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ABSTRACT 

Carex section Phyllostadys is a srnail. bighly nduced section ofeight species 

confineci to North America, north of Mexico. Although the section is easily 

c i r c u t n s c r i i  its unusual has led to wide speculation c o n c d g  its origin 

and phylogenetic position in Carex. h oorder to gain a kntr understanding of phylogeny 

in this complex genus, anatomical, rnicmmorphological, macromorphological, and 

molecular DNA charactes werc used to clarifjt the phylogenetic position of sect. 

Phyllostachys in Cura, and to d e t e d e  the rehtionships of its species. The taxonomie 

utility of anatomical, micromorphological, aad mokcular characters, for p i e s  and 

sectional circumscriptions, was also assessed. 

Phylogenetic nconsenictions iaferred h m  sequences of the ITS region of mDNA 

ïndicate that a i l  the subgenera in Cura, except for subg. Vigneu, are anincial. Two main 

groups are identified: (1) a "compound clade", compnsed of subg. Indocarex, 

Primocarex, and a portion of subg. Carex, and (2) a "duced clade", consisting of 

sections Phyllostachys (subg. Carex), Fil~oliue, and Fimiculmes (subg. Primocarex). 

The most basai groups in the "compound clade'' are composed of sautheast Asian species 

from subg. Indocarex, supporting theuries that the group originated in this region and is 

primitive within a wider subg. CarexlIndocarex Iineage. AU sections surveyed in this 

analysis were monophyletic and firmly supponed. Difncult circumscriptions, such as the 

separation of sections Lux@orue and Careyolule, were strongiy upheld. Although the ITS 

region was a powemil tool for d e m g  sectionai limits and for estimathg relationships 

between the sections of Carex, it was not variable enough to fully resolve relationships 

below the sectionai level. 

A cladistic anaiysis using anatomical, morphological, and lTS quence data 

suggests that section Phylios~achys caa k divideci into two distinct clades: (1) a "wide- 

scaied" clade consisting of Carex backii, C. satimontanu, and C. lutebracteata; and (2) a 

"narrow-scaled" clade consisting of C. willàenowii, C. superatu, C. busianth, C. 



juniperonmr, and C. jmeni. Trends in cbaracter evolution and flower number appear to 

be relatecl to breeding systcms although this is not suppotteà by previous studies utilizing 

isozymes. Correlations between phytogeography. giacial movements, and phylogeny 

suggtst that speciation in the section may have k c n  innuenad by the events of the 

Pleistocene. Esthata of divergence times baseci on the mutation rate of the ITS region 

in the genus Dendroserik, indiate tbat most of the speciation in the section has occurred 

within the last 13 my. The most basal p i e s  in sect Phyllosrahys is C. latebracteata, a 

narrow endemic of the Ouachita Mountains of Arkansas and Oklahoma - a known glacial 

refugium. Similar evolutionary pattern within sections Phyllost~~chys, Griscae. and 

Laxiïorae may point to the -nt diversincation of dl thne of these taxa under the 

inHuence of the Pleistocene. Tree topology challenges the hypothesis that chromosome 

evolution in Carex is only unidirrctional and ascending. 

Anatomid. micromorpholopicai, and molecular DNA characters support the 

separation of the close species pair of C. backii and C. ~ ~ r t u l n t a ~ ,  and the recognition 

of t b  species in the Carex wiIIdenowii cornplex. Species-specific characters also 

distinguish C. lorebracteata, C. junipemnmi, and C. jamcsii. The low levels of 

infraspecific variation and species-specific autapomo~phies in lTS sequences indicate that 

this region could be used effectively to help cl* taxonomie problems in criticai 

gmups. Whiie gmups infermi ftom micromorphological characters are congruent with 

those expected h m  morphological and molecular evidence, anatomid characters 

conflict with these data sets due to high levels of homoplasy. 
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Comprising nearly 2 0  p i e s  or aimost haif of the Cypaaceae L., the genus 

Carex L. represcnts one of the large& most cosmopolitan, a d  ecologidy significant 

genera of f i o w e ~ g  plants (Reznictk, 1990)- RemarLably. despite its global dismbuton 

and ecologicai importance, evolutionary trends and ~elationships within this genus have 

remaineci alrnost completely unknown (Rezuiak, 1990; Na&, 1992). 

