding (Simmons and
Ochoterena 2000; Simmons et al. 2001). For combined analyses, the two data sets were
concatenated using Phyutility (Smith and Dunn 2008). ALTER (Glez-Pena2¢€x14)
was also used to convert data sets to the formatting requirements of dibfegnaims.

Maximum-parsimony (MP) phylogeny reconstruction was performé&tAUP*
version 4.0a114 (Swofford 2003). Heuristic tree searches included 20 replicages usin
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random addition sequence and tree-bisection-reconnection (TBR) branch swapping. A
maximum of 100,000 trees were saved during each replicate to ease computational
constraints. Gaps were treated as missing data. To assess branch support, 08p boot
replicates were performed, each consisting of a single random addition segut®nc
TBR branch swapping and the maximum number of trees to be saved set at 5,000. To
assess the contribution of each cpDNA region, the analysis was repeatedKa@lone,
ndhFalone, and both regions combined,; all three datasets were analyzed with and
without indels.

The phylogeny was also inferred under the criterion of maximum likelif\dadl
using GARLI (Zwickl 2006). For this analysis, the binary indel data werkiéed and
only the nucleotide sequences were used. Program default parameters wenmedubed, a
run was automatically terminated after 10,000 generations without significant
improvement in topology. The program was allowed to estimate the optimum model of
sequence evolution, and a random starting tree was used. To assess branch support, 1,000
repetitions of bootstrap resampling were performed. For each bootstrapoeptte
termination condition was set at 5,000 generations without significant improvement in
topology. For comparison, jModelTest v0.1 (Guindon and Gascuel 2003; Posada 2008)
was also used to determine the model of sequence evolution that best fit théelata. T
program was allowed to optimize the topology rather than being supplied with a fixed
topology. The jModelTest analysis was run separately om#t&, ndhF, and combined
datasets. The GARLI analysis was then repeated with the sequence evolution model
parameters fixed according to the optimum model selected by the corréectiée A
information criterion (AICc) in jModelTest.
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Finally, MrBayes 3.1 (Carolin 1987; Kiger 2003) was used to perform Bayesian
inference of phylogeny (BI). MrBayes was also set up to optimize therssgegolution
model parameters. Two parallel MCMC runs of four chains each were run for 10,000,000
generations, sampling every 1,000 generations. The temperature parsasetet at
0.08. To improve convergence, a starting tree obtained by neighbor joining was supplied.
To assess convergence, the standard deviations of splits frequencies wemnedazich
the first 2,500 trees were discarded as burn-in, leaving a sample of 7,500 treesetn the

from which a majority-rule consensus was computed.

Results—A total of 113 terminal taxa were included in the analyse®£ADIX1). Of

these, 6&hemeranthuaccessions, five additional Montiaceae, two Portulacaceae, and
six Talinaceae accessions were newly sequenced for this study. WantghF

sequences and IBatK sequences were obtained from GenBank. Thus, the final dataset
contained 162 sequences generated for this study and 47 from GenBank, or
approximately 78% new data.

After gap insertion, the aligned length of tidhFregion was 2,028 base pairs,
while that of thematKregion was 1,251 base pairs. EigdhFindels (6—12 bp) and nine
matKindels (3—22 bp) were coded as binary characters. Of these 3,296 total characters,
590 were parsimony-informative. See Table 2.2 for additional details about gawh re
The heuristic tree search in PAUP* using the total data set yielded 22 MPTinee
differences among these 22 trees were confined to relationships amémgéwsampled

Cactaceae and the placement of certain subgroups of Talinaceae.
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Excluding the binary indel data from the analysis did not alter the topology nor
substantially affect branch support values in the MP bootstrap consensus tree. When the
two regions were analyzed separately,rtieF data provided substantially more
resolution and overall branch support than didnia¢K data, but the combined data set
yielded more resolution and higher branch supports thamdifiedata alone (Table 2.2).
Although thematKtree was less resolved, its topology mostly did not conflict with that
of thendhFtree, except as noted below. ThatK dataset alone provided no support for
backbone relationships within Portulacineae.

The sequence evolution models selected for each region and for the combined
data set according to the corrected Akaike information criterion (Alg8)odelTest are
summarized in Table 2.3. In the ML analyses using GARLI, constraining the seguenc
evolution model parameters according to the results obtained from jModelTest did not
alter the resulting topology, nor did it noticeably affect the inferred brangthie in any
part of the tree, although the likelihood was improved slightly. Furthermore, the
sequence-evolution models inferred by GARLI were generally similar te thasen by
JModelTest, except that GARLI tended to yield larger gamma shape pararaktes

(see Table 2.3). Only the results of the unconstrained GARLI analyses seetpcehere.
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TABLE 2.2.Sequence regions and summary of maximum parsimony results. TNumber ofltexaima the dataset / number
obtained from GenBank. *Number of clades with MP bootstrap support >50% Wliemeranthus

region taccessions length variable parsimony # MP MP tree CI RI RC *nodes
characters informative trees length resolved
ndhF 113/32 2,028 bp 668 415 11,938 1,365 0.649 0.860 0.558 24
(w/ indels) 8 indels 676 422 12,019 1,381 0.647 0.859 0.556 24
matK 94 /15 1,251 bp 298 166 12,853 476 0.754 0.888 0.670 16
(w/ indels) 9indels 306 168 12,861 484 0.758 0.888 0.674 16
ndhF+matk  113/32 3,279 bp 966 581 22 1,850 0.673 0.865 0.582 29
(w/ indels) 17 indels 982 590 22 1,874 0.673 0.864 0.581 29

TABLE 2.3.Sequence evolution model and maximum likelihood results for each region. *For eaah tregytop row shows the

model selected by jModelTest according to the corrected Akaike informaitenan (AICc); the bottom row shows the model

estimated by GARLI simultaneously with the topology and branch lengths.

region *model -InL fregA freqC freqG freqT R[AC] R[AG] R[AT] R[CG] R[CT] p-inv. gamma
shape
ndhF TVM+I+G 10,937.8 0.287 0.148 0.156 0.409 1.726 1.631 0.434 1470 1631 0.325 0.676
GTR+I+G 10,933.7 0.292 0.143 0.159 0.405 1.772 1483 0433 1495 1801 0.331 0.758
matKk GTR+G 4576.6 0.379 0.167 0.158 0.296 0.670 1519 0.178 1.109 1.015 n/a 0.387
GTR+I+G 45729 0.379 0.166 0.158 0.296 0.682 1556 0.177 1.128 1.046 0.237 0.779
both TVM+I+G 15,669.1 0.322 0.154 0.159 0.366 1.290 1491 0.357 1.328 1491 0.290 0.624
GTR+I+G 15,6654 0.323 0.153 0.159 0.365 1306 1483 0356 1336 1510 0.327 0.783
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Relationships Within Portulacineaelhe ML bootstrap consensus topology is presented

in Fig. 2.2 with MP, ML, and BI branch support values, and the ML tree with branch
lengths is shown in Fig. 2.3. In general, this analysis recovered the relationghips
Portulacineae that other authors have reported (summarized in Fig. 1.3). However, the
chloroplast regions used here provided only weak or equivocal support for some of these
relationships, and there were some topological differences along the baokitoa¢ree
depending upon the method of tree reconstruction. Specifically, the positions of members
of Didiereaceae and Basellaceae differed between parsimony and meekkiees.

Ceraria fruticulosaPearson & Stephens aRdrtulacaria afraJacg. (Didiereaceae)

formed a clade with 100% support under all methods of tree reconstruction. All 22 MP
trees placed this clade as sister to all remaining Portulacindemgt the clade
encompassing all Portulacineae exdeptruticulosaandP. afrareceived only 58%

bootstrap support (Fig. 2.4). In turn, a clade encompassing the remaining Rekerea
(Didierea trollii Capuron & RauhDecarya madagascariensidhoux, andCalyptrotheca
somalensissilg) plus Basellaceadésella albal. andUIlucus tuberosu€aldas) was

sister to core Portulacineae in the strict consensus of MP trees, athd@ssithan 50%
bootstrap support. In contrast, maximum likelihood recov€edria + Portulacariaas

sister (with 76% bootstrap support) to the clade consisting of the remainingehae

plus Basellaceae (see Fig. 2.2). In the ML analysis, this Didiereaceatatens

Basellaceae clade in turn was sister (also with 76% bootstrap support) toRfieckde
(Anacampserotaceae, Cactaceae, Portulacaceae sens. str., Talibademeaceae

sensu Nyffeler & Eggli was never recovered as monophyletic.

76



Analysis of thematK data alone differed fromdhFin the anomalous placement
of the two sample®ortulacaspecies within a very weakly supported (MP bootstrap: 52)
clade withMaihueniapatagonica(Phil.) Britton & Rose an@Quiabentia verticillata
(Vaupel) Vaupel ex Berger (Cactaceae), while the other sampledeeiatbge of
Cactaceaedrereskia aculeatMlill., appeared alongside this group as part of a large,
unresolved basal polytomy (not shown).

In the analysis of the full data set, all methods of tree reconstruction supperted t
monophyly of the ACPT clade (81 MP, 97 ML, 1.0 BI). Within this clade, Portulacaceae
sens. str. (represented by six specieBarfulacg and Cactaceae (represented by
Pereskia aculeataQuiabentia verticillata andMaihuenia patagonicawere each
strongly supported as monophyletic. Talinaceae was recovered as monoyiyysitic
methods of tree reconstruction, but with weak support (57 MP, 72 ML, 0.97 BI). Only
one representative of Anacampserotac&alfamia bracteat&ill.) was included.

Relationships among the four families making up the ACPT clade were unresolved.
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P. parviflorus St. Clair Co. MO

P. parviflorus Washington Co. MO
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*

. ,,lw‘_‘:;’. brevifolius San Juan Co. UT
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> brevifolius Garfield Co. UT/
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P. thompsonii Emery Co. UT
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P. brevicaulis Bernalillo Co. NM

P. brevicaulis Sierra Co. NM
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P. brevicaulis El Paso Co. TX
P. brevicaulis Torrance Co. NM
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P longipes Guadalupe Co. NM
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|_: P. sediformis Ferry Co WA<—®

Montiaceae
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P spinescens cult. SRPN

P. spinescens Lincoln Co. WA

* P. napiformis
MER humilis Queretaro Mexico
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Montiopsis cumingii
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FIGURE 2.2.See caption on following page.
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FIGURE 2.2. Maximum likelihood bootstrap consensus topology with branch support
values (MP bootstrap / ML bootstrap / Bl posterior probability). *: Bootstrap value of
100 / posterior probability of 1.0. -: Bootstrap value < 50 or posterior probability <
0.50. Major clades are labeled with arrows at the nodes. Major subclades withi
Phemeranthusre labeled on the sidebar; colors correspond to those used in Fig. 2.1.
Talinaceae is also labeled on the sidebar,Tatithumaccessions classified as
Phemeranthus aurantiacusy Kiger (2001, 2003) are underlined. The diversity of
growth habits irPhemeranthugs shown by line drawings of selected species in each
clade, drawn from specimens corresponding to the accessions labeled vath circ
letters. The seeds of selectldemeranthuspecies are depicted at the lower right.

Montiaceae were recovered as monophyletic, although support for the clade was
only moderately strong (82 MP, 94 ML, 1.0 BI). The sister group of Montiaceae was
equivocal. In the strict consensus of MP trees, Montiaceae were sisterAGPT clade.
However, no sister-group relationship for Montiaceae received greateésQb@aivP
bootstrap support. In the ML tree, Montiaceae were sister to the remainder of
Portulacineae (i.e., the ACPT clade plus the paraphyletic Didiereadtaseltaceae

clade).

FIGURE 2.2 Maximum likelihood phylogenetic tree with branch lengths from the

GARLI analysis of the full data set. The full tree with outgroups is showreatgper

left, with major clades/ families labelgdhemeranthuysmarked by the large black
diamond at its crown node, is expanded to the right. Major clades discussed in the text
(1A, 1B, 1C, 2) are marked with arrowed circles. The geographic origin of each
accession is noted on the sidebar with shading corresponding to the areas marked on
the inset maps. SW/MX = Mexico and the southwestern United States; MW = the
midwestern United States; NW = the northwestern United States; and SE = the
southeastern United Stat@s.confertiflorusaccessions in bold type are discussed in

the text.
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P. parviflorus Conway Co. AR
P. parviflorus Noble Co. OK
P. parviflorus Johnston Co. OK
P. parviflorus Washington Co. MO
- P. cf. rugospermus Leon Co. TX
’* - P. teretifolius Johnson Co. GA
: P. teretifolius Wake Co. NC

P. teretifolius Granville Co. NC
P. parviflorus St. Clair Co. MO
P. cf. calycinus Conway Co. AR
P. parviflorus Reno Co. KS

P. rugospermus Buffalo Co. NE

P. rugospermus Harvey Co. KS

P. rugospermus Atoka Co. OK

P. rugospermus Limestone Co. TX
P. confertiflorus Yavapai Co. AZ
P. confertiflorus Wayne Co. UT
P. confertiflorus Guadalupe Co. NM
P. confertiflorus Garfield Co. UT
P. parviflorus Coosa Co. AL
P. parviflorus Johnson Co. IL
P. rugospermus Grant Co. WI
P. parviflorus Llano Co. TX
r |P. parviflorus Minnehaha Co. SD
P. rugospermus Sauk Co. WI
'._R mengesii Marion Co. TN

P. mengesii AF194861
- P. parviflorus Cochise Co. AZ
P. parviflorus Newton Co. TX
|(P. calycinus Washington Co. MO

[:‘ Phemeranthus

Other Monﬁaceae%

iTalinaceae

P. calycinus Dade Co. MO
rtulacaceae Q P. calycinus Montgomery Co. MO
N} {P. calcaricus Davidson Co. TN

—

iCactaceae

5 ;
Grahamia

e

B P. calcaricus Franklin Co. AL
Ef‘g'ereaceae P. calycinus 1zard Co. AR
#+ Basellaceae o
Mollugo verticillata™ ™ iP- mengesit B|9unt Co. AL
oL P. mengesii Winston Co. AL
P. piedmontanus Granville Co. NC
_|P. calycinus Lincoln Co. KS
P. calycinus Ellsworth Co. KS
— P. calycinus St. Clair Co. MO
l P. mengesii Randolph Co. AL
1 P. brevifolius Navajo Co. AZ
P. brevifolius San Juan Co. UT
P. brevifolius cult. SRPN
P. brevifolius Garfield Co. UT
P. brevicaulis Bernalillo Co. NM
P. brevicaulis Sierra Co. NM
P. brevicaulis El Paso Co. TX
P. brevicaulis Torrance Co. NM
P. thompsonii Emery Co. UT
b7]  P. validulus Coconino Co. AZ
P. confertiflorus El Paso Co. TX
P. cf. confertiflorus Mohave Co. AZ
P. cf. confertiflorus Grant Co. NM
_l- P. longipes El Paso Co. TX
P. longipes Guadalupe Co. NM
~P. spinescens cult. SRPN
P. spinescens Lincoln Co. WA
‘—l P. sediformis cult. SRPN
d P. sediformis Ferry Co. WA
P. napiformis
P. multiflorus Queretaro Mexico
P. humilis Queretaro Mexico
P. multiflorus Chihuahua Mexico
P. parvulus cult. MG
P. humilis Grant Co. NM
P. parvulus Cochise Co. AZ
—— P. punae Jujuy Argentina

FIGURE 2.3.See caption on previous page.
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98/99/* Didierea trollii

76/73/* L Calyptrotheca somalensis
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L— Ullucus tuberosus
WAtk — Ceraria fruticulosa
——Portulacaria afra
Mollugo verticillata

Monophyly ofPhemeranthus-ExcludingTalinum aurantiacum angustissimurall

sampled accessions Bhemeranthusormed a monophyletic group with maximum
support under all three methods of tree reconstruction (MP, ML, and BI). Including the
three sampled accessionslafinum aurantiacungTexas, New Mexico) and thie
angustissimunsequences from GenBankRhemeranthusvould make the genus
polyphyletic; these accessions formed a strongly supported cladé&.vpidiygaloides

Gill. ex Arn. (Argentina, Bolivia, Paraguay) amd caffrumeckl. & Zeyh. (South Africa,
Tanzania). This clade, in turn, was part of the relatively weakly supportethdadie

within the ACPT clade, along with oth&alinumandTalinella species from the Old and
New World.Phemeranthusormed a strongly supported monophyletic group with the
remainder of Montiaceae (82 MP, 94 ML, 1.0 BI), being sister to a strongly supported

clade (99.9 MP, 100 ML, 1.0 BI) consisting of all other sampled taxa.
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Relationships WithilPhemeranthus-Within Phemeranthuswo strongly supported

clades were found (Fig. 2.2). The pink- to white-flowered, distinctly caulegoecies
primarily found in the United States (and extending into British Columbia, Canada, and
northern Mexico) formed a clade (Clade 1) with 100% support under MP and Bl and
98% under ML. Its sister group (Clade 2), which had 100% support under MP, ML, and
Bl, consisted of yellow- to white-flowered, tacaulescent species fronichléextending

into southern Arizona and New Mexico) and Argentina.

Within both clades, the deepest divergence was between a disjunct species or
species pair and the remaining species in the dRaddiformigPoelln.) Kiger of the
Okanagan region in northern Washington and southern British ColumbR and
spinescengTorr.) Hershk. of the Columbia Plateau in eastern Washington formed a
strongly supported clade (Clade 1A) that was sister to the remainder of Claldiell (
otherwise occurs only east and south of the Great Basin) in analyses of theafa#tdlat
although this sister-group relationship received only modest bootstrap support under MP
and ML. Analysis ohdhFalone placed the NW species as sister to the SW clade (Clade
1B; see below), but with weak support. SimilaRy punagR.E.Fr.) Eggli & Nyffeler of
the Puna region in the southern Andes was unequivocally supported as sister to the
remainder of Clade 2 (which otherwise occurs only north of the Isthmus of Tehuantepec
in Mexico).

Clade 1 included three major subclades. Clade 1A, discussed above, is distributed
in the inland Northwest. The southwestern spdeiegalidulus(Greene) Kigerp.
thompsonii(N.D. Atwood & S.L. Welsh) Kiger?. brevicaulis(S.Watson) Kiger, anB.
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longipes(Wooton & Standl.) Kiger formed the moderately strongly supported Clade 1B
(along with three accessionskfcf. parviflorusthat grouped withP. validulusandP.
thompsonii see Discussion). The remaining species, which are predominantly distributed
throughout the Midwestern and Southeastern United States (hereafter Eadiedn Uni
States, ENA) but also extend to the Southwest and northern Mexico, made up Clade 1C
(Fig. 2.2). This clade encompasses two-thirds of the sar@plecheranthusccessions.
Relationships within Clade 1C generally lacked strong support; branch lengths
were extremely short, and most species’ haplotypes did not form monophxbelis g
(Fig. 2.3). However, a few notable patterns were evident. First, except for the three
accessions that grouped with Clade 1BPalparviflorus(from Utah, Arizona, New
Mexico, Texas, Oklahoma, Arkansas, Kansas, Missouri, lllinois, South Dakota, and
Alabama) formed a large, moderately well supported (MP: 86, ML: 88, BIl: 100) comb
that also included aP. rugospermugHolz.) Kiger (Texas, Oklahoma, Kansas,
Nebraska, and Wisconsin) aRdteretifolius(Pursh) Raf. (Georgia, North Carolina), two
P. mengesi(Tennessee), and one morphologically unusual accession identiRedfas
calycinus(Engelm.) Kiger from Conway Co., Arkansas. Secéhd;alycinusaccessions
(excluding the aforementiondt cf. calycinusfrom Conway Co.) formed two groups:
one group of Missouri and Arkansas plants formed a clade alongwethicaricus
(S.Ware) Kiger (Tennessee, Alabama) that was weakly supportedeascsibieP.
parviflorus + P. rugospermus P. teretifoliusclade, while another group of Kansas and
MissouriP. calycinusaccessions formed a weakly supported clade along withPhree
mengesi(Alabama) individuals anB. piedmontanusVare (North Carolina). This latter
group was sister tB. brevifolius a dwarf species of the Colorado Plateau, in all MP
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trees; this relationship was also supported by Bl but did not receive gheatéi0%
bootstrap support in either MP or ML analyses. The four accessiéhsodvifolius

formed a strongly supported clade.

Discussion—This phylogenetic analysis of chloroplast DNA sequences clearly sapport
the monophyly oPhemeranthugexcludingP. aurantiacuy and reinforces its separation
from Talinumand its relationship to other predominantly western North American taxa
within Portulacineae. Disparities between certain relationships prediota

morphology and those recovered from molecular data suggest complex speciation
processes. The data also resolve two major geographically structured and
morphologically distinct clades within the genus and strongly suggest that twatdra
geographical disjunctions within the group predate the diversification of the extant
species. The biogeographic history suggested by the phylogeny ig similase of

other xeric-adapted taxa centered in the American Southwest and northern,Matkic

a pattern of origin in the Southwest followed by northward and eastward movement
within North America. This study supports previous findings concerning desyedr-|
relationships within Portulacineae (e.g., the ACPT clade), although furtkrisv

needed to resolve remaining ambiguities.

Taxonomic History and PlacementRifiemeranthus- AlthoughndhFandmatK—trnK

exhibit little variation within portions dPhemeranthugparticularly the ENA group), the
phylogenetic signal present strongly supports the monophy@hemeranthug P.
aurantiacusis excluded (Fig. 2.2). The data also reinfdPbemeranthugelationship to
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predominantly western North American genera sudteassig Montia L., andCistanthe
Spach, as opposed to African-centefatinum in whichPhemeranthusvas long
included. Rafinesque erectBtiemeranthug 1814 to accommodaie teretifolium
Pursh, the first terete-leav@@linumspecies to be described. However, other
taxonomists did not recogniBhemeranthusat the generic level, even though this group
is distinguished fronTalinumsens. str. by numerous morphological characters, notably
terete leaves and a funicular aril or pellicle surrounding the seed. Begmitingde
Candolle, who described the second terete-leaved spéciegpiformeDC, in 1828, the
terete-leaved members of the genus were recogniZBaliasmsect.Phemeranthus

The relationship between sectiofalinumandPhemeranthubegan to be
guestioned when cladistic analyses of morphological characters by Carolin #h8i87)
Hershkovitz (1993) found that the two sections did not form a clade. Subsequently,
molecular data have reinforced the conclusion that the two groups are not cliasety re
(Hershkovitz and Zimmer 1997, 2000; Applequist and Wallace 2001; Applequist et al.
2006; Hershkovitz 2006).alinum(andTalinella, which is nested withifralinum) is now
placed in its own family, Talinaceae, which is more closely relat®dtmlacg
Anacampseroand its relatives, and Cactaceae (The Angiosperm Phylogeny Group 2009;
Nyffeler and Eggli 2010)Phemeranthuspecies have been recovered as sister to the
remaining genera of Montiaceae, which contains most of the diversity ofdreaditi
Portulacaceae.

Hershkovitz initiated the resurrectionfiemeranthudy publishing
combinations for the three species sampled in a molecular phylogeneysisif@using
on the relationships of Cactaceae (Hershkovitz and Zimmer 1997). Subsequently, Kiger
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(2001) transferred the remaining terete-leaVatinumspecies distributed in the United
States in preparation for his treatment infl@a of North AmericgKiger 2003).
However, Kiger also treated the non-terete-leavathum aurantiacungincludingT.
angustissimunandT. whiteil.M.Johnst.) a®. aurantiacuson the basis of their seeds
with strong concentric ridges and fruit morphology. This taxonomic decision was
contradicted by molecular evidence from Applequist and Wallace (2001) and
Hershkovitz and Zimmer (1997, 2000), and Kiger (2003) noted that it might prove
untenable. The present study provides definitive evidence that the non-taveidte
aurantiacumand similar species should be retaine@atinum As noted by Kiger, these
plants lack the terete leaves and seed pellicle that chara®eengeranthusand their

general growth habit also unites them witilinumrather tharPhemeranthus

Geographic and Morphological Correlates of Major Lineages wiRhemeranthus-

Phemeranthusontains two monophyletic subgenera: a southern clade distributed
primarily in Mexico (Clade 2) and a northern clade distributed primarillgerinited
States (Clade 1) (Fig. 2.2). These clades are geographically distonc.(EiFig. 2.3),
overlapping only in a relatively small area of the southwestern Unitegs&tat northern
Mexico. The maximum distributional overlap of clades (clades 1B, 1C, and 2) atcurs i
the state of Chihuahua, Mexico, and adjacent Cochise County, Arizona (Fig. 2.1). At
some sites in this region, species from Clade 2 can be found growing alomgsids ©f
Clade 1B or 1C.

Within each clade, the deepest divergence is between a geographicallytdisjunc
lineage and the remainder of the group. Within Clade 1, the northwestern disjunes speci
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P. sediformisandP. spinescenfClade 1A), which are also distinguished by their woody
growth habit, are moderately supported as sister to the rest of the clad2 ZFi This
result suggests a single, early dispersion of a Clade 1 ancestor into the Birthwe
followed by divergence and speciation in isolation due to geographical and/orclimat
barriers formed by the northern Rocky Mountains and glacial Cordilleraheetss
Within Clade 2, the single South American spediegunagis sister to the remaining
species, suggesting ancient long-distance dispersal by a Clade 2 ancestor

Seed coat morphology has been suggested as an important taxonomic character in
the group. Most members of Clade 2 possess seed coats with strong concendtic ridge
whereas most members of Clade 1 lack these ridges. However, this chdoastapt
reliably distinguish the clades. Just as concentric ridges on the seed slegglmg in
the incorrect placement dflinum aurantiacunwithin Phemeranthushis character
would mislead an attempt to classify groups within the genus. NoRablyngipesa
diminutive species of limestone substrates in trans-Pecos Texas, NevoMaxc
adjacent Mexico, features strongly ridged seeds like those found in Clade 2 (Fig. 2.2,
lower right). However, the molecular data indicate thabngipesbelongs to Clade 1B.
Other members of Clade 1 have non-ridged seeds that variously appear smooth due to a
thin, tightly fitting pellicle or rough due to a loose, wrinkled pellicle.

Nevertheless, morphology provides some obvious characters to distinguish the
major clades. Members of Clade 1 are distinctly caulescent, have tajagmnogts or
amorphous to spreading rhizomatous rootstocks, and have dark pink to white flowers.

Members of Clade 2 are basically acaulescent, have tuberous rootstocks, ayellbave
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to white flowers. Within Clade 1, members of Clade 1A are distinguished by thiely hig

branched, spiny, suffrutescent bases.

Species Relationships Within Clade$he southwestern speciBsbrevicaulisP.

validulus andP. longipedorm Clade 1B (Fig. 2.2). The placementoflongipesn this
clade is unexpected, albeit well supported. Often mistaken for depauperate ingligfdua
P. parviflorus(though it is quite distinctive in floral and seed morphology), the
diminutive P. longipedacks the decumbent habit, extensive subterranean caudex, and
long, tapered, recurved sepals of other Clade 1B species. The relatively raargevof
this clade, centered on New Mexico and parts of adjoining states (Fig. 2.1, Fig. 2.3),
suggests that this lineage evolved in isolation from the lineage that wouldsgite the
widespread Clade 1C. However, species of Clades 1B and 1C frequently co-occur
throughout their current area of overlap in Utah, Arizona, New Mexico, and Texas,
suggesting more recent expansion of one or both groups. The anomalous placement of
certainP. parviflorusindividuals in Clade 1B suggests hybridization/ chloroplast
introgression, but this hypothesis requires further exploration using nucldarsa
Hybridization and polyploidy have played a role in speciation within Clade 1C,
the widely distributed but poorly resolved group of species distributed in ENA. All
sampled accessions Bf teretifolius an allotetraploid derivative &. parviflorusandP.
mengesi(Black and Murdy 1972; Carter and Murdy 1985; Murdy and Carter 1985),
share a chloroplast haplotype with Missouri, Oklahoma, and Ark& sz viflorus
This haplotype is also found i cf. calycinusfrom Conway Co., AR, suggesting
hitherto undocumented hybridization betwéerparviflorusandP. calycinus

88



The close relationship &f. brevifoliuswith P. calycinusandP. mengesiis also
unexpected. A dwarf species with small leaves, short internodes, and nealdy sessi
flowers, P. brevifoliusis endemic to the Colorado Plateau. In contRastalycinusand
P. mengesiare tall, erect plants with relatively long leaves, visible internodes, long
peduncles, and well-branched inflorescences, and are distributed in ENA. Hdwever
calycinusis highly variable; three or more species may deserve recognition (D.J.
Ferguson, pers. comm.). Some populations have shorter leaves, stems, internodes, and
peduncles and a more rhizomatous habit. Some western populat®nsabfcinusalso
have a distinctive, sweet floral scent (D. J. Ferguson, pers. comm.), a trat that i
otherwise known in the genus only frdtmbrevifolius(pers. obs.), although it has not
been exhaustively surveyed and may be present in other species. The taxatosaf st
P. calycinusand its relationships t®. brevifolius P. mengesjiand other ENA species

require further study.

Plant Biogeographical Patterns in Xeric North Americ@ihe evident correspondence

between the phylogenetic and geographic structure suggests an "out of the Southwest
history for the genus (Fig. 2.3). Mexican and southwestern areas unite deeper-le
branches, while midwestern and southeastern accessions appear at the tipeef the t
with extremely short branch lengths and poorly resolved species relationshipstréince
character state reconstruction of distributional area using Mesquite (Madddon a
Maddison 2011) (not shown) or MacClade (Maddison and Maddison 2000) (Fig. 2.5)
supports the southwestern United States and northern MexRiteaseranthusenter of
origin.
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In a phylogenetic study of suborder Portulacineae, Ocampo and Columbus (2010)
estimated divergence times based on two indirect calibration points (islandcages
endemic HawaiiaRortulacaspecies. Their BEAST chronogram (Drummond and
Rambaut 2007) and S-DIVA biogeographical reconstruction (Yu et al. 2010) indicated
that the suborder originated in the Americas ca. 18.8 (6.7—-33.7) million years (Myr) ago
and that Montiaceae originated in North America ca. 13 (3.4-25.4) Myr years ago,
consistent with the 8-16 Myr estimate of Hershkovitz and Zimmer (2000). Although
these dates must be interpreted with extreme caution, applying these mestimzajes
in a BEAST analysis of the data set used here (Fig. 2.6) yields dates of ed21® Myr
for the root node oPhemeranthusca. 8.6-10.4 Myr for Clade 1, and ca. 6.2—7.5 Myr for
Clade 2. These dates fall within the mid- to late Miocene, a period of globalgaoid
drying with expanding grasslands and mountain building in western North America.

The character-state distribution suggests that at leaftlmrmaeranthuneage
has re-invaded the Southwest from the Midwest or Southeas®P fgarviflorus
accessions from Arizona, New Mexico, and Utah form a cladeRvigarviflorusfrom
Alabama and withP. rugospermusaccessions from Nebraska, Kansas, Oklahoma, and
Texas. This clade is nested within the predominantly midwestern Clade 1C. Althoug
branch lengths and support are low throughout Clade 1C, chloroplast genotypes within
this group also appear to have crossed the Mississippi Embayment into the $autheas
multiple occasions, witP. calcaricus P. mengesjiP. parviflorus(Alabama) P.
piedmontanusandP. teretifoliusaccessions scattered across the clade. The current gene
pools ofP. mengesiandP. calycinusmay reflect incomplete sorting of ancestral
polymorphism or may indicate that these species comprise multiple disteages.
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An origin and initial diversification of the genus in northern Mexico and allied
habitats in the American Southwest during the Miocene, followed by a more recent
spread northward and eastward, is consistent with general patterns ohserted |
North American xeric-adapted plant groups (Moore and Jansen 2006; Moore et al. 2006;
Douglas and Manos 2007; Marlowe and Hufford 2007; Evans et al. 2009; Rebernig et al.
2010a; Yang and Berry 2011). For examgajllardia Foug. (blanket flowers;
Asteraceae) originated in the Chihuahuan region, with lineages subsequeritirgpre
east through Texas, northwest, and north into the Great Plains (Marlowe and Hufford
2007). The North American xerophytic clade within Nyctaginaceae, which includes suc
genera ad\bronia Boerhaviga andMirabilis (Douglas and Manos 2007), and the
Chamaesyce clade withiuphorbia(Yang and Berry 2011) likely originated in the
desert regions of western North America and subsequently dispersed etsé\tlaer
finer scale, the pattern of historical isolation and post-glacial rang@grpdound for
the Mexican tulip poppy in the Sierra Madre Oriental, Chihuahuan Desert, aral centr
Mexico (Sosa et al. 2009) may provide an instructive comparison to Mexican
Phemeranthusvhen additional sampling of Clade 2 can be obtained, particularly from
the region of the Mexican Transvolcanic Belt.

Phemeranthuslso exemplifies another general pattern exhibited by many North
American xeric-adapted plant groups: amphitropical disjunctions betweerongd af
North and South America (Raven 1963; Wen and Ickert-Bond 2B68meranthus
punaeis one of several such disjunctions within Montiaceae alone (Hershkovitz and
Zimmer 2000; Hershkovitz 2006). It appears tRapunads the result of a long-distance
dispersal event from the Mexican Cordillera to the southern Andes. Likewiseg ldiodr
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colleagues (2006) have found evidence for a North American oridigoilia Pers.
subgenudiquilia (Boraginaceae), with a complex history of long-distance dispersal
events. According to Simpson and colleagues (2006), the current distribuBomafia
Cav. (Fabaceae) can be explained by two long-distance dispersals fromesbeithw
North America, one to South America and one to southern Aféadlardia also
parallelsPhemeranthug having a small group of species in northern Argentina, but
Marlowe and Hufford (2007) were unable to include the South American taxa in their
analysis.

SomePhemeranthuspecies, including. validulus P. humilis P. multiflorusand
P. parvulus are associated with higher-elevation habitats in coniferous forests amd mig
be expected to exhibit sky-island phylogeographic patterns (Moreno-Letetid?ifiero
2009; Gugger et al. 2010b; Gugger et al. 2010a). Gthemeranthuspecies, such &&
brevicaulisandP. longipesare found in lower elevation desert habitats and might have
distributional histories more like those reported by Rebernig et al. (2010b; 2010a).
Chloroplast loci are typically too slowly evolving to address such fine-scale
phylogeographic questions (Schaal et al. 1998); further studies of individual ssbclade
within Phemeranthusising population-level sampling and more variable markers would

help to clarify the Pleistocene and recent history of these groups.

Further Directions— The molecular phylogenetic analysis presented here provides a

foundation to address a variety of questions regarding the evolutRimeafieranthus
Further study is needed to examine the possibility of hybridization between popsilati
included in Clades 1B and 1C and reticulate evolution elsewhere in the genus. Additional
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sampling of Clade 2 is needed to clarify the relationships of species in this groap and t
elucidate the biogeographic historyRtiemeranthus~inally, species boundaries and
phylogeographic history in Clade 1C merit further study using population-levgllmg

and genotyping markers.

The relationships among the families that constitute the suborder Pogakacin
have been substantially clarified in recent years (Fig. 1.3) (Ny&ele Eggli 2010;
Ocampo and Columbus 2010). However, the backbone relationships among the major
lineages of Portulacineae remain poorly resolved. In this study, parsimony and mode
based methods differed in the sister-group relationship of Montiaceae; ale&4P tr
placed Montiaceae as sister to the ACPT clade (albeit without support? @jigwhile
the ML analysis placed Montiaceae as sister to the remainder of Pioitakac
Furthermore, the relationships of Didiereaceae and Basellaceae wiexa uRor
included samples of these taxa, the ML analysis recovered the same topologadreport
Hershkovitz and Zimmer (1997) but conflicted with that found by Applequist and
Wallace (2001), in whiclCeraria + Portulacariawere sister té\lluaudia ascendens
Drake +Didierea+ CalyptrothecaDidiereaceae sensu Nyffeler and Eggli were never
recovered as monophyletic (Fig. 2.4). The limited sampling employed heteda® any
confident conclusions; further studies employing nuclear and/or genomiardataeded
to clarify the backbone relationships of Portulacineae.

As suggested by previous studies and based on the extensive taxon sampling here,
Phemeranthuss likely sister to the remainder of the clade now recognized as
Montiaceae. Understanding the complete biogeographic history and irgsicddrait
evolution within Montiaceae and relative to the ACPT clade will require entlance
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sampling of such ecologically diverse and geographically disjuncesRalyptridium
Nutt. andLewisiopsisGovaerts (North Americaf;alandriniaKunth, Cistanthe and
Montia (North and South Americal;enziaPhil., MontiopsisKkuntze, andPhilippiamra
Kuntze (South AmericaParakeelyaHershk. (Australia; = Australia@alandrinig);

HectorellaHook. f. (New Zealand); andyallia Hook. f. (Kerguelen Islands).
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CHAPTER lll. GERMINATION RESPONSE TOCHILLING DURATION SUGGESTSL OCAL

ADAPTATION IN_PHEMERANTHUS PARVIFLORUS

Abstract—Seed germination requirements have important consequences for the
successful use of native species in conservation or horticultural plantingstches
between these requirements and local environmental conditions can result intdailure
germinate, seedling death, and/or reproductive faiRinemeranthus parviflorus
(Montiaceae) is a widespread succulent perennial that occurs in dry, open, reakgyr
habitats from northern Mexico to the Dakotas. The flowering period extends throughout
the summer, with more or less continuous production of flowers and fruits from late
spring to early fall. | examined the chilling requirement for seed getimmin twelve

natural populations from across the broad latitudinal range of this specldscdtiected
seeds were subjected to moist chilling for zero to twelve weeks, and their subsequent
germination rates were tracked under common conditions in the greenhouse. Populations
differed strongly in their responses to different chilling durations. Seeustifr®
southernmost populations were capable of germinating without chilling and deaelire
peak germination rates at shorter chilling durations. Seeds from the northernmos
populations failed to germinate with no or brief chilling and required longer chilling
periods to achieve maximum germination. In a subsequent experiment usimgogise
grown seeds, the results showed a less pronounced pattern, suggesting that mate
effects played a role. Seed chilling also affected adult life histocgptxn the
southernmost population, chilling was necessary for the plants to flower in theeir fir
season of growth.
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Introduction—

Species with large geographic ranges encounter a broad range of environmental
conditions. Temperature and light, water and nutrient availability all hawe dire
consequences for growth and reproduction, and all vary predictably with season and
latitude. If inter-population gene flow is limited, natural selection can dauak
adaptation, leading to differences among populations in morphology, physiology,
phenology, and other traits. If individuals from different populations meet and hate, t
offspring may be poorly adapted to either parental environment, resulting incd loss
fitness (Templeton 1997). Even without hybridization, local adaptation is a matter of
great concern to conservation biologists in planning any kind of translocation and in
anticipating how populations and species may respond to environmental change. For
successful translocation of threatened species and for use of native spezsésration,
reclamation, or landscaping projects, it is important that the individuals used be
appropriately adapted to the target environment. Therefore, source populations must be
chosen with care to match the conditions of the target environment as closely lale possi
and ideally to be in close geographic proximity.