Systcmatic inquiry into the evolution of Carex bas always been hindered by the 

nature of anatomicai and morphological characters in the genus. Floral reduction (Smith 

and Faullmer, 1976), unSom vegetative morphology and anatomy (Metcalf, 197 1; 

Standley. 1990a), and the repeated occumnce of paraUeiisms and revends (Reznicek, 

1990; Naczi. 1992) has obscured phylogenetic aads  and has confused relationships. 

Most uifragenerïc groups, especially sections, an largely phenetic and are based on either 

a single trait or ody a few macromorphologicai characters (Naczi 1992). Exmme 

reduction and an almost compiete la& of knowledge of the ontogeny of Carex (Alexeev. 

1988). M e r  raises homology pmblems that complicaîe phylogenetic teconstmction at 

all levels. To make matters worse, hybridization and introgression are common in certain 

sections (Famer, 1972; Cayouette and Modsset, 1985; Kukkonen and Toivonen, 1988). 

Ail these pitfalls have lad to the recognition of many artifi.cial taxa which coatinue to 

hinder phyiogenctic research in Carex by obscurhg e n d s  and confushg sirnilarities. 

This helps explah why only three previous phylogenetic reconstructions have been 

attempted in the genus (Crins and Ball, 1988; Crins, 1990, Naczi, 1992). 

One solution to the problem of poor circumscription Îs to focus evolutionary 

studies on a number of s m d  subgroups in the genus that appear to be distinct aad weii 

c~c~13~~ri ibed (Crias 1990). 1 chose to explore phylogeny in Carex by focusing on the 

evolution and systematic position of a srnail (i.e., 8 @es), weli defined group in the 

genus. Carex section Phyllostachys (J. Carey) L.H. Baiiey. A number of reasons favour 



this approach. First, the anail size of the section allows for both interspecific and 

intraspcific vdation to be assessed for a wide variety of different chamcter types. 

Second, its clear delimitation h m  othtr sections and rccent resolution of a number of 

taxonomic problems (Naai, Reznicek, and Ford, 1997; Ford et al., 1997~; chapters 2 and 

4) ailows for an intcrprctation of resuits t&at MLI not k confounded by a pootly rcsolved 

taxonomy. Third, the evolutionaliy reduced and unusual infiorescelice morphology of the 

section has led to wide speculation concerning its origin and systematic position within 

the genus. By using section Phyllostuchys as a modd, 1 hope to explore the usefulness of 

traditionai and molecular DNA characters for circumsmig sections and for resolving 

inter- and intrasectional relationships in the genus. 

The main purpose of this thesis is to explore the problems encountered in 

phylogenetic reconstructions in Carex, and to provide guidance ta future investigators on 

the usefulness of both traditional (ic., anatomy, morphology, and micromorphology) and 

molecular DNA characters for making taxonomic decisions and iaferring phylogenies in 

Carex, 

This thesis has been divided into three separate studies (i.e., chapters 2-4) that 

help to cl- the evolutionary position of section Phyllostachys wîthin Carex, and to 

reconstmct the phylogenetic history of its species. Each chapter is preceded by an 

introduction that presents the ptoblem in pa t e r  detail and provides a fullet statement of 

its objectives. The nrst study (chapter 2) uscd anatomicai and mimmorphological data to 

clarify speùes iimits within the section, and to investigate the advantages and drawbacks 

of these characters in hihm phylogenetic studies in the genus. Conflicts between 

morphological groups and gmups idemd from anatomy and mimmorphology have led 

several authors to conclude that anatomical (Standley, 1987, 1990a) and 

micromorphological (Rettig, 1986; Watgway, 1990a) characters exhibit high levels of 

homoplasy and may not be nliable indicators of evolutionary relationships. However. 

these studies have involved either paraphyletic assemblages (Standley, 1987) or large 



groups whose taxonomy is s t U  highly confused (Smdley. 199ûa; Waterway. 1990a). 

This malrcs it difficult to &termine whether incongruities between morphological groups 

and those based on anatomy and mimmorphology an due to an unresolved taxonomy or 

homoplasy in character~~ The small size of Carex section PhylIo~~acchys, and its clear 

demarcation h m  otber Cances, offers a unique opportunity to evaluate the potential and 

problems of these chatactes w i t b  the con- of a putativdy monophyletic group. By 

cornparison to trcnds in the morphology of sect, Phyllosto~hys and to the nsults of other 

studies, this chapter investigates how these characters can be used in future phylogenetic 

studies (see chapter 4). 