The sunbrightPhemeranthus parviflorudNutt.) Kiger, and the large-flowered
fameflower,Phemeranthus calycinyg&ngelm.) Kiger, are widespread in the Midwestern
United States and have recently attracted greater horticultweatiatt for their potential
use in green-roof plantings (Getter and Rowe 2008; Getter et al. 2009; Dvorak 2010). As
highly drought-tolerant, succulent plants with attractive floral displayse th@scies can
be a valuable component of green roofs and other water-conservative landscaping
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designs. These species may also be used in re-vegetation of restored gtatke habi
However, no attention has yet been paid to the possibility of local adaptation that might
affect the establishment and sustainability of planted populations of theses spitlog

on green roofs or in restored habitats. As a first step, | examined thegchedjuirement

for seed germination iR. parvifloruspopulations from different latitudes. Seed
germination is a critical life-history stage; if the requirementgémination are not met

in the target environment, a re-introduction or horticultural planting is unlikely to

succeed.

Overview of P. parviflorus a widespread autogamous species

Phemeranthus parviflorusunbright) is a widespread succulent perennial
wildflower that occurs in dry, open, rocky or sandy habitats from northern Mexite
Dakotas (Fig. 3.1). The closely related speBiesonfertiflorus(Greene) Hershkovitz is
morphologically similar, and the two species have been treated as a\zniglele taxon
by Kiger (2003). Holzinger (1900) also noted geographically correlateildyiamong
specimens assigned o parviflorussens. lat. and suggested that the taxon might actually
encompass two or three species. While the center of diverdtlyasheranthuss in the
southwestern United States and northern Mexico Rhparviflorusspecies complex is
among the seven to nihemeranthuspecies distributed in the midwestern and
southeastern United States. It is the most widespread species in the gemus of teth
geographic and ecological space, broadly overlapping the ranges of sevarabetcies
that represent most major clades witRimemeranthusPopulations are often large, but
they are scattered on isolated habitat patches.
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FIGURE 3.1. Approximate geographical rangeff parviflorussens. lat. (including.
confertiflorus which occupies the southwestern portion of the range). Note the
outlying population area in central Alabama. Numbered circles indicatedhtoins
of populations sampled in this study.

Sunbright is widespread between the Rocky Mountains and the Mississippi River,
extending just across the river into southern lllinois. Additionally, a widsjymict
population is found in central Alabama (Fig. 3.1). The Alabama population is confined to
an area with a radius of about one mile on gneiss bluffs along the Coosa River. These
plants were first reported by R.M. Harper in 1937 and were ndaatum

appalachianumV. Wolf (Wolf 1939). Carter and Murdy (1985) compaiied
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appalachianunto Talinum parviflorumNutt. (=P. parviflorug and concluded that the
former was synonymous with the latter, overlapping in all measured trhsugh the
Alabama plants had slightly larger petals, they overlapped with Arkansess, Bad
Kansas specimens in stamen number, style length, and ovule number, and anthesis
occurred similarly late in the day. Furthermore, crosses between Algdiants and
otherP. parviflorusyielded fruit-set and seed-set rates similar to those of intra-papulati
controls, and the resulting offspring were fertile and able to self-pollialeit with
slightly reduced pollen fertility and seeds per capsule. Isozyme dat@mimeed the
conclusion thal. appalachianumvas merely a disjunct population®f parviflorus the
average genetic identity between populations of these taxa was higher tHeetviesn
populations oP. calycinusor P. mengesi{W. Wolf) Kiger (Murdy and Carter 1985).
The Alabama population &f. parviflorusmay represent a remnant of a formerly more
extensive distribution east of the Mississippi.

The presence #&. parviflorusin the southeastern United States, far east of its
current main distribution, is particularly interesting because of its probablen the
origin of P. teretifolius(Pursh) Raf., the type speciesRifemeranthusThis taxon is an
allotetraploid distributed throughout the Piedmont region and Appalachian shale and
serpentine barrens from Georgia north to Pennsylvania. Morphological (Murdy, 1968)
cytological (Black and Murdy 1972), and allozyme data (Murdy and Carter 1885) a
artificial hybridization experiments (Carter and Murdy 1985) support the hgpistthat
this species originated from a hybridization event betviregrarviflorusandP. mengesii
in the southeastern United States. Murdy and Carter (1985) scored 23 allozyfraoci
9 enzyme systems for 384 individuals of 21 populatiorf®. ¢éretifolius P. mengesijiP.
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parviflorus andP. calycinus They found thaP. teretifoliuspopulations were genetically
uniform and that their alleles were a combination of alleles found in the putaterégar
Chloroplast sequence data (Chapter Il) suggesethaarviflorusis the maternal parent
of P. teretifolius

FurthermoreP. parviflorusmay have been involved in additional hybridization
events of evolutionary significance in the midwestern United States. For exampl
morphologically atypicaP. calycinugpopulation in Arkansas shares its chloroplast
haplotype withP. parviflorus as do all sampled populations of the prairie famefldver
rugospermugHolz.) Kiger, which is morphologically intermediate between and broadly
co-distributed witHP. parviflorusandP. calycinus Thus, the widespred®l parviflorus
appears to have played a crucial role in the evolutionary history of the genus in the
midwestern and southeastern United States.

The aerial stems of sunbright plants typically die back to the ground each winter
and regenerate in the spring from resting buds borne on a usually underground caudex
with a tuberous taproot. The plants grow rapidly under appropriate conditions, and the
flowering period extends throughout the summer, with more or less continuous
production of flowers and fruits from late spring to early fall. Seed production is
generally high both in the field and in the greenhouse (pers. obs.). When raised under
greenhouse conditions, plants of this species usually reach reproductive nrathefy
first season of growth from seed; however, they may not consistently do so in the
natural environments.

Like all PhemeranthuspeciesP. parviflorushas ephemeral flowers, which last
for only a single afternoon. Sunbright flowers typically open late in thenafteror even
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in the early evening and remain open for only one to three hours (pers. obs.) Although
somePhemeranthuspecies show pronounced herkogamy, which promotes outcrossing,
the small-floweredP. parviflorushas stigmas equal to the five stamens, enabling the
flowers to self-pollinate upon closing in the evening. In some cases, thedlmagrself-
pollinate before opening or without ever opening completely. In the greenhou$g, nea
100% of flowers set fruit without the benefit of pollinators (pers. obs.). Consistént wi
these observations of autogamy, Murdy and Carter (1985) found low polymorpHsm in
parviflorusin their isozyme survey.

Although it can be found on a variety of geological substrBtgsarviflorusis
absent from calcareous soils, occurring on siliceous rocks in the Interidaklig region
(Ozark and Ouachita mountains) and on siliceous and igneous outcrops and in sandy
prairie soils elsewhere. Reinhard and Ware (1989) examined the substrate@daptati
Phemeranthuspecies from the Interior Highlands region. They grew seeds and plants
from multiple populations d?. calycinusandP. parviflorusin soil collected from their
native outcrops and from outcrops of different geological types under controlled
conditions. Sunbright accessions from sandstone outcrops grew well on either shale or
sandstone soils but poorly on soils from calcareous outcrops, showing abnormal
pigmentation, poor growth, and high mortality. Similarly, mortalityPoparviflorus
seedlings was high on limestone soils but low on sandstone. In coRtrealycinus
occasionally occurs on calcareous outcrops, and accessions from limestone outderform
those from other substrates when grown on calcareous soils under controlled conditions
(Reinhard and Ware 1989). These results indicate some degree of substratatgpecifi
and the possibility of local edaphic adaptation in sunbright and its relatives.
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Clinal variation and phenotypic plasticity

Temporal environmental variation (e.g., seasonal patterns of temperature an
precipitation) and the predictability of environmental change are impal¢éetminants
of population dynamics and community structure (Angert et al. 2010). Natural@elec
can lead to differential local adaptation along environmental clines. Phenological
variation along latitudinal clines has been observed in many species and coesnuniti
(e.g., McMillan 1957, 1965, 1967, 1973). Individual plants can respond to environmental
variation and change through adaptive phenotypic plasticity, which can be viewed as
“habitat-selecting behavior” (Donohue 2003). By responding differently to \garyin
environmental cues, plants can modify the environment they experience, & [koomes
as niche construction (Donohue 2005; Donohue et al. 2005a, 2005d). Thus, the same
genotype may be able to achieve similar fitness in different geogehpduations and
under differing seasonal conditions. However, mismatches between the envirdnmenta
cues to which plants respond and actual environmental conditions can lead to

reproductive failure. Such mismatches may increase with climate change.

Seed germination, a critical life-history stage

Seed germination and seedling establishment are important filters in cojmmunit
assembly, contributing to the association between environmental conditions aeg’speci
functional traits by determining which genotypes can persist (Ackerly 2B@8ause the
timing of germination determines the environmental conditions that a plant will
encounter as it begins its growth and establishment, this phenological likalyiso be
under strong natural selection (Donohue et al. 2005c; Bentsink et al. 2010). Germination
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timing also affects adult life-history traits and natural selectioretime(Donohue 2002;
Donohue et al. 2005d). Various seed-dormancy mechanisms have evolved to help assure
appropriate matching between environmental conditions during growth and species’
functional traits.

Seed germination requirements vary among natural populations of many plant
species (e.g., Schmitt et al. 1992; Donohue et al. 2005c; Veatch-Blohm and Koutavas
2011). This variation is best knownAmabidopsis thalianawhose ecotypes differ in
cold-stratification and other requirements for germination. In a field expet with
Arabidopsisecotypes, Donohue and colleagues found that natural selection on
germination timing is highly efficient in determining the persistenceiluréeof different
genotypes at some locations (Donohue et al. 2005d; Donohue et al. 2005b). However, the
efficiency of this selection varies with geography and with othehigeory traits. Some
environments might favor a “bet-hedging” strategy with variable getion
requirements so as to promote germination at different times, while othesrenents
might not. The rate at which germination timing and other phenological cuing can evolve
in natural populations may affect the rate of range expansion (Donohue et al. 2005c¢) and

thus species’ ability to respond to climate change.

Genes associated with regulation of germination

The genetic basis of seed dormancy has been studied most extensively in
Arabidopsis where several interacting additive genetic and molecular pathways are
apparently involved in controlling seed dormancy (Bentsink et al. 2010). Phytochromes
mediate the responses of germination to multiple seasonal cues, including cold
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stratification, both during seed maturation and after dispersal (Donohue et al. 2007;
Donohue et al. 2008; Heschel et al. 2008). A major flowering-time g1 (Flowering
Locus C), also regulates seed germinatioArabidopsis(Chiang et al. 2009). This gene
regulates flowering responses to seasonal environmental factors @ndtalsl variation

in temperature-dependent germination. The resulting pleiotropy between seed
germination and flowering time may be important in adaptive evolution. Additionas gene
in the flowering pathway, the abscissic acid catabolic pathway, andb#reedin
biosynthesis pathway are also involved, and the effect is largely materoatiplled

(Chiang et al. 2009).

Seed germination requirements irPhemeranthus

Seed germination requirements have been studiédnmengesjiP. teretifolius
andP. calcaricugS. Ware) Kiger, three species that are closely relatedparviflorus
(Ware and Quarterman 1969; Ware and Pinion 1990). The germination requirements of
these species appear to be selectively advantageous in their nativenglaoiekeoutcrop
habitats. In laboratory experiments, freshly harvested seeds failed to@teromder any
tested conditions, suggesting that the seeds possess physiological dormBncy. In
calcaricus moist cold treatment, light, and alternating temperatures were required for
effective germination, and after-ripening (dry storage) increasedimgion rates but did
not affect the need for moist cold treatment. Seeds ofengesialso required cold
treatment and light for germination but were not affected by alternatirgprstant
temperatures during the germination period (Ware and Quarterman R8éf)eranthus
calcaricusrequired a shorter duration of cold treatment thamengesjibut for both
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species, just six weeks of moist cold treatment resulted in 90% or highengtomi

rates (Ware and Quarterman 1969; Ware and Pinion 1990). Six weeks of chilling were
also sufficient for three populations f teretifoliusfrom Georgia and Virginia, but eight
weeks of cold treatment were necessary to achieve a similarly hmgingéon rate in a
northern Maryland population &f. teretifolius(Ware and Pinion 1990). All species
germinated poorly in the dark; however, the requirement for light was lesaldfitloe
seeds had been agedPnmengesiiA brief exposure to light did not trigger germination,
but an eight-hour photoperiod was sufficient; thus, photoperiod does not control
germination in the field (day length is never less than eight hours at the latitineles
these species are found) (Ware and Quarterman 1969).

In thesePhemeranthuspecies, it takes about 20 days for seeds to mature
following flower opening (Ware and Quarterman 1969). The plants flower from May to
September, so they produce seeds continuously throughout the summer. The seeds then
germinate the following spring, from late March to early May. Germinatiaing the
summer would likely result in seedling death due to desiccation, while seedlings
germinating in the fall would be challenged by competition from abundant winter
annuals, an®?hemeranthugs a poor competitor (Ware and Quarterman 1969; Ware
1991). Growing?hemeranthuss also damaged by cold temperatures. Thus, spring is the
best time for their germination, after the winter annuals have completedifgncycles
and before temperatures become too hot and water too scarce for seedlinrghastahli
The requirement for moist cold treatment ensures that seeds do not germinatellin the fa
and may limit the southward extent of the species, although winter conditions were
sufficient to promote germination at a location 300 miles south of the southernmost
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populations oP. calcaricus(Ware 1968; Ware and Quarterman 1969). If only six to
eight weeks of chilling are needed, then the requirement will generallgbeeti before

spring arrives, and seed dormancy must subsequently be enforced by continuing cold.

Materials and Methods

Seed sources

Seed germination requirements and phenological traits were examinedvin twe
populations from across the broad latitudinal range of this species, including thegutlyi
Alabama population formerly known aslinum appalachianunirhe southernmost
population was located in the Edwards Plateau region of Texas, while the northernmost
was in southeastern South Dakota (Table 1). Seeds were collected from natural
populations during multiple field trips in 2005-2009. The primary purpose of these
collections was to obtain plant tissue for DNA extraction; seeds werergdtbo that
plants could be raised in the greenhouse for morphological observation and to provide
fresh tissue for DNA extraction as necessary. Thus, the number of matensivalaed
among populations and was not recorded. The seed germination experiment was designed
later to use the existing resource of the seed collections. In a seconerpeseeds

collected from plants grown in the greenhouse under common conditions were used.

116



TABLE 3.1. Localities ofPhemeranthus parviflorugpopulations used as seed sources

Pop. Locality Latitude Longitude Year* Day* Winter

# lengtht

1 Llano Co., TX 30.5 -98.8 2007 138 127d
2 Coosa Co., AL 32.8 -86.4 2006 191 134 d
3 Johnston Co., OK 34.3 -96.4 2009 164 144 d
4 Cleveland Co., OK 35.2 -97.3 2009 162 159 d
5 Delaware Co., OK 36.2 -94.7 2009 161 157 d
6 Chautauqua Co., KS 37.0 -96.0 2008 204 169 d
7 Chautauqua Co., KS 37.2 -96.1 2008 204 169 d
8 Washington Co., MO 37.9 -91.0 2005 230 195d
9 Reno Co., KS 37.9 -08.2 2008 203 171d
10 St. Clair Co., MO 38.1 -93.7 2008 198 183 d
11 Ellsworth Co., KS 38.7 -98.0 2008 202 188 d
12 Minnehaha Co., SD 43.8 -96.7 2009 267 217d

* Year and Day indicate the ordinal date when the seed was collected indhe fiel
tWinter length is the number of days between the average first datetahftios fall
and the average last date of frost in the spring.

Chilling treatments & greenhouse germination

In the first experiment, using field-collected seeds, seeds from each pmpulat
were subjected to seven durations of moist chilling: zero, two, four, six, eighane
twelve weeks. In the second experiment, using greenhouse-grown seeds, the ten-week
treatment was eliminated and a sixteen-week treatment was addedclfroh#ling
treatment, a 36-cell planting tray was prepared. The cells were fillacawaitixture of
three parts Turface®, one part sand, and one part standard commercial potting doil, whic
was covered with a 1/8-inch layer of fine-grained seedling mix potting soil. aye tr
were then thoroughly wetted and allowed to drain before the seeds wenedaattéhe
surface of the planting medium. Each tray was divided into three 12-cetirsecind
each population was randomly assigned to one cell within each section (thrgercells

tray). Cell assignment was fully randomized across each section and trayp. thee
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limited number of field-collected seeds available, 10 seeds were planichicedl for a

total of 30 seeds per population per treatment in the first experiment. In the second
experiment, 50 greenhouse-grown seeds were planted in each cell for a total ofi$50 see
per population per treatment.

Prepared trays were placed in a cold room at 4°C for chilling. In the first
experiment, all trays were prepared at the same time, and each trayuasisdy
brought into the greenhouse for germination after its designated chitiadghad
elapsed. In the second experiment, trays were prepared and placed in the cold room on a
staggered timetable so that they were all brought into the greenhouseforagen at
the same time.

In the greenhouse, all seeds encountered controlled conditions of 65% relative
humidity, a 10/14-hour day/night schedule with alternating day and night tempsgaiture
25°C and 18.3°C, and 750 pumol light during the day. The trays were kept covered with
clear plastic and the soil was kept moist by daily misting for two weeks, when
germination was mostly complete. After two weeks, the covers were remodeithea
soil was allowed to dry between watering as the plants grew. The tregysoteged daily
to minimize any differences in conditions across positions on the greenhouse thench. T
number of seedlings in each cell was recorded daily, and the plants were maitained f
several months to observe their reproductive phenology. In the second experiment,

seedlings in each cell were thinned to 10 after four weeks to reduce crowding.
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Statistical analyses

Two response variables were considered: the probability of germinatiche
number of days to germination (from the time the trays were brought into the
greenhouse). From the daily seedling counts, the final germination percentages and
average days to germination were determined for each population in eachriteatme
Overall values were also calculated for each population across allé¢reatamd for each
treatment across populations.

Natural cubic spline functions were used to evaluate the response of seed
germination to chilling duration. This method is an effective way to deal withluktta
show substantial non-linearities. First, the results for germination probaiatgiven
latitude were compared between the first and second experiments. Bibealvse
experiments appeared to differ (see Results), they were analyzedelgpara

Each experiment was analyzed in terms of seed germination probabilityausing
natural cubic spline with three degrees of freedom. The curves for each poputgon w
compared ang-values calculated to evaluate how the effect of chilling duration on
germination probability changes with latitude. The same procedure was followed to

evaluate the effect of chilling duration on the number of days to germination.