In the second snidy (chapter 3). SeQuences fiom the intemal transcribed spacer 

region of nuclcar ribosomal DNA (Le., the ïI'S region) weze used to dari@ the 

phylogenetic position of section Phylbstachys in the genus Carex. Because of 

morphological and floral reduction, and a generaüy unifonn vegetative morphology and 

anatomy, few traditional characten are available for resolving phylogenetic relationships 

in Carex (Reznicek, 1990). The relationships of the most evolutionaüy reduceci sections 

in the genus, like section Phyllo~achys, have ken particularly challenging. Because of 

their unconventional morphology, these reduced sections have k o m e  intimately 

involved in the controversies surroundhg the phylogeny and circummiption of the 

genus, and its subgenenc taxa Section Pliyllustachys alme has k e n  allied with sections 

representative of thne of the four subgenen recognized by Kiikcnthal(1909). Molecular 

DNA characters offer an obvious source of variation whose use has yet to be exploreü in 

Carex. The advantages pertainiag to these characters in homology assessment, 

homoplasy, the scoring of character States. and finaliy even character numkrs (Sytsma, 

1990). al l  suggest that DNA characters could clarify the phylogenetic position of section 

Phyllostochys in Cam, where traditional chanriers have failed. 

In the third and h a 1  saidy (chapter 4). anatomicai, rnicromorphological, and 

molecular charactcrs have been combineci with a morphological data set to produce a 



robust phylogenetic hypothesis for interpreting phylogeny within section Phyllosrachys. 

The phylogenetic hypothesis was used to trace evolutionary trends in the section. and to 

interpret bmching patterns within the context of historicai and bioIogicai processes. The 

utility of molccuiar chrira*ers for uncovering subtie taxonomie variation within section 

Phyllostuchys was also assessed by cornparison to anatomid, morphologicai, and 

micromorphologicaï nsuiu. The theory that chromosome evolution withiD Carex is 

unidirectional and ascending @mies. 1956; WhitENs, 1987) was tested by superimposiag 

chromosome counts upon the phylogeny of the section. 



CHAPTER 2 

SYSTEMATIC IMPLKATIONS OF ANATOMICAL AND MICROMORPHOLOGICAL 

VARIATION IN CAREX SECTION Pmzms~~cars (CWERACEAE) 

Carex L. section Pirylostachys (J. Carey) LJI. Bdey is a small section of eight 

species that is found throughout temperate North America, but it is most diverse in the 

southcm and eastern United States. Morphologicaliy, the section is easily distinguished 

from other Carices: its foliaceous pistillate scales, few-fîowered mdrogynous spikes, and 

apically winged cuims ( m g ,  Reznicek, and Crins. 1993) make sect. Phylloszuchys one 

of the most distinctive gmups in the genus. 

Despite the well marked nature of the section. the characters used to define 

species are relatively few, resuiting in some debate over specXc limits. Since Wiidenow 

(1805) descn'bed C. willdenowii. the tmconomy of this distinctive sedge h m  the eastem 

deciduous forest has been largely without controversy. Recent studies of morphology 

(Naczi, Reznicek, and Ford, 1997) and aliozyme divergence (Ford et al., 1997c) within C. 

willdenowii s.1. have suggested, however, that this taxon is a complex of t h e  species 

(i.e., C. wiüdenowii var. willdenowii, C. wiUdenowii var. megumhyncha F. J. Hennann = 

C. superata Naczi, Remicek, and Ford and C. bashtha Steud.). The morphological 

distinctions between these threc species are few, which explains why most previous 

authors had ttcatcd C. basirmtha as a synonym of C. willdrnowii (Klikenthal, 1909; 

Mackenzie, 1935). and why H e m  (1954) had felt C. superata was best treated as a 

variety of C. wil&fenowii (i.e., C. w i I ~ w i i  var. megurrhyncha F. J. Hermann). 

The close species pair of C. saximonrana Mackenzie and C. backii Boott is 

another example of taxonomie ambiguity in the section. Subtle distinctions in the length 

of the anthers and perigynium beak are the characters most often used to segregate these 

two taxa (Catling, Rcznicek, and Crins, 1993). These seemingly minor ciifferences have 



convinced several authors that C. sarinontanu should k tmted as a variety of C. backii 

(e.g., Hudson, 1977; Scoggan, 1978; Boivin, 1992). or tbat the two taxa should k 

merged (e-g., Moss. 1983; Gluwin and Cmnquist, 199 1). 