Results

In the first experiment, 1,105 seeds germinated out of a total of 2,520, for an
overall germination percentage of 43.8%. The average number of days to germination

was 7.94. In the second experiment, 7,878 seeds germinated out of a total of 12,600, for
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an overall germination percentage of 62.5%. The average number of days to genminati
was 6.68. Tables 3.2 and 3.3 show the germination percentages and average number of
days to germination for each population across all treatments and for eaclernteatm
across all populations, respectively, in each experiment. Tables 3.4 and 3.5 show the
germination percentages and average number of days to germination for eachgoopulat
in each treatment in the first and second experiments, respectively.

The germination percentage curves for most populations were significantly
different between the first and second experiments (Table 3.6). Only for ¢lee thr
southernmost populations was the difference between experiments non-significant
(populations 2 and 3) or marginally significant (population 1). However, the curves for
days to germination did not differ between experiments (Table 3.6).

In the first experiment, the curves relating germination probabilithilbng time
clearly differed among populations from different latitudes (Fig. 3.2). apwalues
comparing the curves for each population (Table 3.7, top) indicate significant wlciésr
among most populations. However, some populations have statistically indistinguishable
curves. For example, thevalue comparing population 2 (Coosa Co., AL) to population
3 (Johnston Co., OK) is 0.194, suggesting that the two populations have the same curve.
Populations 6, 7, and 11 might also exhibit a common response. Visual inspection shows
that the corresponding germination probability curves for the second experiment (Fig.
3.3) are quite different from those of the first experiment. Here, populations 3 and 12

have similar curvepfvalue = 0.48) (Table 3.7, bottom).
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TABLE 3.2. Germination percentages and average number of days to germination
for each population across all treatments

Experiment 1 Experiment 2
Pop. No.(r/]z/gclag)rm. Days to Germ. No(.nlzof)(?s%r)m. Days to Germ.
1 174/ 82.9% 5.9 793 / 75.5% 5.9
2 141/67.1% 6.2 7371 70.2% 6.0
3 147/ 70.0% 9.2 661 / 63.0% 6.7
4 110/52.4% 8.4 679/ 64.7% 6.5
5 131/ 62.4% 7.3 759 / 72.3% 8.2
6 721 34.3% 8.8 538 /51.2% 7.0
7 72/ 34.3% 9.4 576 / 54.9% 7.2
8 47 | 22.4% 11.8 709 / 67.5% 6.8
9 38/18.1% 8.1 394/ 37.5% 7.1
10 101/48.1% 8.4 604 / 57.5% 6.8
11 72/ 34.3% 8.5 782 1 74.5% 6.0
12 0/0.0% N/A 646 / 61.5% 6.6

TABLE 3.3. Germination percentages and average number of days to germination
for each treatment across all populations

Experiment 1 Experiment 2
Chilling %Germ. Days to %Germ. Days to
Treatment (n=360) Germ. (n=1800) Germ.
0 weeks 26/ 7.2% 10.2 150/ 8.3% 14.3
2 weeks 99 / 27.5% 6.4 598/ 33.2% 9.3
4 weeks 129/ 35.8% 7.8 1178/ 65.4% 7.1
6 weeks 168/ 46.7% 10.5 1464 / 81.3% 5.7
8 weeks 208 / 57.8% 6.8 1448 / 80.4% 5.8
10 weeks 254/ 70.6% 6.7 N/A N/A
12 weeks 221/61.4% 9.0 1516/ 84.2% 6.1
16 weeks N/A N/A 1524/ 84.7% 6.9
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TABLE 3.4. Germination percentages and average number of days to germination
for each population in each treatment in the first experiment

Chilling Oweeks 2weeks 4 weeks 6 weeks 8 weeks 10 12
Treatment weeks  weeks
= number germinated (out of 30) / germination percerdge
op. average days to germination
1 12/40.0 29/96.7 25/83.3 26/86.7 26/86.7 9/96.7 27 190.0
7.7 4.7 5.2 11.2 5.2 3.5 5.4
2 4/13.3 16/53.3 22/73.3 22 /73.3 25/83.3 /90.0 25/83.3
13.8 6.9 6.3 8.8 5.1 5.2 4.5
3 0/0.0 16/53.3 24 /80.0 25/83.3 29/96.7 [/906.0 26 /86.7
N/A 9.4 9.0 9.9 7.7 7.2 12.3
4 0/0.0 5/16.7 16/53.3 18/60.0 22/73.3 20.0 22 /73.3
N/A 7.6 7.9 10.7 6.3 7.9 9.6
5 10/33.3 26 /86.7 20/66.7 22/73.3 21/70.0 7/%96.7 15/50.0
11.7 5.8 8.4 8.0 6.0 54 8.9
6 0/0.0 1/3.3 2/6.7 12/40.0 13/43.3 24080 20/66.7
N/A 5.0 7.0 9.2 6.5 8.1 11.3
7 0/0.0 0/0.0 3/10.0 10/33.3 14/ 46.7 28.88 20/66.7
N/A N/A 17.7 16.3 7.3 4.5 12.2
3 0/0.0 1/3.3 8/26.7 10/33.3 10/33.3 9.030 9/30.0
N/A 6.0 12.1 13.9 10.2 8.2 15.3
9 0/0.0 0/0.0 0/0.0 0/0.0 2/6.7 18/60.0 8/850.0
N/A N/A N/A N/A 16.5 8.1 7.2
10 0/0.0 5/16.7 3/10.0 16 /53.3 26 /86.7 26.7 25/83.3
N/A 7.6 7.0 10.7 8.1 8.7 7.2
11 0/0.0 0/0.0 6/20.0 71233 20/66.7 25883 14/46.7
N/A N/A 8.2 11.1 6.8 8.0 10.7
12 0/0.0 0/0.0 0/0.0 0/0.0 0/0.0 0/0.0 000
N/A N/A N/A N/A N/A N/A N/A
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TABLE 3.5. Germination percentages and average number of days to germination

for each population in each treatment in the second experiment

Chilling Oweeks 2weeks 4 weeks 6 weeks 8 weeks 12 16
Treatment weeks  weeks
= number germinated (out of 150) / germination percetage
op. average days to germination
1 371247 113/75.3 131/87.3 128/85.3 130.786126/84.0 128/85.3
8.9 6.5 5.8 4.8 55 5.3 6.5
2 20/13.3 94/62.7 125/83.3 130/86.7 110373.127/84.7 131/87.3
15.1 10.0 5.1 4.2 4.3 5.3 6.3
3 1/0.7 55/36.7 97 /1 64.7 119/79.3 124/82.740 193.3 125/83.3
14.0 11.7 8.0 5.7 5.8 5.4 6.7
4 0/0.0 18/12.0 131/87.3 141/94.0 143/95.824/82.7 122/81.3
N/A 7.1 6.7 6.3 6.6 6.5 6.2
5 72/48.0 101/67.3 108/72.0 114/76.0 108072133/88.7 123/82.0
16.2 10.6 7.9 6.8 6.0 6.9 6.4
6 0/0.0 13/8.7 71/47.3 107/71.3 109/72.7 4116.0 124/82.7
N/A 10.8 8.5 6.2 5.7 6.9 7.8
7 0/0.0 21/14.0 74 /49.3 111/74.0 117/78.034 189.3 119/79.3
N/A 9.5 9.7 5.8 6.7 6.9 7.1
3 0/0.0 47 /31.3 131/87.3 143/95.3 138/92.026/84.0 124/82.7
N/A 9.8 6.2 55 55 54 10.5
9 0/0.0 0/0.0 714.7 71/47.3 66/44.0 11a.Ji7 138/92.0
N/A N/A 11.4 7.8 8.0 6.4 6.6
10 0/0.0 8/5.3 71/47.3 136/90.7 135/90.0 /86.0 125/83.3
N/A 9.3 9.0 6.9 5.8 6.2 6.7
11 11/7.3 79 /52.7 139/92.7 148/98.7 148/98%¥18/78.7 139/92.7
17.1 8.5 6.1 4.7 4.7 5.8 6.3
12 9/6.0 49 /32.7 93/62.0 116/77.3 120/80.033 188.7 126/84.0
17.1 10.5 7.6 54 5.7 6.0 5.9

TABLE 3.6.p-values comparing the germination percentage (%Germ.) and number
of days to germination (Days to Germ.) curves for each population between thesti
and second experiments

Pop. %Germ. Days to Germ. Pop. %Germ. Days to Germ.
1 0.042 1.000 7 0.000 1.000
2 0.335 1.000 8 0.000 1.000
3 0.072 1.000 9 0.000 1.000
4 0.000 1.000 10 0.000 1.000
5 0.000 1.000 11 0.000 1.000
6 0.000 1.000 12 0.000 no data
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FIGURE 3.Z. Natural cubic spline curves for germination probability versus chilling
duration in the first experiment. Populations are designated by their latitude and
longitude above each plot and are arranged from south to north from top left to bottom
right.
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FIGURE 3.Z. Natural cubic spline curves for germination probability versus chilling
duration in the second experiment. Populations are designated by their latitude and
longitude above each plot and are arranged from south to north from top left to bottom
right.
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TABLE 3.7.p-values comparing the germination percentage curves in each
population for the first experiment (above the diagonal) and the seconekperiment
(below the diagonal).

Pop. 1 2 3 4 S 6 I 8 9 10 11 12
1 0 0 0 0 0 0 0 0 0 0 D
2 0.004 0.194 0.001 0 0 0 0 0 0 0 0
3 0 0 0 0 0 0 0 0 0 0 U
4 0 0 0 0 0 0 0 0 0.025 0 0
5 0 0 0 0 0 0 0 0 0 0 0
6 0 0 0 0 0 0.98 0 0 0.003 0.505 D
7 0 0 0 0 0 0.037 0 0 0.002 0.437 (
8 0 0 0 0 0 0 0 0 0 0 0
9 0 0 0 0 0 0 0 0 0 0 0

10 0 0 0 0 0 0 0 0 0 0.003 0
11 0 0 0 0 0 0 0 0 0 0 0
12 0 0 0.485 0 0 0 0 0 0 0 0

For the number of days to germination, phrealues comparing the curves for
each population in the first and second experiment indicate no difference between the two
experiments (Table 3.6). Figures 3.4 and 3.5 show the response curves for days to
germination in the first and second experiments, respectively. Most of thess argve
flat or nearly so, suggesting that chilling duration does not have much effect on days to
germination. For both experiments, the pairvasalues comparing the curves across
populations are all 1.0 (not shown), suggesting that latitude does not affect days to

germination.
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FIGURE 3.4. Natural cubic spline curves for days to germination versus chilling
duration in the first experiment. Populations are designated by their latitude and
longitude above each plot and are arranged from south to north from top left to bottom

right.
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Discussion

In the first experiment, using field-collected seeds, all populations gl
best with at least some chilling. However, the effect of chilling duration enigation
probability varied strongly with latitude. Seeds from the southernmost populétichs
and 5) were capable of germinating with no chilling and reached their peakgtomi
rates at shorter durations of chilling (4—6 weeks). Seeds from the northernmost
populations failed to germinate with no or brief chilling and required longer chilling
periods (8—12 weeks) to achieve high germination rates. The duration ap#rareent
was apparently insufficient to break dormancy in the northernmost population.
Separately, large numbers of seedlings appeared in the pots alongside adutophants
the northernmost population that had been potted up with some of their own soil and
chilled for several months.

In the second experiment, using greenhouse-grown seeds, most populations again
required at least some chilling to germinate. Populations 1, 2, and 5 were capable of
germinating with no chilling. However, populations from all latitudes, even the
northernmost, reached their peak germination rates (80-90% for most populations) at four
to six weeks of chilling. Only in population 9 did germination continue to increase
substantially with increasing chilling duration.

Chilling time had no apparent effect on days to germination for any latitude in
either experiment. Thus, moist chilling helps to break seed dormancy but doesctot affe
the speed of germination, and whatever differences existed between thedfisecand

experiments also affected whether seeds germinated but not how long it took.
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Cold stratification of the seeds appeared to affect the adult life histtmg of
plants, and this effect varied with latitude. Seeds from the southernmost population could
germinate without chilling, and the resulting plants flowered abundantly infittseir
season of growth. Seeds from populations 2 and 5 could also germinate without chilling,
but the resulting plants remained vegetative and did not flower before enteringidgrma
a few months later. All of these plants did flower after they had been placedcwidhe
room for four months, then returned to the greenhouse for a second season of growth.

The latitudinal pattern in the response of seed germination to chilling duration
suggests the presence of local adaptatidh parviflorus The average length of winter
generally increases with increasing latitude (Table 3.1). For the nartbst
populations, seed dormancy may be critical to fithess because any seed thztgdrmi
prematurely would likely be killed by frost. For the southernmost population, where the
growing season is long and winters are relatively mild, seed dormancy ressbe
critical because seeds that germinate in the fall may be able tosFsthblinselves and
survive the winter.

However, several confounding variables are present in the first experiment,
making its interpretation more complex. First, the seeds were collected vesl sears
(2005—-2009); some populations were represented by much older seed than others (Table
3.1). If seed viability declines with extended storage, then populations thatollected
earlier would show lower overall germination and possibly different respongesc
Indeed, the population collected in 2005, population 8, had the lowest germination
percentage at 10 and 12 weeks and the lowest peak germination percentage (other than
population 12, which did not germinate at all in the first experiment) (Table 3.4).
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Nevertheless, population 1, which was collected in 2007, had the highest germination rate
at 10 and 12 weeks and overall; and population 2, which was collected in 2006, was also
among the highest germinating populations.

The ordinal date (i.e., time of year) when the seeds were collected reagrbe
more important as a confounding variable. Seasonal environmental variation dadng se
formation could influence their dormancy requirements through maternal efitots
may vary over a long reproductive period. Becdrisearvifloruscan produce seed over
several months, such effects are likely to differ in seeds collected manky growing
season versus seeds collected late in the growing season. Unfortunatelycldence,
the southernmost populations were collected relatively early in the yebs tidni
northernmost were collected relatively late in the year (Table 3.1). Byribehe seeds
were collected from population 12, in South Dakota, the mature plants in the population
had already begun to enter dormancy. Thus, the possible effect of ordinal date of
collection is anti-conservative with respect to the hypothesis that the cedunagion of
chilling increases with latitude due to local adaptation. The southernmost population
happened to be collected early in the season, when dormancy might not be essential
because seeds germinating immediately might still have time toiskstdd@mselves that
summer and survive to reproduce. The northernmost happened to be collected very late in
the season, when any seeds that germinated immediately would definitely\neg, so
the seeds must be kept from germinating until the next spring. Thereforeerhaiat
effects were present, they would enhance the latitudinal pattern or possibyeeesate

a false pattern.
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The purpose of the second experiment was to minimize maternal effects prese
field-collected seeds by using seeds grown under common, controlled conditions. The
fact that the germination probability curves in this experiment differedgitr from
those in the first experiment and that the latitudinal pattern mostly disappaggasts
that the observed effects were, indeed, due to maternal effects linked to seasonal
environmental conditions during seed germination. Though field-collected seeds from
population 12 did not germinate at all, greenhouse-grown seeds germinated at high rates
after 8-16 weeks of chilling, and a few even germinated without chilling (Table 3.5).

Maternal effects have been defined as “the causal influence of theahate
genotype or phenotype on the offspring phenotype” (Wolf and Wade 2009). Significant
maternal effects on seed germination have been reported for several plea#, spec
including members of Primulaceae, Boraginaceae, Asteraceagdesmaj and
Plantaginaceae (Schmitt et al. 1992; Bischoff and Muller-Scharer 2010; Ketgalya
2010). Ecotypic variation in germination timing is largely maternally cdattan
Arabidopsis thaliangMunir et al. 2001; Boyd et al. 2007). Maternal effects on
germination can have major consequences for life-history traits;agemetime and
population growth rates, natural selection on germination, the expression of genetic
variation for germination traits, and the very genes involved in regulatmgrgeion
(Donohue 2009). Maternal environmental effects can be an important part of population
differentiation and may be adaptive; in restoration or re-vegetation plantiegsnay
strongly affect seedling recruitment and the success of population estaitsiirthe

target site (Bischoff and Muller-Schéarer 2010).
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Although suggestive, the results of this study are preliminary and not cerclusi
They raise several intriguing questions for further study. The natureknaf maternal
effects on seed germinationfn parviflorusare particularly interesting. To better
understand these effects, seeds could be collected from each populatiogretteesi
times across the growing season. The response of seed germination to ainiHithgn
could then be compared among seeds produced at different points in the growing season
and seeds raised under common greenhouse conditions. Common-garden growth
experiments at northern, middle, and southern latitudes (or in growth chambers
programmed to mimic corresponding environmental conditions) would also be instructive
in evaluating the adaptive role of maternal effects. For example, would plamt3 &xas
produce seeds with a long chilling requirement in the late-season South Dakota
environment, or do they lack the ability to enforce such dormancy?

Further studies should add populations to fill the latitudinal gaps between the
southernmost and northernmost extremes and the remaining populations. Genetic surveys
using highly variable markers, such as AFLPs or microsatellites, woulddheégtermine
whether population differentiation in seed germination requirements is linked to
population genetic differentiation. Populations linked by gene flow would be egecte
show similar response patterns. Genetic variation in genes linked to seedagiermi
timing, such as the phytochrome gene family, may be linked to the observed latitudina
variation.

As a highly selfing specieB, parviflorusexhibits little genetic variation within
populations. Its co-distributed congeiercalycinuss mostly outcrossing, while.
rugospermuss intermediate. Both of these species also have wide latitudinal ranges,
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especiallyP. rugospermuswvhich has disjunct populations ranging from east Texas to
central Wisconsin. D®. calycinusandP. rugospermusgxhibit patterns of local
adaptation and/or maternal effects in seed germination response to chillingrdura
similar to those seen ip. parvifloru® How does the variation in breeding system affect
the distribution of within- and between-population variation in these traits?

Many other phenological traits in addition to seed germination can exhibit local
adaptation to latitudinal variation in environmental conditions and environmentally
induced maternal effects. Further studies could examine such life-histibsyass the
timing of flowering and fruiting, the duration of the growth period, and the onset of
vegetative growth following winter dormancy. Tolerance of extreme cold andhea
light requirements for germination and flowering would also be of interest.

Finally, as observed by Ware and Quarterman (1969), the duration of cold
treatment required for seed germination is far shorter than the length ef,\ewven at
the southernmost site. Llano County, Texas, the location of population 1 in the present
study, experiences only 127 days between the average first and last frost elatest Y
twelve weeks (84 days) of chilling was more than enough to promote maximum
germination in all but the northernmost population. How is dormancy enforced after the
chilling requirement is met? Presumably, light and temperature are idyblwespecific

requirements may vary among populations and may have adaptive significance.
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APPENDIX 1. VOUCHER INFORMATION

Localities, collection vouchers (with herbarium abbreviations), and sequenceedlftdhF, matK PepG PhyB1 PhyB2 PhyQ for
plant materials used in this study. Voucher information for sequences downloadeggen®ank and for certain other DNA and

tissue samples can be found in the following references: (1) Applequist & W&l KdhF); (2) Applequist et al., 2006/{dhF~
Hectorellg; (3) Cuenoud et al., 200hatK); (4) Nyffeler, 2002 ihatK); (5) Nyffeler, 2007 idhF, matK); and (6) Ogburn and

Edwards, 2009 (tissue samples). FollowRfgemeranthuysgenera and species within genera are arranged alphabetically. Missing
sequences are denoted by —. For nuclear markers, numbers represent clonesdséquéatose alleles detected. D = direct sequence
(not cloned); n.d. = not detected; cult. SRPN = live plants in cultivation obtained fropoBistare Plants Nursery, Talent, OR; cult.