The last thee taxa in the section (C. jarnedi Schw., C. juniperonon Caîhg, 

Reznicek, and Crins, and C. latebracteatu Waterfd), do not present any immediate 

taxonomie prob1ems. however, it shouid be noted that a considerable amount of genetic 

and morphological variability has been observed in C. jmncsii (Ford et al., 199%; Ford et 

ai., unpublished data). 

Anatomical and micromorphological characters are particuiarly usehù in 

situations where species Iimits an not clearly disthguished by morphological characters 

(Le Cohu, 1970; Shepherd, 1976; Wujek and Menapace, 1986). They have also k e n  used 

widely to assem phenetic relationships in Carex (Standley, 1987, 1990a; Rettig, 1990; 

Menapace aud Wujek, 1987; Menapace, Wujek. and Reznicek, 1986). although it is 

unclear whether they are appropriate for phylogenetic studies. For example, conflicts 

wîth morphoIogicai data sets have led several authors to conclude that anatomical 

(S tandley, 1987, 1990a) and micromorphologicd (Rettig, 1986; Watemay. 1990a) 

characters exhibit high levels of homoplasy and may not be diable indicators of 

evolutionary relatiomhips. However, severai of these studies have either worked on only 

a srnail portion of a much larger group (Standley, 1987) or upon large groups whose 

taxonomy is still highly conhised (Waterway, 1990a). This makes it dificuit to determine 

whether incongnllties Mth moxphology are due to the inaccuracies of traditional 

classifications or the mliability of characters (Standky, 199ûa; Watemay, 1990a). The 

srnail size of Caru section PhyIlostuchys and its clear demarcation from other Carices 

offen an unique opportunity to evaluate these characters within the context of a 

putatively monophyletic section. 

This chapter presents a comparative study of the anatomy of the leaves and culms 

of aI.l the species prcsently mcognized in Carex section Phyllostachys. Variation in the 



micromorphology of the silica bodies present in the epidermal layers of the achenes was 

dso explored. The purpose of this study ïs to cl- spccies limits within section 

Phyllostachys, and to iavestigate the pmblems and potential of anatomical aad 

micromorphological characters to fuMt phylogenetic stuclies in Carex. 



AIC4fo~Srud iè s  

Anatomical studies were b d  upon leaf and cuim samples taken h m  herbarium 

and live specimens npresentative of ali species in sections Phyllostochys. For live 

specimens, the 3rd or 4th leaf h m  the base of the pseudoculm was removed dong with 

any c h ,  and placeâ in FAA. Dry matcnal was boiicd in water for five minutes and 

then placed in F M  ( M o r d  et ai.. 1974). Segments 4-5 cm long were removed h m  the 

median portion of presemed Ieaves for both epidermal and cross-sectional study. Culm 

segments 2 4  cm long were removed h m  just klow the sweliïng point of the apical 

pomon of the stem. This was necessary due to the particularly short culrns of some 

species. 

Leaves and c h  were hand sectioned with a razor blade. Sections were 

dehyârated in an ethanol series and stained while being heated for 3.5 mins with 2% 

Toluidine Blue "O" in 100% ethanol. Sections were made permanent by passing them 

througb a 100% ETOH-Histocled dehydration series and mountiag them in Permount. 

To increase sarnple sïze, cross-dons of live matenal mounted in watcr were also made. 

Leaf epidermal surfaces were prepand by placing FAA preserved material into a glas 

petri dish containhg household bleach and scraphg the undesired tissue away with a 

razor blade. The epidermal surfaces were then passed tbrough time 15 minute water 

baths and stained for 3 mins with 2% safranin dissolved in water. The epidermal swfaces 

were then dehydrared, clearcâ, and mounted as above. Drawings of cross-sections were 

made with the aid of a camera lucida. The wmiaology used to describe the anatomy of 

the leaf and culm follows rhat of Metcalf (197 1). Specimens used in leaf and culm studies 

afe listed in TABLES f -3. 



Scannhg Ekècbon Mict~scopy 

The lowermost mahm perigynium was removed from each of two terminal spikes 

from three to six individual hcrbarium spaimens reprtscntative of the geographic range 

of each species (see Tmte 4 for vouchen). This was doue in ordet to assess variation 

within. and ktween, individuais and species. The perigynium sumunding the achene 

was disseclcd away and the achenes were acetolyzed in a 19. sulfiuic acid: acetic 

anhydride solution flallent and Wujek, 1983). This procedure iemoved the cuticle and 

most of the outer perichal walls, and cxposed the silica bodies within the epidermal 

ceils. Achencs were shaken vigomusly for 5 min and then left fiom 24-48 bn in solution. 

At the end of this penod, achenes w m  s h a h  for 5 min, rcmoveà, and then washed in 

distilled water by shaking for a M e r  5 min. Those achenes whose walls were still 

persistent afkr undergohg the above procedure, were sonicated in distilled water at 

maximum probe intensity with a BIOSONIC @ sonicator (Bronwill ScientSc. Rochester, 

NY) for 1.5 min. The achenes were then dried in an oven ovemight at Ma C and mounted 

onto duminum stubs with conductive carbon paiot (SPI@ Supplies). Achenes were 

coated with 100-200 nm of a gold-palladium alioy in an Edwards Sputter Coater S l5OB 

and photograpbed using a Steroscan 120 SEM (Cambridge Instruments; 20 kV 

accelefating voltage) c o ~ e f t e d  to a Kontron EIektronik IBAS image Analyzer. 

Micrographs were taken dong the median portion of the achenes and at an angle 

appropriate for nveaüng the topography of the silica bodies in the epidermal cells. 

Micrographs taken h m  directly overhead faüed to reveai a i i  the feaîures characteristic of 

each siiïca body. The tcrminology employed by Schuylcr (1971) was used in the 

description of silica bodies. 



Silièa Body Morphobgy 

The o v e d  morphology of the Jilica bodies in section PhyIIostuchys was very 

consistent AU the rnembers of the section posscssed a single acute, conicai central M y  

which amse frwi the middie of either a convex or concave sika pladonn. The central 

body was always smooth, and with the exception of one ~pecimen of C. basiantha, it was 

always mucronatc. The epidennai celis of ail @es had iinear cell walls, they were 

angular, commody 6-sided, and often isodiamctric (i.e.. hexagonal); however. irreguIar 

cells, and ceUs with 5 or 7 sides were not uncornmon. Dinerences in the penistence of 

the periclinai and anticbal wds  were noticecl durhg the digestive process, however, 

these characters were largely ignored since they often appeared to be related to the age of 

the achenes (cf. Menapace, Wujek, and Reznicek, 1986). No mimmorphologicai 

variation was observed within individuais. 

The most significant dinerences between species in the section were seen in the 

shape and reikf of the silica platform. Based on these characters three phenetic species 

pairs could k recognized; (1) C. backii and C. sariinonrmia (figs. l a  and lb); (2) C. 

juniperonun and C. j m s i i  (figs. lc and Id); and (3) C. busimtha and C. superata (figs. 

2a and 2c). Carex willdenowii and C. htebmcteatci had very distinctive silica bodies and 

were not easily associated with othr species. 

The closeness obswed in the morphology of C. backii and C. sdnwntana was 

mirrored in the micromorphoIogy of th& sika bodies (figs. la and Ib). Both species 

uniquely shimd concave silice platfonns whose margias w m  distincdy appressed to the 

platforms of adjacent ceils. The diffcrences seen k t w a n  these two p i e s  were minimal 

and wen mostïy considerrd to k merences in degrce as opposai to ciifferences in 

character States. The cenoal body was generally more robust in C. saximntrmia than it 

was in C. backii and the depth of the silica pladorm in C. saximntana tended to vary 

over its species range. Individual achenes of C. satimontama sampled fiom British 



Columbia (Q& 10729 & Sade DAO) possessed considerably deeper silica plaaorms 

than those sampled h m  Minnesota 19653 & DAO) and North Dakota 

(Sm sa. DAO; fig. lb). This was in contrast to C. buckii where specimens examined 

fkom the most easterly distn'bution of this species in New Brunswidc (BpR 45.198 & 

G o r h  DAO) showed no signincant diffemces in structure or size h m  specimens 

examined k m  British Columbia 17022 et ai. DAO; fig. la). 

The second species pair, C. jun@etomm and C. j d i ,  was characterized by taIl, 

acute to abmptly acuminate central bodies that were surrounded by a trough created by a 

thickened ndge at the margin (figs. Ic and 16). The platforms of these p i e s  were 

tightly appressed and the silica body was often arched (most pmnounced in C. jmesii.). 