MG = live plants in cultivation grown from seed obtained from Mesa Garden, Belen, NM

Family Genus species Locality or source Voucher  ndhF matK PepC PhyBl PhyB2 PhyC
usaNew  COLCIORNET e
Montiaceae Phemeranthus brevicaulis Mexico: 9 S - D D 5/1 2/2? n.d. D
. MG, grown at s.n. (MO)
Bernalillo Co. 2 .
Washington Univ.)
USA: New . . .
S Quartzite Ridge SW  T.M. Price
I(\:/Ic()exmo. Siera % e valley 250 (MO) D D 2/1 3/1 n.d. D
USA: New 1.5 mi. NW of jct. T.M. Price
Mexico: US-54 and NM-42 at 3.19-(MO) D D 1/1 7/2? 1/1 8/2
Torrance Co. Corona
Franklin Mts. State .
USA: Texas: El . T.M. Price
Paso Co. Park, rldgel along 315 (MO) D D 2/2?7 — _ D
Smugglers' Pass trail
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below Mammoth's
Trunk

Grand Staircase-

USA: Utah: Escalante National

Garfield Co.

T.M. Price
203 (MO) D n.d.

Monument, S of Burr
Trail and W of Deer
Creek, SE of Boulder

Cultivated plant

USA: cult. obtained from T.M. Price

SRPN Siskiyou Rare Plants  s.n. (MO) D D 4/1 711 n.d. D
Nursery, Talent, OR

USA: Roadside E of Waco

Alabama: and W of CR-83 on ;3%&2;? D D 11/ 6/2? 1/1 4/2
Franklin Co.  AL-724 2

USA: Missouri: . - .

Montgomery Danville Conservation T.M. Price D D 7/2 1/1 n.d. _

Co. Area 220 (MO)

USA: Missouri:

. Hughes Mountain T.M. Price
\(/:V:shlngton Natural Area 202 (MO) D D 8/2 4/2? 2/1 712

USA: Bluffs above White
Arkansas: Izard River, S side Calico
Co. Rock

T.M. Price
286 (MO)

USA: Kansas:  Kanapolis State Park, T.M. Price
Ellsworth Co. Buffalo Tracks trail to 260 (MO) D D D 3/1 n.d. D
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Horsethief Canyon

A . Coronado National .
ggg{isA;?(? a Forest, just above the L’g&"gf D D 712 2/1 1/1 7/2
’ Reef waterfall

confertiflorus

Kaibab National

USA: Arizona:  Forest, jct. Round T.M. Price

Yavapai Co. Mtn. Bike Loop (FR- 254 (MO) D D 8/2 — - 10/2
138) with FR-105

12/
Garfield Co. Lake E of Ipson Creek 301 (MO) D D 2 212 n.d. 512

USA: Utah: N side of Panguitch ~ T.M. Price

Franklin Mountains
USA: Texas: El State Park, trail to T.M. Price
! ? —_
Paso Co. North Franklin Peak 317 (MO) D D D 512 171
from Mundy's Gap

USA: New Gila National Forest,
Mexico: Grant  Cherry Creek area N
Co. of Pinos Altos

T.M. Price
251 (MO) D D 8/1 3/1 1/1 8/2?

USA: New Gila National Forest, T.M. Price

Mexico: Grant ~ Cherry Creek area N D D D 3/2? 4/2? 5]/1
Co. of Pinos Altos 252 (MO)

USA: New Power Dam Janes- T.M. Price D D D 5/13? n.d. 6/1
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Mexico: Wallace Memorial 321 (MO)
Guadalupe Co. Park, 0.1 mi. S of

Santa Rosa city limit

on NM-19

@ ponleae Wy AF194861 D — 3/1 nd D

USA: Bankhead National T.M. Price
Alabama: Forest, along CR-63 2.38.(MO) D D D 8/1 n.d. D
Winston Co. near Houston

Mexico: ca. 3.5 kmde La
. Ocampo &
. Queretaro: Laborcilla sobre el
multiflorus mpio. El camino a Rancho La  Morales D D 4/1 2/1 3/1 4/1
1484 (RSA)
Marques Yerbabuena

. . leaf sample ex M. M. Ogburn
napiformis Ogburn 266 (MO) D 5/1 3/2? 4/2? 5/

USA: Missouri: Dave Rock Natural T.M. Price D
St. Clair Co. Area 255 (MO)

USA:
Oklahoma:
Cleveland Co.

S side Alameda Rd. W T.M. Price ”
of 84th Ave. NE 277 (MO) :
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USA: E side Lake Perry, 2
Oklahoma: mi. S of US-77 along
Noble Co. N-3180

T.M. Price

278 moy D D D 4/1 nd D

USA: Petit Jean State Park, .
Arkansas: CCC Overlook on Red '2I'8|g('\PAr(|§)e
Conway Co. Bluffs Drive

D D D 7/1 n.d. D

Dells of the Sioux

Recreation Area, ca. T.M. Price
0.5 mi. S of Dell 264(MO) D D 5/1 6722 1/1  2/1

Rapids

USA: South
Dakota:
Minnehaha Co.

USA: Kansas: 5.4 air miles NE of

Chautauqua Sedan at head of deep gslg(npnrg)e ? ? 8/1 6/1 n.d. 1/1
Co. ravine

Kanapolis State Park,
Buffalo Tracks trail to
Horsethief Canyon

USA: Kansas:
Ellsworth Co.

T.M. Price
261 (MO)  ? ? 8/1 7/1 nd. 5/1

USA: Texas: Lake Somerville State T.M. Price
? ?
Lee Co. Park, Nails Creek Div. 304 (MO) ’ - D 6/1  nd. D

USA: Texas: Toledo Village, along T.M. Price
Newton Co.  Hwy. R255 325M0) D D D 6/1 nd. D

grown at Duke Univ.  T.M. Price
cult. MG from seed obtained s.n. (MO) D D 471 2127 4122 6/
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from Mesa Garden,
Belen, NM

Argentina: Mulgura
punae Jujuy 4236 (MO) D D 8/2 — — 8/2

Sand Hills Nature
Preserve, Harvey

USA: Kansas:
Harvey Co.

T.M. Price

262 (MO) D D 8/2 — — —

County West Park

USA: Boehler Seeps & T M. Price
Oklahoma: Sandhills Preserve 2.79'(MO) D D 4/1 1/1 3/1 —
Atoka Co. (TNC)

USA: Blue River Sand

Wisconsin: Barrens State Natural 1-M- Price D D 4/1 1/1 6/2 212
Grant Co. Area

240 (MO)

SE corner of jct. FR- .
1469 and FR-1146, ;'Z'g'(hpﬂr('gf D D D-2 — — D
6.1 mi. W of Newby

USA: Texas:

cf. rugospermus Leon Co.

Cultiyated plant )
USA: cult. obtained from T.M. Price D 2/1 10/1 n.d.

SRPN Siskiyou Rare Plants  s.n. (MO)
Nursery, Talent, OR
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3.5 road mi. SSE of

USA: Swanson Lake T.M. Price

Washington:  Wildlife Area o ? ? 8/3 5/2?2 2/1 71
h 270B (MO)

Lincoln Co. entrance along Seven

Springs Dairy Rd.

Rock Springs Rd.
(CR-140) 3 mi. E of
Wrightsville

USA: Georgia:
Johnson Co.

M. Ogburn 4 12 /

teretifolius (MO)

USA: North

Carolina: Butner Glade A. Weakley 13/ 3/3? 3/
2010 (NCU)

Granville Co.

Kaibab National
. USA: Arizona:  Forest, Williams T.M. Price
validulus Coconino Co.  Ranger District, S of 303 (MO) D D 171 412 n.d. 6/2
jct. FR-105 and 354

compressa AF194836

Cistanthe grandiflora 1,3) AF194842 AY042568

mucronulata AF194843

USA: Missouri:
St. Louis Cit

T.M. Price D

virginica Forest Park

Hectorella caespitosa DQ093963 DQ267197
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Montia diffusa 1) AF194848 —

Montiopsis cumingii ()] AF194850 —

5 mi. N of Juno at jct.
TX-163 and ranch
road 189

USA: Texas:

T.M. Price D
Val Verde Co.

Talinaceae Talinum aurantiacum 307 (MO)

Power Dam Janes-
USA: New Wallace Memorial
Mexico: Park, 0.1 mi. S of
Guadalupe Co. Santa Rosa city limit
on NM-19

polygaloides DQ855867 DQ855845

T.M. Price D
322 (MO)

(5)
fruticosum (5) DQ855865 DQ855844
paniculatum 1) AF194830 —

leaf sample ex M.
Ogburn ©)

grandiflora 1) AF194853
(1)

Talinella pachypoda D D

mundula AF194855 —

USA: Texas: along Hwy. 163 ca. T.M. Price D
Val Verde Co.  31.5mi. S of Ozona 306

Pereskia aculeata AF194852 AY042626

Anacampserotaceae Grahamia bracteata (1, 4) AF194846 AY015273
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Didiereaceae Calyptrotheca somalensis 1, 3) AF194839 AY042563
Ceraria fruticulosa 1) AF194841 —
Decarya madagascariensis 1, 3) AF194844 AY042574
Portulacaria  afra 1,3) AF194857 AY042637
Basellaceae Basella alba 1, 3) AF194834 AY042553
Ullucus tuberosus 1) AF194865 —
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APPENDIX 2. PRELIMINARY TAXONOMIC TREATMENT

Abstract—The genu$*hemeranthufkaf. (Montiaceae) is summarized, and a

preliminary taxonomic treatment of infrageneric taxa and species is\fgdse
Phemeranthubas traditionally been included in the gefiainumAdans. aJalinum
sect.Phemeranthysbut morphological and molecular evidence indicate that the two
groups are not closely related. Herein, two sections are recognized Rhgmeranthus
sect.Phemeranthuand sectEutmon Synonymies and brief descriptions are provided for
each species, with notes on putative undescribed species. An identification key is als
included. New nomenclatural combinations and species names included herein are not to

be considered as published but may be included in a later formal revision.

Taxonomic Overview oPhemeranthus—The genushemeranthufaf. has recently

been resurrected to accommodate the terete- to subterete-leaved &pEaiesim

Adans. (Portulacaceae sens. lat.) (Hershkovitz and Zimmer 1997; Kiger 2001; Ocampo
2002, 2003)Phemeranthuspecies, which are primarily found in temperate North
America, differ in numerous morphological features from the flat-ledaidumsens.

str., which are primarily from semi-arid subtropical and tropical regions dahNoid

South America and southern Africa. Morphological and molecular data cleaviytishb
Phemeranthuss not closely related tdalinumsens. str. (Carolin 1987; Hershkovitz

1993; Hershkovitz and Zimmer 1997, 2000; Applequist and Wallace 2001; Nyffeler and
Eggli 2010). Most terete-leavd@alinumspecies distributed in the United States and
Mexico, as well as a disjunct species from northern Argentina, have now beeerteghsf
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to PhemeranthugHershkovitz and Zimmer 1997; Kiger 2001; Ocampo 2002, 2003;
Nyffeler and Eggli 2010; Price and Ferguson In Press).

The traditional Portulacaceae is paraphyletic with respect to Caetaod
possibly Didiereaceae, Basellaceae, and Halophytaceae. To addr@ssdphyly,
multiple well-supported clades within Portulacaceae sens. lat. and allidiéd$a(ire.,
suborder Portulacineae) have now been recognized at the family level (AFIGIII
Nyffeler and Eggli 2010; Ocampo and Columbus 2010). Phylogenetic analyses using
nuclear (ITS) and chloroplastdhF, matK) DNA sequence data have shown that
Talinumsens. str. is more closely relatedPtartulacaand Cactaceae than to
Phemeranthuswhich falls within a clade of predominantly western North American taxa
(Hershkovitz and Zimmer 1997, 2000; Applequist and Wallace 2001; Applequist et al.
2006) that has been elevated to family level as Montiaceae (APG 11l 2¢@iB8lex and
Eggli 2010).Talinum Talinella Baill., and the monotypic taxohmphipetalum
Bacigalupo constitute the small family Talinaceae (Nyffeler and Eggli)2@hd
Portulacaceae sens. str. now comprises only the single BertutacalL. (APG Il 2009;
Nyffeler and Eggli 2010).

The type species &themeranthusvas first validly described by Frederick Pursh
in 1814 asTalinum teretifoliumPursh. Constantine Rafinesque had published the name
Phemeranthus teretifoliua 1808, but the name was invalid (hnomen nudum) because no
type was specified. Believing the new species to be sufficiently distomtfalinumas
to merit its own genus, Rafinesque validated the generic Raiemeranthusvhen he
published the combinatidd. teretifolius(Pursh) Raf. in 1814. In 1828, Augustin
Pyramus de Candolle describEalinumnapiformeDC., establishingalinumsect.
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Phemeranthuso accommodate it and teretifolium Believing thafl'. napiformealso
warranted its own generic ranking, Rafinesque published the combi&atiomon
napiforme(DC.) Raf. in 1833. Like much of Rafinesque’s work, the generic names
PhemeranthuandEutmonwere generally ignored by subsequent workers. Although
most authors followed De Candolle in treating the terete-leaves speGiasnasnsect.
Phemeranthusvon Poellnitz (1934) did not recognize any basis for maintaining this
sectional division in his monograph, the most recent &inum Numerous additional
terete-leaved species have been described since 1828; the most febentesanthus

piedmontanu$Vare, published in 2011.

Characteristics oPhemeranthusand Talinum—

Overall,Phemeranthugs characterized by terete to subterete leaves; a slender,
wiry, scape-like peduncle (reduced in some species); and pantocolpate pollen. Each of
these traits may be found in other Portulacaceous genera, but they areawrntalyed in
one genusPhemeranthuslso possesses a trait that is unique among Portulacineae, a
funicular aril or pellicle (a thin, chartaceous membrane) covering the seed.

The flowers open at a particular time of day (which varies among species and
populations but is usually in the afternoon) and remain open for only one or a few hours
on a single day. These ephemeral flowers are probably the basis of the name
Phemeranthuand of some species’ vernacular names, such as “fameflower”. The Greek
“phimi” (¢mun) + “anthos” @voog) literally means “fameflower”. Rafinesque may have
meant to combine “anthos” with the Greek “ephimerashfiepog), which is equivalent

to the English “ephemeral’. “Fameflower” is often mistakenly transfdrmt
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“flameflower” in horticultural literature. Other vernacular namesHbemeranthus
species include “rockpink”, “rockrose”, “sandpink”, and “sunbright”.
PhemeranthuandTalinumshare several traits that can be considered typical of
Portulacineae in generdlheyare primarily succulent, herbaceous perennials (sometimes
suffrutescent, becoming woody with age) with fleshy, tuberous taproots. Their
inflorescences are cymose, and each flower is subtended by a pedicel, usbhalpaw
of reduced bracts at the base. The flowers have two foliaceous or scariousastially (
sepaloid bracts), which may be deciduous or persistent in fruit, and usualletale p
(tepals). The number of stamens ranges from equal to the petals up to 60 or more. The
slender style is topped by three short, spreading to capitate stigmas. Tharé&uit
unilocular, three-valved capsules that dehisce longitudinally and often ciissiledg at
the base. The seeds are reniform with coiled embryos and borne on free-cergrahplac
Despite these shared traitglinumandPhemeranthuare highly distinct. In
Phemeranthughe palisade mesophyll extends all the way around the leaf (see Ocampo
and Columbus 2010, Fig. 5H), and the midvein is not externally visible. The leaves are
sometimes slightly dorso-ventrally compressed, and young leaves that have bee
appressed in winter buds may be nearly planar adaxially with angular @lgbaped in
cross-section). However, there is no defined lateral margimumspecies possess
flattened leaves with palisade mesophyll only on the adaxial side. Althouglathmsn
may be revolute, particularly under drought conditions, at least the midvein is
prominently visible.
Phemeranthusapsules are usually held erect or nearly so (rarely pendent) and
dehisce basipetally. The valves persist briefly after dehiscence ensgmuies and

151



disintegrate upon maturity in others. The endocarp and exocarp are not diffedentiat
The seeds are enclosed by a chartaceous membrane of funicular oridici€"pel
Talinumcapsules are pendent to horizontal on curved pedicels and dehisce acropetally.
The exocarp and endocarp are differentiated and sometimes separate at.naguiri

seeds are strophiolate but lack an investing pellicle.

Phemeranthuspecies are found primarily in North America, with a center of
diversity in the southwestern United States and northern Mexico. East of the Rocky
Mountains, the range of the genus extends across the Great Plains to the Mississippi
River and north to the Dakotas. Across the Mississippi Embayieemeranthus
species are found in the Central Basin of Tennessee; in the Piedmont of Alabama,
Georgia, and the Carolinas; and in Appalachian shale and serpentine barrens north to
Pennsylvania. Two species are located in the inland Northwest, on the Columlaa Plate
and in the Okanagan region extending into British Columbia, Canada. The genus’ range
in Mexico extends south to the Isthmus of Tehuantepec. One species is disjunct in the
southern Andes, in the Puna region of northern Argentina and southern Bolivia.

Fameflowers typically grow on shallow substrates over exposed rock onKiatroc
glades, ledges, hilltops, and cliffs. These habitats are characteyibgtidun, mineral-
based soils with little organic matter, and reduced competition from surrounding
vegetation. The genus is unknown from coastal regions, except for sandy hills atong par
of the Texas Gulf Coast around Galveston Island.pl&ets are active during warm
weather, usually dying back to a shallowly subterranean tuber, rhizome, or clamihgx

the winter and resuming growth after spring rains (in the midwesterroattteastern
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United States) or after summer rains (in desert climates). They afg drgught-
resistant and may remain dormant in particularly dry years.
Although they are among the most charismatic summer-flowering plantsrof thei
patchy, xeric rock-outcrop and sand-barren habiRitemeranthuspecies have long
been taxonomically confusing and commonly misidentified in herbaria. Thisutlyfis
due in part to the poor preservation of many herbarium specimens; the succulent leaves
and stems, ephemeral flowers, and stout, tuberous roots or rhizomes tend to dry poorly,
and few sheets preserve the necessary combination of vegetative, flarednfiiseed
characters for confident identification. Leaves in pressed herbariummgpescoften
appear to have translucent lateral margins, and some species have bd@&miyista
described as having flat, marginate leaves. Indeed, Greene (1912) puttiesshadhe
Talinum marginatunf= Phemeranthus parvulusee below) based upon such an error.
Several fameflower species are quite attractive and have long beenlgrow
succulent-plant fanciers and rock gardeners. Today, Btraeeranthuspecies are
increasingly popular in native-species-based, water-conservativengay@ad green-
roof plantings (e.g., Getter et al. 2009; Dvorak 2010). Therefore, it is criticadlvee

the confusion surrounding the taxonomy of and species identification within this genus.