As with C. backii and C. ~(Lximontuna, one species (C. jmiperonun) was very consistent 

over its entire range while the other (C. jamesii) was variable. Variation in C. jmesii was 

notable in the degree to which the ridge and trough of the silica pla~orm were developed. 

The ridge could Vary h m  a distinct nodular embankment (fig. Id) to a low, poorly 

developed lip (figs. le and If). Naturally, the degree to which the ridge was developed 

had a direct effkct on the depth of the trough, with the most developed ndges king 

associateci with the deepest troughs. Despite this variability, ail specimens possessed an 

acute centrai body with a thickcned borda that formed a trough around the centrai cone. 

Differences WC= of degree, not in chamcter states. The silica bodies of Carex 

juniperorrun were repirsentative of a part of the variability s a n  in the micromoqhology 

of C. jamcsii (cf. figs. lc and Id). The complete range of the variability in C. jamsii is 

given in figs. 16 le, and If. 

The last recognizabIe species pair was seen in C. basiorttha and C. superata Both 

of these spccies shared distinctly taised silica plaflonns with s m d  conical central bodies. 

Unüke the silica bodies of rest of the section. the sïlica platforms of these two species 

were ornamenteci. This was particulady evident in C. basimrthu where the surface of the 

silica platlonn was clearly raised, and with the exception of the central body, niminate in 



texture (fig. 2a). In contrast, only smaJI. weakiy niguiose or bulbate areas were seen at 

the perïphery of the pladorm of C. super i .  AIthough the degree of convexity of the 

pladorm in C. superda was gmüar to that in C' bosiantiia, these two species differed in 

that the main poriion of the platform of C. basiantho fonns a plateau while îhat of C. 

superma contindy rises until it reaches the base of tbe cenail body. Both members of 

this species pair showed some hhspecific variation. low. poorly developed nodules. 

such as those found in a single spccimn of C. jcmesii, wexe obse~ved on one specimen of 

Carex superm fmm Ttmessee a 4 2 4 5 4 b .  MI- fîg. 2d). One specimen of C. 

superata h m  Mississippi 4Ol3 et al. WIN; Appendix 1) had silica bodies with 

textured platfozms Wre those in C. basuuttha, but this fuiain was confined to just a few 

epidennal cells. A similar level of infraspecinc variation was seen in C. basimtha. One 

specimen h m  South Cmlina a 19477 MICH) possessed ali the traits characteristic 

of this species but had muaded as opposed to acute central bodies. The rugulose portion 

of the central plateau in Carex basimtk also showed some variation in the area it 

covered. Nonethelcss, the main characters of these two species were consistent enough 

that any one specimen observeci could be identifiecl and easiiy disthguished fiom any 

other species in the section. 

Carex wiUdenowii had very distinctive silica bodies. although similarities with C. 

busiantha and C. superatu were evident Like the latter two species, the silica bodies of 

C. witidenowii were distinctly convex, theii central bodies were acute. and they were 

typically mucronate (fig. 2e). However, the silica bodies of C. willdenowii were bordered 

by numemus conical satellite bodies (5 to 10; fig. 2 e). Tbese satellites were similar in 

morphology to the ceneal body of the silica pladorm and ihey were dirrcted away at an 

angle from the main axis of the cell. The occurrence of these satellites was remarkably 

consistent over the e n t h  range of the species and it made these silica bodies the most 

distinctive in the section. 



Carex hrebracteata had a unique siJica body morphology and it was not easily 

alignecl with other members of the section (fig. 2f). The silica body in C. Iorebracteata 

possessed a convcx platfonn with margins that were not appnssed to the platfonns of 

adjacent c e k  The very large and lightly sloping central body nearly occupied the entire 

surface of the sïiica pladorm. In general, silica bodies in Ce latebracteata were more 

reguiar in size and shape than those in the rcst of tk section. Unlike other species of 

section Phyflostachys. the outer periclinai w d s  in C. lorcbractecrta were very long and 

persistent as compared with the cell waih of oiher species; even afkr 48 hours in the 

acetolyzing solution and sonication for tbne or more minutes. the majority of the 

hdividuals sampled still retained their ceU walls. The persistence of the cell waiIs did not 

appear to be related to the age of the achene. Most of the characters rnentioned above 

were unique to this m e s  and thus it was difficult to place it alongside one of the above 

mentioned p i e s  groups. The lack of aay omamentation at the margh of the platform 

suggested that this p i e s  may best be placed alongside C. backii and C. ~ ~ r n o n t m i a ,  

however, the possession of a convex silica platform suggested that an affiliation with C. 

jamesii and C. juniperomm, or the Ce wiüdenowii cornplex may be more appropnate. 