Infrageneric Classification ofPhemeranthus—
Phemeranthusan be divided into two well-defined sections (Clades 1 and 2 in
CHAPTERII), sect.Phemeranthuand sectEutmon These sections are morphologically
and geographically distinct. Members of s&ttemeranthuare found predominantly in
the United States, extending into northern Chihuahua, Coahuila, and Sonora, Mexico, and
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southern British Columbia, Canada. The plants are distinctly caulescent, wathally
visible internodes. They may have long, tapering, tuberous taproots; narrowtyrmapif

or branching tuberous rootstocks; thickened, branching rhizomes, or amorphous, often
shallowly subterranean, perennial caudices. The flowers range from wbitghhgink

to magenta. In most species, the fruit valves persist for some time aftecetad@d. The
seed testa is nearly smooth in most species, with a pattern of low convexhmsglal

the pellicle may be wrinkled.

Members of secEutmonare found predominantly in northern and central
Mexico, extending into Arizona and New Mexico, U.S.A., and with a disjunct species in
northern Argentina. The plants appear acaulescent, with the leaves formirad) a bas
rosette. The rootstock is always tuberous, sometimes napiform, but often globose. The
flowers are typically yellow, though some species have white flowers. Uit fr
normally disintegrate at maturity. The seed testa exhibits a serased concentric

ridges, although these may be obscured by the pellicle.

Synonymy and Descriptions of Infrageneric Taxa and Speeies

PhemeranthusRaf. TYPE: Phemeranthuseretifolius(Pursh) Raf., Specchio delle

Scienze 1: 86, 1814.
Phemeranthufaf., nom. nud., Medical Repository 5: 350, 1808.
LitanumNieuwl. TYPE:Litanum parviflorum(Nutt.) Nieuwl., American Midland

Naturalist 4: 90, 1915.
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Talinumsect.PhemeranthugRaf.) DC., Prodromus Systematis Naturalis Regni
Vegetabilis 3: 357, 1828.

EutmonRaf. TYPE:Eutmon napiforméDC.) Raf., Atlantic Journal 177, 1833.

Phemeranthussect.Phemeranthus stat. nov.

Perennial stems generally short and subterranean (aboveground and suffrutescent
in P. spinescenandP. sediformi} borne atop a thickened rootstock. Annual stems erect
or prostrate, usually with visible internodes (compressed internodes cahogddaves
in P. brevifoliusandP. sediformis Leaves terete (or somewhat dorso-ventrally
flattened), generally crowded on lower stems, spreading to ascendinguglaind often
glaucous. Inflorescences cymose, appearing terminal or axilEmgrally with wiry,
scape-like peduncles (subsessil®irbrevifoliug; many-flowered dichasia or single- to
few-flowered reduced cymes, erect or sprawling and usually well exceédihgight or
spread of the leafy stems. Stamens 5 (4-8) to 60+. Distributed from northern Mexico t

southern British Columbia and from the Rocky Mountains to the Carolina Piedmont.

Phemeranthus brevicauli¢S. Watson) Kiger, Novon 11(3): 319, 2001.
Talinum brevicaulé&. Watson, Proceedings of the American Academy of Arts
and Sciences 21(2): 446, 1886. TYPE: Mexico, Chihuahua, Santa Eulalia
Mountains, 20 May 188%;. G. Pringle 2gholotype, GH not seen;

isotype, US).
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Talinum pulchellunwWooton & Standl., Contributions from the United States
National Herbarium 16(4): 121, 1913. TYPE: U.S.A., New Mexico,
Queen, 2 Aug 190%. O. Wooton s.r(tholotype, US).
Talinum eximiunA. Nelson, American Journal of Botany 18(6): 431, 1931.
TYPE: U.S.A., New Mexico, Carlsbad Caverfss,Convis 5@holotype,
RM).
Talinum youngia€. H. Mull., Torreya 33(6): 148-149, 1933 [&&0ungal.
TYPE: U.S.A., Texas, Cat Tail Cafon, Chisos Mtns., 6 July 103K,
Muller 8571 (holotype, NY ex TEX; isotype, F not seen).
SHOWY FAMEFLOWER
Plants spreading to ascending; stems stout, branched, sometimes woody. Roots
often highly branched, fusiform, fleshy, woody. Leaves 10-30 mm long, upturned, acute;
lower leaves often awl-shaped. Inflorescences 1- to several-floweradseyon short
(5—-15 mm) peduncles. Sepals broadly lanceolate, acuminate, often reflexed at tips,
persistent in fruit, exceeding the capsules. Petals large, showy (10-16ghtrpink to
magenta. Stamens ca. 20, usually shorter than style. Stigma subcapitate. Capsules
football-shaped, 5—7 mm long. Seeds smooth, ca. 1 mm 2nde24 (Ward and
Spellenberg 1986). Chihuahuan desert, grassland, and open woodland, ca. 1500-3000 m,
on limestone and igneous substrates; New Mexico, trans-Pecos Texas, northerlaCoahui

and Chihuahua.

156



Phemeranthus brevifoliugTorr.) Hershkovitz, Taxon 46(2): 222, 1997
Talinum brevifoliunilorr., in Sitgreaves, Report of an Expedition down to the
Zuni and Colorado Rivers 156, 1853. TYPE: U.S.A., Arizona, Camp No.
6 on the Little Colorado [River], 29 Sep 18%&lW. Woodhouse s.n.
(Holotype, NY).
Talinum brachypodurs. Watson, Proceedings of the American Academy of Arts
and Sciences 20: 355, 1885. TYPE: U.S.A., New Mexico, Laguna Pueblo,
July 1884 Mr. & Mrs. J.G. Lemmon s.ifHolotype, ?)
Claytonia brevifolia(Torr.) Kuntze, Revisio Generum Plantarum 1: 57, 1891.
CANYONLANDS FAMEFLOWER, PYGMY FAMEFLOWER
Plants spreading, often mat-forming; stems branched, sometimes woody. Roots
elongate, often highly branched, woody. Leaves subterete, usually somewhsdlatte
blunt, crowded along stems, upturned and concealing internodes, usually glaucous and
reflective. Inflorescences 1- or occasionally 2—3-flowered, appearbsgssile. Sepals
orbicular to ovate, deciduous. Petals obovate, 8—12 mm, rose pink to magenta, sometimes
smaller and creamy white. Stamens ca. 20-25, usually much shorter than style3Stigma
lobed, the lobes spreading. Capsules globose to ellipsoid, 3—4 mm long. Seeds smooth,
usually appearing gray, ca. 1 mm wide. Colorado Plateau, ca. 1500-2200 m, in shallow
deposits of fine sand overlying sandstone slopes and ledges; southeastern Utah,
northeastern Arizona, and northwestern New Mexico.
Plants from calcareous substrates in central New Mexico are largegetative
and floral proportions and have been describedl dsachypoduns. Watson. With
further study, this entity may merit specific recognition, which would neasss
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publication of the combinatioRhemeranthus brachypodus population from shallow
clay soil over conglomerate rock north of Reserve, Catron Co., New Mexico iseport
to have exceptionally long, slender rhizomes and shiny black seeds and may als® deser

recognition as a new species (D. J. Ferguson, pers. comm.).

Phemeranthus calcaricu¢S. Ware) Kiger, Novon 11(3): 320, 2001.
Talinum calcaricunt. Ware, Rhodora 69(780): 466-474, 1967. TYPE: U.S.A,,
Tennessee, Davidson Co., Mountain View School, 21 Aug 1268/are
215 (Holotype, US; isotypes, C not seen, SMS, UT not seen, VDB).
LIMESTONE FAMEFLOWER
Plants tall (to 25 cm), erect; stems stout, sparingly branched, arismg fr
amorphous, tuberous rhizomes at soil surface. Vegetative propagules produced on lower
stems in fall. Leaves terete, to 5 cm long. Inflorescences many-flowkohasial or
polychasial, sometimes appearing monochasial distally, on erect, wiky;&itared,
scape-like peduncles. Sepals ovate, persistent in fruit. Petals about 1/2 aslondg &s
10 mm, purplish pink. Stamens 25-45, ca. 3/4 length of style. Stigma 3-lobed, the lobes
nearly erect. Capsules ovoid, 4-6 mm long. Seeds smooth, appearing gray, ca. 1.2 mm
wide.2n = 48. Central Basin of Tennessee, ca. 100-400 m, shallow soil on limestone
cedar glades; central Tennessee, northern Alabama, extreme southerkyKentuc
This species is similar #®. calycinudrom eastern Missouri, and molecular and
cytological evidence indicates that it is derived from that species byaamoidy

(Murdy and Carter 2001).
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Phemeranthuscalycinus(Engelm.) Kiger, Novon 11(3): 320, 2001.
Talinumcalycinumengelm., in F.A. Wislizenus, Memoir of a Tour to Northern
Mexico: connected with Col. Doniphan's Expedition in 1846 and 1847:
88, 1848. TYPE: U.S.A,, [Kansas or Oklahoma], in sandy soil on the
Cimarron [River], June 1846&.,.A. Wislizenus s.rfholotype, MO).
Claytoniacalycina(Engelm.) Kuntze, Revisio Generum Plantarum 1: 57, 1891.
LARGE-FLOWEREDFAMEFLOWER, OZARK FAMEFLOWER, ROCKPINK
Plants usually tall (to 40 cm), erect; stems stout, sparingly or denselyédanc
arising from amorphous, shallowly subterranean tuberous rhizomes; horizontally
branching rhizomes near the soil surface; or deeply buried fusiform tubapooets.
Leaves terete, to 7 cm long. Inflorescences many-flowered, dichasial ohasis,
sometimes appearing monochasial distally, on erect, wiry, straw-coloegub-Eke
peduncles. Sepals ovate to sub-triangular, persistent in fruit. Petals 10-15 mbritgirtg,
pink to dark magenta. Stamens 25-45, from about 1/2 to nearly equal the length of the
style. Stigma 3-lobed, the lobes variously spreading or subcapitate. Capsule® ovoid t
globose, 4-7 mm long. Seeds smooth, appearing gray or black, ca. 1 mranwid,
48. Great Plains and Interior Highlands, ca. 100-1200 m, sandhills or shallow soil on
usually non-calcareous rock outcrops and glades; Colorado south to Texas and east to the
Mississippi River (with isolated occurrences in western lllinois).
Most populations are diploid, while some are tetraploid. Autotetraploidy in
easterrP. calycinusprobably gave rise tB. calcaricus(Murdy and Carter 2001), and

certain populations in northern Arkansas closely resemble the latteesgi€igjer 2003).
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Populations on limestone and dolomite substrates in southwestern Missouri and eastern
Kansas may have a similar origin (Reinhard and Ware 1989).

As presently recognized, this species is highly variable and taxonomically
confusing. Plants from sandhill areas of the Great Plains in Colorado, New Mexico,
Texas, Oklahoma, Kansas, and Nebraska possess thick, elongated, fusiform tuberous
taproots and lack shallow rhizomes or caudices. They tend to have longer leaves, taller
and thicker peduncles, and (often dramatically) larger flowers, which magdyarit (D.

J. Ferguson, pers. comm.). The sepals appear thickened and scarious in fruit. Titese pla
correspond to the type specimen and could be consiBeilycinussens. str.

Plants from the Ozark and Boston Mountains in northern Arkansas, southern
Missouri, eastern Kansas, and northeastern Oklahoma are distinguished by highly
branched stems borne on amorphous, shallowly subterranean rhizomes or caudices;
secondary roots arising directly from the rhizome, without a tuberous tagxoet in
immature plants; and smaller, dark magenta flowers. Cultitedlycinuswhich are
popular with native-plant gardeners and are attracting attention as goféen-r
components, belong to this group. As a putative segregate species, these plantsrhave be
informally calledPhemeranthus ozarkensisut no name has yet been published.

Plants from the Ouachita Mountains of west-central Arkansas and adjacent
Oklahoma resemble. mengesiin having subcapitate to short-lobed (rather than
distinctly 3-lobed) stigmas and sepals that tend to be deciduous. These plartenare of
shorter in stature than othRr calycinusout may form dense clumps with many annual
stems arising from the thick, glossy, horizontal, branching rhizomes thathie sdit
surface. These populations may also merit recognition as a new species.
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Phemeranthusconfertiflorus (Greene) Hershkovitz Taxon 46(2): 222, 1997.

TalinumconfertiflorumGreene, Bulletin of the Torrey Botanical Club 8(11): 121,
1881. TYPE: U.S.A., New Mexico, Pinos Altos Mountains, 13 Sep 1880,
E.L. Greene s.nlectotype (first-step), Wooton & Standley, Contr. U.S.
Natl. Herb. 19: 233, 1915; (second-step), Holmgren, Brittonia 62: 266,
2010 (lectotype, NDG not seen; isolectotype, NY).

Talinumgracile J. N. Rose & Standl., nom. illeg. hom. [non Colla, 1833],
Contributions from the United States National Herbarium 13(8): 285,
1911. TYPE: Mexico, Chihuahua, “thin soil of granitic ledges; La Bufa
Mt. above Cusihuiriachic”, 31 Aug 188C,G. Pringle 119 holotype,

US; isotypes, MO, NY).

TalinumroseiP. Wilson, North American Flora 21(4): 287, 1932. nom. nov. for
Talinumgracile J. N. Rose & Standl.

TalinumgooddingiiP. Wilson, North American Flora 21(4): 287, 1932 [as
“Gooddingil]. TYPE: USA, Arizona, Greenlee Co., Boyle’s, San
Francisco River, 5 Aug 191P,N. Goodding 1282holotype, NY)

Talinum fallaxPoelln., Berichte der Deutschen Botanischen Gesellschaft 51(2):
113, 1933. SYNTYPES: USA, New Mexico, Sierra Co., Rab’s [Robs]
Canyon, s. end of Black Range, 6500 ft., 20 Aug 190B, Metcalfe
1238(NY); USA, ArkansasH.K. Beyrich s.n(not seen)

Rocky MOUNTAIN FAMEFLOWER, SUNBRIGHT
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Plants 5-25 cm tall, rarely taller, erect; stems short, slender, ggdsranched,
arising from an elongated, fleshy taproot. Leaves usually tightly cldsswenetimes
flattened adaxially, 1-5 cm long. Inflorescences many-flowered, cauest erect,
wiry, straw-colored, scape-like peduncles; pedicels stout, usually greers Beyzally
ovate, acute to acuminate-cornate, usually dark purplish apically and stefteked,
often persistent in fruit. Petals 3.5—-7 mm long, white to pale pink. Stamens (4-)5(-10),
equal the length of the style. Stigma capitate or minutely 3-lobed. Capsulesmvoid t
oblong, often obtusely triquetrous, usually persisting for a short time afteceletes 3—

5 mm long. Seeds smooth, appearing dark gray, ca. 0.7-1 mm2wide8 (Ward and
Spellenberg 1986). Western Great Plains and southwestern grasslands to mountain
woodlands, ca. 1500-2700 m, shallow, sandy or rocky soils over usually non-calcareous
rock; southwestern South Dakota, eastern Wyoming, Colorado, central and southern
Utah, Arizona, New Mexico, trans-Pecos Texas, to central Chihuahua and nomtheaste
Sonora, Mexico.

This species has generally been treated as a synoriynpafviflorus(Nutt.)

Kiger, to which it is closely related. It is distinguished by its more cstede
inflorescences; pointed, often purple-tipped and reflexed sepals; grayishasekds
ploidy level [although tetraploiB. parviflorushas been reported from Arkansas (Steiner
1944)].P. confertiflorusoften grows sympatrically witR. brevicaulis P. brevifolius P.
calycinus andP. validulusand has been observed to hybridize ViAttvalidulusin

northern Arizona and central Utah. It also grows sympatrically withespet sect.

Eutmonin southern Arizona and New Mexico and northern Mexico.
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Plants of northern Mexico identified &alinum gracileor Talinum roseiare
distinguished by their massively thickened, highly branched, tangled, woodyarnabts
strongly reflexed, dark-striped sepals. Recognition as a separatesspecld necessitate

publication of the combinatioRhemeranthus rosei

Phemeranthudongipes(Wooton & Standl.) Kiger, Novon 11(3): 320, 2001.
Talinum longipesVooton & Standl., Contributions from the United States
National Herbarium 16(4): 120-121, 1913. TYPE: U.S.A., New Mexico,
Tortugas Mountain, 27 Aug 189&,0. Wooton s.rntholotype, US)
TORTUGASFAMEFLOWER
Plants 5-15 cm tall, erect; stems gracile, sparingly branched, grayesh, oft
clothed with stiff, spiny persistent leaf bases; arising from an denfysiform, woody,
sometimes branching taproot. Leaves 1-2.5 cm long, glaucous. Inflorescareres- s
flowered, cymose, on erect, scape-like peduncles. Sepals broadly orbicular, rdétsin pi
in color, deciduous. Petals pale pink, obovate, 4-5 mm long. Stamens 5 or 10, equal the
length of the style, the filaments bright pink, contrasting with the lightergp&agma 3-
lobed. Capsules subglobose, 2.5-4 mm long, often persisting after dehiscence. Seeds
appearing gray with pellicle intact, with strongly raised concentiges on the testa, ca.
1 mm wide. Chihuahuan Desert region, rocky limestone soils on slopes and ridges, ca.
1600-2000 m; north-central New Mexico and trans-Pecos Texas south to northern

Coahuila, Chihuahua, and Tamaulipas, Mexico.
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P. longipesspecimens are often misidentified as depauperate individugls of
parviflorus or P. confertiflorus However, living plants are easily distinguishable in

flower or fruit by their sepal and petal shape, stamen color, fruit shape, aad sieleds.

Phemeranthus menges{iW. Wolf) Kiger, Novon 11(3): 320, 2001.
Talinum mengesW. Wolf, American Midland Naturalist 6(8): 153-155, 1920
[as “Mengesil]. TYPE: U.S.A., Alabama, Cullman Co., cliff banks, Little
River, no dateyv. Wolf 1668holotype, SB transferred to AUA not seen).
MENGES FAMEFLOWER ORROCKPINK
Plants tall (to 40 cm), erect to spreading; stems stout, fleshy, branblovigy a
with usually multiple branches from a single point, arising from amorphous, fleshy t
woody rhizomes near the soil surface. Leaves to 8 cm long. Inflorescences apgh, m
flowered dichasia or polychasia, often appearing monochasial distallyg thte season,
on wiry, straw-colored, scape-like peduncles. Leaf clusters sometimestaéesodes of
inflorescence; vegetative propagules produced within the inflorescence in some
populations (Carter and Murdy 1986). Sepals ovate, 3—4 mm, deciduous in fruit. Petals
9-15 mm long, about 1/2 as wide as long, rose pink. Stamens (35-)45-60(-90), spreading
to erect. Stigma subcapitate, somewhat exceeding the stamens. Capsules syl&jidbos
mm long, disintegrating at maturity. Seeds black, ca. 0.8 mm @mde 24 (rarely 48).
Southern Appalachia and Piedmont, sandstone and igneous outcrops, glades, ledges, and
flatrocks; ca. 100-1000 m; northern and central Alabama and adjacent Tennessee,

Georgia, and Kentucky.
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This species sometimes grows in sympatry Witteretifolius an allotetraploid
species derived from hybridization betwdgrmengesiandP. parviflorus(Black and
Murdy 1972; Carter and Murdy 1985; Murdy and Carter 1985, 2001). Where the two
species are found together, the predominantly outcroBsingengesiexhibits

reproductive character displacement (Murdy et al. 1970; Carter and Murdy 1986)

Phemeranthus parviflorugNutt.) Kiger, Novon 11(3): 320, 2001.
Talinum parviflorumNutt., in J. Torrey and A. Gray, A Flora of North America
1(2): 197, 1838. TYPE: U.S.A., Arkansas, on rocks, no datduttall s.n.
(possible isotypes or syntypes, K, image seen).
Claytonia nuttallianaKuntze, Revisio Generum Plantarum 1: 57, 1891. nom. nov.
meant to replac®. parviflorumNutt. [as T. parvifoliumNutt.”, sic] under
Claytonia The nom. nov. was meant to avoid homonymy @ildwytonia
parvifolia Mogifio, althougiClaytonia parviflorawould actually have
been a homonym @laytonia parvifloraDouglas ex Hook., 1832.
Litanum parviflorum(Nutt.) Nieuwl., American Midland Naturalist 4: 90, 1915.
Talinum appalachianur#/. Wolf, American Midland Naturalist 22(2): 319-320,
1939.
SUNBRIGHT, SMALL -FLOWERED FAMEFLOWER, PRAIRIE FAMEFLOWER
Plants 5-20 cm tall, rarely taller, erect; stems slender, simplewching, arising
from an elongate, fusiform, fleshy taproot. Leaves 2—7 cm long. Infloressanany-
flowered dichasia or polychasia on wiry, straw-colored, scape-like pedundélpe
generally slender and straw-colored. Sepals ovate, blunt to acute, usugljeeatlious.
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Petals 4—-7 mm long, light to dark pink. Stamens (4-)5(-12), equal the length of the style.
Stigma capitate or 3-lobed, the lobes triangular. Capsules ellipsoid or owaltbhg,
disintegrating promptly at maturity, 3—5 mm long. Seeds smooth, appearing dark brown
to black, ca. 0.6-0.9 mm wid2n = 24 [rarely 48 (Steiner 1944)]. Eastern Great Plains
and Interior Highlands west of the Mississippi, and southern Appalachia in central
Alabama, ca. 0-1500 m; sandy barrens or rocky soils over non-calcareous rock in dry
grasslands, rock outcrops, glades, and ledges; central Texas north to soatheater
Dakota west to the Mississippi River, with populations also in southern lllinois and in a
small area of Central Alabama.