Leaves 

The anatomy of the leaves in Carex section PhyUostuchys was fairly uniform and 

comsponded to a common pattern seen in Carex. The leaf was dorsiventrally ananged, 

keeled on the abaxial surface, and possessed a shgk row of vascular bundles. These 

bundles were Wtioned closest to the abaxial surface, and were ofkn comected to the 

epidermal surfaces by sclerenchymatous girders of varying size and shape. The largest 

vascular bundles were commonly found at the keel and at the two thickest points on 

either side of the lamina The median vascular bundle nstcd up against a single layer of 

bulliform ceils on the adaxial surface, and like the other bundles, it was surrounded by an 

inner sclaenchymatous and an outcr parenchymatous sheath. The vascular bundles were 



separated by we11developed air cavities which were square or rectangular in outhe. and 

were formed by the breakdown of large, thin-waiied cells at the centre of the 

chlorenchyma. The adaxial cells of the cpidermis were consisttntly larger than the 

abaxial ce&, aud both e p i d e d  surf's often possessed papïilae andlor pridde hairs. 

Conical silica bodies w m  commody -nt in the epidcnnal ceiis overlyhg the 

sclerenchyma of the kccl, margins, and girders. The nuxnkr of ccb  occupied by silica 

bodies was k t l y  comlated with the d e p  of sclerification. 

Based on foliaf anatomy, two broad grwps were distiaguished in section 

Phyllostachys: The f h t  p u p ,  comprised of C. tatebructeuta and C. sdmontma was 

distinguished by a lightly revolute or curved lamina, whose thickest point was equal to or 

less than the thickness of the keel (figs. 3A and 3B). The keel was prominent and acute, 

with a large, highiy scleritied, horizontal to lightly descendhg abaxial girder that 

comected the median vascular bundle to the epidermis. Leaf matgias were completely 

sclerified and the bulliform cells were no largn than the largest cells of the epidermis. 

AU other taxa in the section psessed V-shaped leaves where the thickest portion 

of the lamina lies lateral to the median vascular bundk (figs. 4 and 5). The keel was 

rounded or flat, and the leaves were often lightly flanged or occasionaiiy curled on one 

half of the lamina. A small sclerenchyma strand on the adaxial surface of the margin was 

aiso characteristic of these species. although C. jrmiperonrm frequently possessed a 

completely scierifed margin similar ta C. latebtocteata and C. suximontam. Two f i e r  

charactcrs, the presence of minor vasculat bundles above the air cavities and the 

intemption of adaxial girders by parenchymatous ceh, were muent in this group but 

rare in C. htebracteata and C. sCLXU1U)ntcvra. Both these characters appeared to be related 

to the thickness of the leaf. 



Lrcf Epidenni;s 

The epidermai surfaces of aii species were characttrized by distinct bulliform 

cells found on the adaxial surface of the k d  and by the prcsence of many large 

rectanguiar ceiis wbich dominated the intercostal regions of the e p i d d s  (fig. 6). The 

anticlinal ceU waUs of all the spccies eIamined were highly sinuous, with the apex of the 

ôends being thickcncd and often nodular in appearance. These characters were 

particulady pronounced in the ceb between and immediatdy adjacent to the stomata- 

Within species, sorne variability was noted in the iengtbs of these intercostal ceiis with 

some king completely square while others were very elongate and rectangular. Only one 

spacies, kncbraceata, wnsistently displayed more square thau rectangular cells. No 

obvious differences in the Iengths or widths of the intercostal cells were noted between 

surfaces. 

In all species. 1 - 3 longitudinal raws of smaiI, square ceiis were found overlying 

the sclerenchyma of the vascular brmdles (fig. 6B). Within these cells. 1-3 (4) (normally 

2) conical silica bodies were typicaliy found resting in a single row dong the inner 

periclinal wall. The only exception to this was in C. wilIdenowii, where as many as 6 

silica bodies were seen arranged in 2 rows per ce11 on the abaxial surface. As was seen in 

epidennai ceUs of the achene, the silica bodies of this species o k n  had satellites. 

Squm tells containhg silica bodies were also observeci aear the margin of the 

leaf. 00 the adaxial surface of ail species. these cells were usuaily found in thme 

discontinuous rows (£ive in C. lotebracteuta) and o h  contained fewer silica bodies (1 

or 2) than c a s  fowid over the vascular bundles. 