Across its wide rang®,. parviflorusoften grows sympatrically witR. calycinus
sens. lat. and in close proximity Bo rugospermuandP. mengesiilt is one of the
diploid parents of the allotetraploRl teretifolius along withP. mengesi(Black and
Murdy 1972; Carter and Murdy 1985; Murdy and Carter 1985, 2001), and it likely has

also hybridized withP. calycinusn some areas.

Phemeranthus piedmontanuS. Ware Journal of the Botanical Research Institute of
Texas 5(1): 1-7, 2011. TYPE: U.S.A., Virginia, Franklin Co., Bald Knob,
Rocky Mount, 1 Aug 200%C. Ludwig 505X holotype, UNC).
PIEDMONT FAMEFLOWER
Plants tall, erect; stems usually several, stout, fleshy, branching,aby®ing
from rhizomes near the soil surface; mature rhizomes usually multi-le@ficim a
central point, each branch giving rise to one or two stems in spring. Vegetative
propagules apparently not produced. Leaves to 4 cm long. Inflorescences onaeredi,
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cymose, on wiry, scape-like peduncles. Sepals deciduous in fruit. Petals 6-10 mm long,
more than 1/2 as wide as long, purplish pink. Stamens 20-35(-42), 2/3 to 3/4 length of
style, mostly erect. Pollen orange. Stigma subcapitate. Capsules ovoid to obe%oid, 3
mm long. Seeds smooth, black, ca. 0.6 mm wide. Piedmont of southern Virginia and
northern North Carolina, shallow soil on mafic and ultramafic rock outcrops orsglade

P. piedmontanuandP. teretifoliusco-occur at one site in North Carolina.

Phemeranthus rugospermu@olz.) Kiger, Novon 11(3): 320, 2001.
Talinum rugospermurHolz., Asa Gray Bulletin 7(6): 117, 1899. TYPE: U.S.A,,
Wisconsin, Trempealeau Prairie, July 1888). Holzinger s.n(holotype,
WINO transferred to MIN not seen); TOPOTYPES: U.S.A., Wisconsin,
Trempealeau Prairie, July 1897, Aug 1899/. Holzinger s.n(MO)
ROUGH-SEEDEDFAMEFLOWER, SAND-PRAIRIE FAMEFLOWER, SANDPINK
Plants tall (up to 30 cm), mostly erect; stems stout, fleshy, simple or brgnchi
arising from long, fleshy, tapering taproots. Leaves to 6 cm long. Infloressenany-
flowered, cymose, on stout, wiry, scape-like peduncles. Sepals broad, ovate and usually
tapering apically, deciduous or sometimes persistent in fruit. Petals 648ngnoften
acute or mucronulate, pale to bright pink, usually mottled light pink. Stamens 12-28,
equal to length of style. Stigma strongly 3-lobed, the lobes linear and wjtelgding.
Capsules globose, 4-5 mm long. Seed testa smooth but seeds appearing bluish-gray and
corrugate-rugulose due to wrinkled pellicle, ca. 1.2 mm wide. Usually found oaraeoli
sand barrens or sandy pockets derived from sandstone outcrops, but also on thin soils
over igneous and metamorphic outcrops at the northern limits of its range (Cochrane
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1993); Driftless Area of Wisconsin, Minnesota, lllinois, and northern Indiana; sandy
prairies in central Nebraska, central Kansas, south-central Oklahortesn&asxas, and
western Louisiana.

This species has a wide but patchy distribution, with its largest area of
concentration in the Upper Midwest. It has apparently been extirpated at numerous
former localities in Indiana and lllinois but was only recently discovered inhOkia
and may also be present in Missouri and/or Arkansas. Older specimens in herbaria are
often identified a®. teretifoliusor P. parviflorus but the former species can be ruled out
by distribution alone, anB. rugospermuss easily distinguished frofa. parviflorusif

seeds or well-preserved flowers are present.

Phemeranthus sediformigPoelln.) Kiger, Novon 11(3): 320, 2001.

Talinum sediformé&oelln., Berichte der Deutschen Botanischen Gesellschaft
51(2): 113-114, 1933. TYPE: Canada, British Columbia, Seme-ke-mele
[Similkameen] River, 49°N, 15 July 1851,Jeffrey 17{Holotype, B?;
isotype, K image seen).

Talinum okanoganendenglish, Proceedings of the Biological Society of
Washington 47(35): 191-192, 1934. TYPE: U.S.A., Washington,
Okanogan Co., Fir Mountain, 28 May 1983S. English 1738Holotype,
?)

Talinum wayad-astw., Leaflets of Western Botany 1(12): 139, 1934 [as
“Wayaé]. TYPE: Canada, British Columbia, Mount Baldy near
KamloopsMrs. A. E. Way s.{Holotype, CAS not seen).
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OKANAGAN FAMEFLOWER

Plants low, caespitose, mat-forming; stems spreading, highly branched,
suffrutescent, bearing persistent, dense, bristlelike remnants of old la@siag, feom
elongate, branching, woody roots. Leaves grayish-green, subterete, bluny apsceally
less than 1 cm long, attenuate at the base, crowded along stems and concealing the
internodes. Inflorescences multi-flowered, cymose, on slender, sprawlipg;lgdea
peduncles. Sepals ovate, early deciduous, 2-4 mm long. Petals 6—-8 mm long, creamy
white, sometimes light pink. Stamens 15, yellow, shorter than the style. Stigma
subcapitate. Capsules globose, often trigonous, 3—4 mm long. Seeds smooth, ca. 1 mm
wide. Barren, rocky slopes and ledges, 1000-2000 m; Okanagan region of north-central
Washington and southern British Columbia, Canada.

P. sediformiss a highly attractive plant and is well established in the commercial
rock-garden trade. A cultivar known as “Zoe”, of unknown origin, may be a hybHd of
sediformisx P. spinescendt differs from typicalP. sediformisn having darker purplish-
pink flowers, longer and more erect peduncles, and longer and darker greetHatves

are more pointed apically.

Phemeranthus spinescer{$orr.) Hershkovitz, Taxon 46(2): 222, 1997.
Talinum spinescernigorr., in C. Wilkes et al., United States Exploring Expedition
17(2): 250, 1874T. L.: Oregon & Washington.
Claytonia spinescendorr.) Kuntze, Revisio Generum Plantarum 1: 57, 1891.

CoLumBIA FAMEFLOWER, SPINY FAMEFLOWER
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Plants succulent, long-lived subshrubs; stems highly branched, suffrutescent,
bearing persistent, spinelike remnants of old leaves, arising from elobigatehing,
woody roots. Leaves dark green or often red when stressed, acute apically, up to 2.5 cm
long, attenuate at the base. Inflorescences many-flowered, cymosé (tmn2@lcm),
stout, erect, scape-like peduncles. Sepals ovate, deciduous or persistentaa. fBuim
long. Petals 8-10 mm long, pale pink to magenta. Stamens 20-30, ca. 1/2 to 2/3 length of
the style. Stigma subcapitate. Capsules ovoid to globose, ca. 5 mm long. Seeds smooth,
ca. 1.2 mm wide. Columbia Plateau; fine, shallow soils on basaltic cliffs, |ledgesyck

pans, ca. 700—1100 m; east-central Washington and adjacent northern Oregon.

Phemeranthus teretifoliugPursh) Raf., Specchio delle Scienze 1. 86, 1814.
Talinum teretifoliunPursh, Flora Americae Septentrionalis 2: 365, 1814. TYPE:
USA, Delaware and Virginia, on sunny rocks, J@lg.n.(Holotype?)
Phemeranthus teretifoliuRaf., nom. nud., Medical Repository 5: 350, 1808.
Talinum trichotomunDesf., Tableau de I'Ecole de Botanique 166, 1804.
Talinum ciliatumLindley, nom. illeg., Edwards's Botanical Register 29: pl. 1,
1843.
Claytonia teretifoliakuntze, Revisio Generum Plantarum 1: 57, 1891.
FAMEFLOWER, ROCKPINK, FLOWER-OF-AN-HOUR
Plants tall (up to 50 cm), erect; stems stout, fleshy, simple or branchimgg aris
from amorphous, tuberous rhizomes at the soil surface. Vegetative propagulesgroduce
on lower stems in fall. Leaves to 6 cm long. Inflorescences many-flowsradse, on
stout, wiry, scape-like peduncles. Sepals elliptic to ovate, early deciduousn8iehm
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Petals 5—7 mm long, about 1/2 as wide as long, magenta. Stamens 12-20, as long as style,
erect. Stigma 3-lobed, the lobes often indistinct. Capsules subglobose, 4-5 mm long.
Seeds smooth, black, ca. 0.8 mm wizie= 48. Piedmont and Appalachians; thin soll
overlying sandstone, granitic, shale, and serpentine outcrops, ca. 200—1000 m; eastern
Alabama, Tennessee, and Kentucky; Georgia, North and South Carolina, Virgasia, W
Virginia, Maryland, Pennsylvania (also reported from Connecticut and Delawar

This speciesverlaps withP. mengesiin Georgia and eastern Alabama, and the
two species occasionally occur togethierteretifoliusis an allotetraploid hybrid species
derived fromP. mengesiandP. parviflorus both of which it has apparently displaced in
southern Appalachia (Murdy et al. 1970; Black and Murdy 1972; Carter and Murdy 1985;

Murdy and Carter 1985, 2001).

Phemeranthus validulugGreene) Kiger, Novon 11(3): 321, 2001.
Talinum validulunGreene, Leaflets of Botanical Observation and Criticism
2(12): 270, 1912. TYPE: U.S.A,, Arizona, Tusayan Forest Reservation, 11
Aug [type], 11 July [protologue] 191R.R. Hill s.n.(Lectotype, US).
Talinum thompsoniN.D. Atwood & S.L. Welsh, Great Basin Naturalist 45(3):
485-487, 1985. TYPE: U.S.A., Utah, Emery Co., Cedar Mountain, 19 July
1981,N.D. Atwood & R. Thompson 8088olotype, BRY:; Isotypes, NY,
RSA not seen, US).
Phemeranthus thompsoiiN.D. Atwood & S.L. Welsh) Kiger, Novon 11(3): 321,
2001.
TUSAYAN FAMEFLOWER, CEDAR MOUNTAIN FAMEFLOWER
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Plants spreading to ascending; stems stout, branching, sometimes decumbent
basally, arising from elongate, branched, woody tuberous roots. Leaves 10—&@gnm |
upturned, acute; lower leaves often awl-shaped. Inflorescences owiréld, cymose,
on wiry, scape-like peduncles (these sometimes reduced), slightly to subgtantia
exceeding the leaves. Sepals broadly lanceolate, acuminate, often refleped a
persistent in fruit, exceeding the capsules. Petals 7-9 mm long, white to light pink
usually paler abaxially. Stamens (6—)10-15(-20), shorter than style. Studprapitate
or 3-lobed. Capsules football-shaped, trigonous, 5—7 mm long. Seeds smooth, 1-1.2 mm
wide. Thin, rocky clay soil derived from chert, basalt, cinders, or conglomarate i
coniferous woodland openings and xeric shrub communities, ca. 1800-2500 m; central
Utah (Cedar Mountain) and northern Arizona.

This species is similar 1. brevicaulis differing in its smaller, lighter-colored
flowers, fewer stamens, and allopatric (more northern and western) distridtibften

grows sympatrically withP. confertiflorus and the two species are known to hybridize.

Phemeranthussect.Eutmon (Raf.) D.J. Ferguson stat. nov.BASIONYM: Eutmon

Raf., Atlantic Journal 177, 1833. TYPEhemeranthus napiform{®C.) G.

Ocampo, Acta Botanica Mexicana 59: 79, 2002.

Perennial stems mostly highly reduced, subterranean; plants appearing
acaulescent (stems well developed and plants caulesd@ntiexicanuandP.
oligospermuk Taproots tuberous, broadly napiform to globose, sometimes branching
below. Leaves terete, clustered in basal rosettes (clustered atBsta® inP. mexicanus
andP. oligospermugs Inflorescences cymose, borne on wiry, scape-like peduncles, erect
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or sprawling, sometimes well exceeding the leaves, sometimes borne tradeaves.
Flowers white to yellow; sepals deciduous; petals 5; stamens 5-10. Capsules ofte
trigonous, usually disintegrating at maturity. Seed testa with ramszentric ridges.
Distributed from southern Arizona and New Mexico south to Oaxaca and Puebla,

Mexico.

Phemeranthus humiligGreene) Kiger, Novon 11(3): 320, 2001.
Talinum humileGreene, Botanical Gazette 6(3): 183, 1881. TYPE: U.S.A., New
Mexico, Grant Co., Pinos Altos Mountains, 11 Aug 188Q,. Greene 217
(Holotype, NDG? not seen; isotypes, MO, GH image seen, K image seen).
Talinum greenmaniHarshb., Bulletin of the Torrey Botanical Club 24(4): 183—
184, 1897 [asGreenmanii]. TYPE: Mexico, Mexico (state), Sierra de
Ajusco, 31 Aug 1896C.G. Pringle 647ZHolotype, ?; Isotypes, MO, US,
NY).
PINOSALTOS FAMEFLOWER
Plants succulent, subacaulescent; stems subterranean, short, eregt, usuall
unbranched, arising from turbinate to globose, fleshy tuberous roots. Leluagsye
green, thick, up to 8 cm long. Inflorescences few- to several-flowered, cybuose,
among the leaves and not exceeding them in height. Sepals ovate, deciduous, ca. 3 mm
long. Petals ca. 4 mm long, yellow. Stamens 5-8. Stigma subcapitate. Cajpipdesl
to globose, sometimes trigonous, 4-6 mm long. Seeds with strong concentric ridges, ca. 1
mm wide. Thin, rocky soil in open mid-elevation habitats, ca. 1600-1800 m;
southwestern New Mexico and south-central Arizona south to central Chihuahua,

Mexico.
173



According to D. J. Ferguson (pers. commalinum greenmanis distinguished
by occasionally having lobed leaf bases, fewer-flowered inflorescemsasyoth seed
pellicle that partly obscures the ridged testa, and a napiform (vs. globos®)ttdt also
occurs at higher elevation, in gravel scree on steep pine-forested slopes. ¢imerspe
are available however. Recognition of this entity as a separate species vwagslsitate

publication of the combinatioRhemeranthus greenmanii

Phemeranthusmexicanus(Hemsl.) G. Ocampg Acta Botanica Mexicana 59: 77, 2002.
Talinum mexicanurilemsl., Diagnoses plantarum novarum vel minus
cognitarum Mexicanarum et Centrali-Americanarum 2: 23, 1879. TYPE:
Mexico, “in regione San Luis Potosi”, 1800-2400 m, 1&78C. Perry &
E. Palmer 69Holotype, K image seen; Isotype, MO)
ClaytoniamexicanaHemsl.) Kuntze, Revisio Generum Plantarum 1: 57, 1891.
MEXICAN FAMEFLOWER
Plants caulescent, 4-10 cm tall; stems slender, erect, branched, mostly 2-5 cm
long, smooth grayish to brown and exfoliating slightly with age, clothed with stiff
needle-like remnants of old leaves. Proximal portion of roots elongated, slend@r, 2.5
cm long, simple or branched; distal portion of roots tuberous, globose or fusiform,
clothed with thin, brown scales. Leaves clustered at the apex of each stem, 3—13 mm
long, acute, glaucous. Inflorescences several from each stem, erexdecyew- to
several-flowered, borne on slender peduncles up to 25 mm long. Sepals elliptic to
orbicular, obtuse, 1.8-2.5 mm long, deciduous; petals obtuse, 2.5-4 mm long, about 1/2
as wide as long, yellow to orange-yellow. Stamens 5. Stigma capitasul€globose to
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ovoid, 3—-3.5 mm long, dehiscing basipetally with valve tips recurving slightlgistiag

for some time if not disturbed. Seeds with concentric raised ridges, appadinieg r

smooth, the translucent pellicle not conforming to the ridges of the testa, ca. 0.6 mm
wide. Shallow, rocky soils in grassland openings surrounded by oak woodland on rhyolite

slopes, ca. 2300 m, San Luis Potosi and Queretaro, Mexico.

Phemeranthus multiflorugJ. N. Rose & Standl.) G. OcamppActa Botanica Mexicana
59: 79. 2002.

Talinum multiflorumJ. N. Rose & Standl., Contributions from the United States National
Herbarium 13(8): 285, 1911. TYPE: Mexico, Durango, Otinapa, 23 July—5 Aug E906,
Palmer 434(Holotype, US; isotype, NY).
MANY -FLOWERED FAMEFLOWER

Plants succulent, subacaulescent; stems subterranean, short, arisifigsingm
fusiform to globose tuberous roots. Leaves slender, usually under 3 cm long.
Inflorescences many-flowered, congested cymes on scape-like feesjepreading
beyond the leaves. Sepals deciduous, often with reddish coloration, ca. 2.5 mm long.
Petals 5—6 mm long, yellow. Stamens 5. Stigma subcapitate. Capsules ellipsogly st
trigonous, ca. 4 mm long, with purplish coloration along the sutures. Seeds strongly
ridged, the pellicle conforming to the testa. Sierras of Mexico; shallowy smils
overlying bedrock; Durango and Chihuahua, Mexico.

This species most closely resemlifepunaeof Argentina. However, it is poorly
known, and pressed specimens are often difficult to distinguishRrgrarvulus The

relationships of these species require further study.
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Phemeranthus napiformigDC.) G. Ocampq Acta Botanica Mexicana 59: 79, 2002.
Talinum napiforméC., Prodromus Systematis Naturalis Regni Vegetabilis 3:
357, 1828. LECTOTYPE: sheet 6331.0468 of the Sessé & Mocifio
expedition, Mexico, 1787-1803 [designated by R. McVaugh, 2000.
Botanical results of the Sessé & Mocifio expedition (1787-1803). VII. A
guide to relevant scientific names of plants. Hunt Institute for Botanical
Documentation. Pittsburgh, p. 446 of 626].
Eutmon napiforméDC.) Raf., Atlantic Journal 177, 1833.
Claytonia napiformigDC.) Kuntze, Revisio Generum Plantarum 1: 57, 1891.
Claytonia tuberos&essé & Moc. ex DC., nom. nud., Prodromus Systematis
Naturalis Regni Vegetabilis 3: 357, 1828.
Talinum palmeriJ. N. Rose & Standl., Contributions from the United States
National Herbarium 13(8): 284, 1911. TYPE: Mexico, Durango, Otinapa,
25 Jul-5 Aug 1906&. Palmer 43@Holotype, US; Isotype, MO, NY).
NAPIFORM FAMEFLOWER
Plants succulent, subacaulescent, 8—-15 cm or up to 40 cm tall; stems subterranean,
short, erect, one or several arising from each rootstock; tuberous root stout, napiform
with smooth, reddish bark exfoliating in thin sheets. Leaves 4-9 cm long, stout,
ascending. Inflorescences many-flowered, cymose, on tall, stravedpkmape-like
peduncles. Sepals broadly ovate to orbicular, obtuse to acute, ca. 3—4 mm long. Petals
white, 7-10 mm long. Stamens 5. Capsule oblong, slightly triquetrous, ca. 5 mm long.
Seeds gray, with raised concentric ridges. Madrean region; thin soil overrsyrfac
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bedrock in relatively level grasslands or open woodlands; Distrito Federal,douran
Guanajuato, Jalisco, Queretaro, Mexico (state), San Luis Potosi, and Zaddtedes.
As described by Rose & Standldy,palmeridiffers fromP. napiformisin
having larger leaves, taller peduncles, and greater floral dimensions. Howexemp©®
(Ocampo 2002) reports tht napiformistends to develop taller peduncles in the
northern part of its range and tiatnapiformisplants maintained in cultivation grow
larger than those in the field, approaching the size palmerispecimens. The
description ofT. palmeriwas based on greenhouse-maintained plants. Thpalmeriis
considered synonymous wikh napiformis However, D. J. Ferguson (pers. comm.) has
cultivated typicalP. napiformisalongside plants from the palmeritype locality, and
reports that the overall difference in size is maintained under these conditi@usdfe
also observes that the larger white flower3 gbalmeriare nocturnal, a unique trait in
the genus, while those Bt napiformisopen in the afternoon. T. palmeriis indeed a

separate species, it would require publication of the combin@tiemeranthus palmeri

Phemeranthus oligospermu@randegee) G. OcamppActa Botanica Mexicana 63: 56,
2003.
Talinum oligospermurBrandegee, Zoé 5(11): 245, 1908. TYPE: Mexico, Puebla,
Cerro de la Yerba, July 190C,A. Purpus 2518Holotype, UC image
seen; Isotypes, MO, NY, US).
PUEBLA FAMEFLOWER
Plants caulescent; stems numerous, slender, highly branched, whitish, clothed
with persistent dried leaf bases, arising from subglobose fleshy tubeotsisLieaves
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short, usually less than 1 cm. Inflorescences several, multi-floweredseyion

spreading, scape-like peduncles. Sepals oblong to ovate, purplish, ca. 2.5 mm. Petals 4-5
mm long, yellow. Stamens 5. Stigma subcapitate. Capsules obtusely triquetroush purpl

ca. 3 mm long. Seeds with raised concentric ridges. Tehuacan-Cuicatlan Valle

locally abundant in oak forest and thorn scrub vegetation, 20002600 m; endemic to

Oaxaca and Puebla, Mexico.

Phemeranthus parvulugJ. N. Rose & Standl.) D.J. Ferguson & T.M. PriceNovon
[in press], 2012.
Talinum parvulund. N. Rose & Standl., Contributions from the United States
National Herbarium 13(8): 283, 1911. TYPE: Mexico, Durango, Otinapa,
July 25—-Aug 5, 190&;. Palmer 451 holotype, US; isotypes, GH not
seen, K image seen, NY).
Talinum marginatunGreene, Leaflets of Botanical Observation and Criticism
2(12): 270-271, 1912. TYPE: Mexico, Nayarit, Sierra Madre near Santa
Teresa, Tepic, 12 Aug 189F.N. Rose 222(holotype, US).
Phemeranthus marginat&reene) Kiger, Novon 11(3): 320, 2001.
BOTTLE-LEAF FAMEFLOWER
Plants diminutive, succulent, subacaulescent; stems subterranean, short, erect,
unbranched, arising from fleshy tuberous roots. Leaves strongly narroweloeddwor
mid-length, appearing petiolate, the apex rounded, 1-5 cm long. Inflorest®ncés
several-flowered, cymose, on scape-like peduncles; at least the lowess fhmuee
among the leaves but mature inflorescences exceeding the leaves. Sepals broadly
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lanceolate to ovate, deciduous, 2—3 mm long. Petals 3-5 mm long, yellow. Stamens 5.
Stigma subcapitate. Capsules ellipsoid, sometimes trigonous, ca. 3 mm longvieeds
raised concentric ridges, ca. 1 mm wide. Madrean region; thin, rocky soil on shopes a
ridges, ca. 1900-2200 m; southeastern Arizona and Chihuahua, Durango, Hidalgo,

Jalisco, Nayarit, Sonora, and Zacatecas, Mexico.

Phemeranthus punaéR.E. Fr.) Eggli & Nyffeler, Taxon 59(1): 240, 2010.
Calandrinia puna€R.E. Fr., Nova Acta Regiae Societatis Scientiarum
Upsaliensis, ser. 4, 1(1): 149, 1905. TYPE: Argentina, Jujuy, Santa
Catalina, date? # (Holotype ?not seen).
Talinum punad€R.E. Fr.) Carolin, Parodiana 3(2): 331, 1985.
PUNA FAMEFLOWER
Plants succulent, subacaulescent; stems subterranean, short, arisifigsingm
fusiform to globose tuberous roots. Leaves usually under 3 cm long. Inflorescences
many-flowered, congested cymes on scape-like peduncles, sprawling beyorad¢ise le
Sepals deciduous, often with reddish coloration, ca. 3 mm long. Petals 3—4 mm long,
yellow. Stamens 5. Stigma subcapitate. Capsules ellipsoid, trigonous, ca. 3-4 mm long.
Seeds appearing smooth, testa ridges only slightly raised and obscured ke pellia
region of southern Andes; shallow, gravelly soils and soil pockets overlying rock or in
cracks of rocks along ridgetops or benches at high elevation (ca. 3500 m);morther
Argentina (Catamarca, Jujuy, La Rioja, Salta, Tucuman) and southern Bobtasi(&nd

Tarija).
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Key to Sections and Currently Recognized Speeies

la. Leaves not terete (though may be narrowly linear and/or revolute); siledstw

investing pellicle— Talinum (not included here)

1b. Leaves terete; seeds enclosed by membranous pellicle (may beykddg away)—

Phemeranthus (2)

2a. Taproot fusiform to napiform, not globose, or absent and plants rhizomatous or with
an amorphous subterranean caudex; plants strongly caulescent; flowers pink to

magenta or white— sect.Phemeranthus (3)

2b. Taproot tuberous, napiform to globose, at least distally; plants usually appearing

acaulescent; flowers yellow to orange or white—sect.Eutmon (16)

3a. Stems erect; leaves mostly over 2.5 cm long, not concealing internodes;
inflorescences mostly over 5 cm long, usually appearing terminal, el@ty; m

flowered, with the lowest flowers usually above the leaves— (4)

3b. Stems prostrate to procumbent; leaves mostly under 2.5 cm long, crowded along
stem, concealing the internodes, upturned; inflorescences mostly under 5 cm long,
usually appearing axillary, mostly spreading laterally, one- torakflewered,

with at least the lowest flowers usually among the leaves— 13)
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4a. Plants suffrutescent, with well-branched perennial, woody stems clothedyn spi

lignified leaf bases; Columbia Plateau— Phemeranthus spinescens

4b. Plants usually dying back to ground level, sometimes with semi-woody pdrennia

caudices or lower stems clothed in persistent leaf bases, but not developing into

subshrubs; east of the Rocky Mountains and in the Southwest—  (5)
5a. Flowers mostly under 12 mm across; stamens 5-10— (6)
5b. Flowers mostly over 12 mm across; stamens (12)15-60 or more— (8)

6a. Petals blunt, white to pale pink; filaments bright pink; seeds with strongly raised

concentric ridges— Phemeranthus longipes

6b. Petals generally acute, white to dark pink; filaments yellow; seeds smodif)}—

7a.Petals white (rarely) to magenta; sepals early deciduous, obtuse;dhasglto ovate
or elliptical, nearly as wide as long; Great Plains, Ozarks, centrabAla—

Phemeranthus parviflorus

7b. Petals white to pale pink; sepals usually persistent, acute, sometimes aesumina
cornate and reflexed, often with dark purplish pigment apically; fruit usually
pointed apically, narrower than long; desert and semi-desert southwestera-states

Phemeranthus confertiflorus
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8a.Flowers (10-)15(-20) mm across; stamens usually less than 30— (9)

8b. Flowers over 15 mm (up to 30 mm) across; stamens usually more than @0

9a. Stamens 20-35(-42), 2/3-3/4 as long as style; stigma subcapitate; pollen orange or

golden— Phemeranthus piedmontanus

9b. Stamens 12-20(-25), equal to or slightly exceeding length of style; stigma 3-lobed,;

pollen yellow— (20)

10a.Petals light to medium pink; stigma lobes spreading, nearly as long asetds;

large, with gray, wrinkled pellicle— Phemeranthus rugospermus

10b. Petals magenta; stigma lobes short, not spreading; seeds small, appedtiagdlac

smooth, even with pellicle intact— Phemeranthus teretifolius

11a.Sepals early deciduous; stamens (30-)45—-60+; stigma subcapitate; southern

Appalachia, Alabama and Georgia Piedmont— Phemeranthus mengesii

11b. Sepals persistent in fruit; stamens 25-45; stigma subcapitate to short-lobedt Ce

Tennessee Basin, Interior Highlands, and Great Plains— (12)
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12a.Flowers mostly under 20 mm across, stigma lobes short, nearly erectphmes

Central Tennessee Basin and adjacent states—Phemeranthuscalcaricus

12b. Flowers usually over 20 mm across; stigma lobes short, spreading or subcapitate;

Great Plains and Interior Highlands— Phemeranthus calycinus

13a.Leaves usually under 15 mm, slightly dorso-ventrally compressed, apicallyechund
blunt to apiculate, tightly crowded and concealing the internodes; inflorescence
one- to few-flowered; sepals blunt; petals about as wide as long; capsules

globose— (14)

13b. Leaves usually over 15 mm, apically pointed; inflorescence few- to several-
flowered; sepals acute, sometimes reflexed, exceeding fruit, perSttais

narrower than long; capsules football-shaped— (15)

14a.Plants mat-forming, with highly branched, spiny, suffrutescent above-grouns!; ste
inflorescences pedunculate, multi-flowered; stamens 2/3-3/4 length of style

Washington and British Columbia— Phemeranthus sediformis

14b.Plants spreading by rhizome-like underground stems; inflorescences féigtred
(rarely 2—3-flowered), subsessile; pistil up to twice as long as sta@elwado

Plateau in Utah, Arizona, and New Mexico— Phemeranthus brevifolius
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15a.Flowers mostly under 18 mm across; petals white to pale pink; stamens 10-15; east-

central Utah and northern Arizona— Phemeranthus validulus

15b. Flowers mostly over 18 mm across; petals magenta (rarely lighter piakiess
(15-)20-30(-45); New Mexico and western Texas, Chihuahua, and Coahuila—

Phemeranthus brevicaulis

16a.Plants caulescent, with slender, branching perennial stems clothed witkepéersis

dried leaf bases— (17)

16b. Perennial stems short, subterranean; plants appearing acaulescent— (18)

17a.Root with a long, slender proximal portion and tuberous distal portion; sepals
orbicular; petals ca. 3 mm long; capsule globose to ovoid, light green; San Luis

Potosi and adjacent Guanajuato, Mexico— Phemeranthus mexicanus

17b.Root subglobose; sepals oblong to ovate, purplish; petals 4-5 mm long; capsule
obtusely triquetrous, purplish; Tehuacan-Cuicatlan Valley, Oaxaca and Puebla,

Mexico— Phemeranthus oligospermus

18a.Leaves appearing petiolate, strongly narrowed proximally; infloressdege
flowered, somewhat exceeding leaves; capsules under 5 mm long—
Phemeranthus parvulus

18b. Leaves not appearing petiolate— (29)
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19a.Flowers white; rootstock stout, napiform, with smooth, reddish bark exfoliating in

thin sheets— Phemeranthus napiformis

19b. Flowers yellow; tuberous root fusiform to globose— (20)

20a.Leaves usually over 3 cm long; flowers usually over 9 mm across; inflorescences
few-flowered, not or only slightly exceeding leaves; capsules over 5 mm long—

Phemeranthus humilis

20b. Leaves usually under 3 cm long; flowers usually under 9 mm across; inflorescences

many-flowered, sprawling, exceeding leaves; capsules under 5 mm (@AYy—

21a.Seeds appearing smooth, testa ridges only slightly raised, obscured by palince;

region of northern Argentina and southern Bolividkemeranthus punae

21b. Seeds strongly ridged, pellicle conforming to testa; Sierras of Mexico

Phemeranthus multiflorus

185



Literature Cited —

Applequist, W. L. and R. S. Wallace. 2001. Phylogeny of the portulacaceous cohort
based omdhF sequence dat&ystematic Botan®6: 406-419.

Applequist, W. L., W. Wagner, E. A. Zimmer, and M. Nepokroeff. 2006. Molecular
evidence resolving the systematic positiotdettorella(Portulacaceaeyystematic
Botany31: 310-319.

Black, C. and W. H. Murdy. 1972. The evolutionary origifmafinum teretifoliunPursh.
Botanical Gazettd 33: 405-410.

Carolin, R. 1987. A review of the family Portulacacemastralian Journal of Botang5:
383-412.

Carter, M. E. B. and W. H. Murdy. 1985. SystematicFafnum parviflorumNutt. and
the origin ofT. teretifoliumPursh (Portulacacea®&hodora87: 121-130.

Carter, M. E. B. and W. H. Murdy. 1986. Divergence for sexual and asexual reproductive
characters iTalinum mengesiiPortulacaceaeBulletin of the Torrey Botanical Club
113: 259-267.

Cochrane, T. S. 1993. Status and distributiomadinum rugospermurhlolz.
(PortulacaceaeNatural Areas Journal3: 33-41.

Dvorak, B. 2010. Rooftop membrane temperature reductions with green roof technology
in south-central Texas. 17th Symposium for Improving Building Systems in Hot and
Humid Climates, Austin, Texas, ESL-HH-10-08-23: 1-7.

Getter, K. L., D. B. Rowe, and B. M. Cregg. 2009. Solar radiation intensity influences
extensive green roof plant communitiesban Forestry & Urban Greenin§: 269-281.

Greene, E. L. 1912. Miscellaneous specific types—t¥®aflets of Botanical Observation
and Criticism2: 270-272.

Hershkovitz, M. A. 1993. Revised circumscriptions and subgeneric taxonomies of
CalandriniaandMontiopsis(Portulacaceae) with notes on phylogeny of the
portulacaceous alliancAnnals of the Missouri Botanical Gard&0: 333-365.

Hershkovitz, M. A. and E. A. Zimmer. 1997. On the evolutionary origins of the cacti.
Taxon46: 217-232.

186



Hershkovitz, M. A. and E. A. Zimmer. 2000. Ribosomal DNA evidence and disjunctions
of Western American PortulacaceMnlecular Phylogenetics and Evolutid®: 419-
439.

Kiger, R. W. 2001. New combinations fhemeranthufafinesque (Portulacaceae).
Novonll: 319-321.

Kiger, R. W. 2003PhemeranthusPp. 488-495 itfrlora of North America North of
Mexicovol. 4, ed. Flora of North America Editorial Committee. New York, NY and
Oxford, UK: Oxford University Press.

Murdy, W. H. and M. E. B. Carter. 1985. Electrophoretic study of the allopolyploidal
origin of Talinum teretifoliumand the specific status ©f appalachianum
(Portulacaceaefpmerican Journal of Botan§2: 1590-1597.

Murdy, W. H. and M. E. B. Carter. 2001. Speciatio @ainumin the southeastern
United StatesCastane&6: 145-153.

Murdy, W. H., T. Johnson, and V. Wright. 1970. Competitive replacemélrdlimfum
mengesiby T. teretifoliumin granite outcrop communities of Geordsamtanical Gazette
131: 186-192.

Nyffeler, R. and U. Eggli. 2010. Disintegrating Portulacaceae: A new familia
classification of the suborder Portulacineae (Caryophyllales) based eoutanland
morphological datalaxon59: 227-240.

Ocampo, G. 2002. Transferencia de tres especies MexicaimatienAdans. a
Phemeranthufaf. (Portulacaceaeicta Botanica Mexican&9: 75-80.

Ocampo, G. 2003. Una combinacion nuev&bameranthugPortulacaceaefcta
Botanica Mexican®3: 55-57.

Ocampo, G. and J. T. Columbus. 2010. Molecular phylogenetics of suborder Cactineae
(Caryophyllales), including insights into photosynthetic diversification aridriual
biogeographyAmerican Journal of Botan§7: 1827-1847.

Price, T. M. and D. J. Ferguson. 2012. A new combinatiéthemeranthus
(Montiaceae) and notes on the circumscriptioRloeémeranthuandTalinum
(Talinaceae) from the southwestern United States and northern Misxion
[scheduled for publication in 22(1)].

Reinhard, R. and S. Ware. 1989. Adaptation to substrate in rock outcrop plants: interior
highlandsTalinum(PortulacaceaeBotanical Gazettd50: 449-453.

Steiner, E. 1944. Cytogenetic studiesl@inumandPortulaca Botanical Gazettd 05:
374-379.

187



The Angiosperm Phylogeny Group. 2009. An update of the Angiosperm Phylogeny
Group classification for the orders and families of flowering plants: AP®otanical
Journal of the Linnean Society1: 105-121.

von Poellnitz, V. K. 1934. Monographie der GatturaginumAdans.Repertorium
Specierum Novarum Regni Vegetaligts 1-34.

Ward, D. E. and R. W. Spellenberg. 1986. Chromosome counts of angiosperms of
western North Americ&?hytologia61: 119-125.

Ware, S. 2011. A newRhemeranthugPortulacaceae) from the Piedmont of Virginia and
North CarolinaJournal of the Botanical Research Institute of Texas-7.

188



	Phylogeny and Evolution of Phemeranthus (Montiaceae) in North American Xeric Habitats
	Recommended Citation

	Microsoft Word - $ASQ147189_supp_undefined_F7DF434E-9348-11E1-BBA5-BEF32D1BA5B1.doc