The stomata were found in numemus longitudinal rows in the intercostal region 

of the abaxial surfaces of the leaves (hypostomaty; fig. 68). The stomata in these rows 

were separated by one to several intercostal ceils. This ofkn gave the impression they 

were sc-d tandomly across the surface. They were typically paracytic. and with the 

exception of two spcies (C. jamesii and C. latebracteata; orbicular to suborbicuiar) they 



were eiiiptical in outiine. In ail of the species examine& the intercostal ceils adjacent to 

the stomata appeared to have &rom slightîy over the subsidiary ceus. In some highly 

papiuate individuals of C. s h m  (see klow). the papilIat tended to arch over the 

stomata (fig. 6B). 

The most distuict dinercnces ktween taxa werc s a n  in the presence or absence 

of papillae and pnckle hairs at the margin and on the surfaces of the leaf. Ail prickle hairs 

(fig. 6A) pointcd in a retrorse direction and were generaily more consistent in their 

appearauce than were papillae At the margin. weli-developed pnckle hain were seen in 

varying density in ail species. except for C. latebracteuta. The margin of this species was 

charafterized by a tightly crenulatc border of low papillae. Thrce species. C. jamesii, C. 

bmiantha, and C. superata displayed spines at the rnargïn but no papiIlae. 

On the surfaces of the leaf, papillae and prickie hairs were also variable in their 

consistency and numbers. When they were present, they were best developed on and 

close to the bullifonn ceUs at the keel. and around the small square-like epiderrnai celis 

overlying the sclerenchyma strands (fig. 6A). Thne taxa (C. suxz*montam, C. 

Lztebracteata. C. wilkfenowii) consistently displayed papillae on the adaxial surfaces of 

their leaves, Papillae were also seen adaualIy in C. jun@eronun and C. syperata, but not 

in ail individuals. On the abaxial surface, papiiiae were seen in ali samples of C. 

wiIIdenowii, C. smhontana. and C. jimiperorum. Three species. C. willdenowii. C. 

juniperorum and C. bushthu possessed pnckk hairs on their adaxial surfaces. Carex 

buckii and Carex jomesii were the only two species in the section to show neither 

papillae, nor pnckle hairs on their surfaces. 

C .  Amatomy 

Culms of a l l  species contained 4 to 10 major, and 1 to 8 minor vascular bundles 

(figs. 7-10). These were arranged alternaîely by size and in a circuiar or triangular fashion 

within a thin peripherai, chlorenchymatous zone adjacent to the epidermis. With the 



exception of C. latebracteatu. where minor bunaes were compietely contained within the 

chlorenchyma tissue (fig. 7). the xylem pole of both major and minor bundles rested 

agaiost a spongy translucent gound tissue at the centre. Altemating between major and 

minor bundles w m  air chambers of various siw and shapes. In C. superuta. these 

chambers w m  confioed to the chlorenchyma of the culm angies due to the highly 

sclerified nature of its culm (fig. 7)  

Tk c h  in sect Phytlomchys werc ail trianguiar in shape except for those of 

C. jmiperonun. The culm in this mes was commoniy asymmetrical. and possessed 

fmm three to five angles or wïngs (fig. 8A and 8B). Like C. busiontha. it was also 

unusual in that sclerfication of the wings was typicaily weak or absent; the rest of the 

section possessed wings that were strongly scleriti:ede Culm sides in the section varied 

fiom convex to concave. 

The cuims of Ce saxUnont . .  C. backii, and C. juniperorum were distinguished 

by the possession of e p i d e d  papiIlae (figs. 8 and 9). In C. backii and C. jrmipero- 

these papillae were confbed to the apices of the wings. however. in C. ~ ~ r n o n t m i a  they 

covered the entire siirface. The papillae on either side of the stomata of C. saxMontana 

tended to arch ovcr the guard c e b  to form an e p i s t o d  cavity as seen in their leaves. 

As scen in the leaves of the section. the epidermal ceils overIyhg the sclerenchyma of 

girders and wings fquently possessed d conical silica bodies. 



Texonon& Tnnds 

The anatomid and mi~~~morphological data, dong with hown 

mozpholo~cal diffetcnccs supports the recognition of eight species in Carex section 

Phyllosacehys. In paRicular? strong evidtnce is provided for the separation of the critical 

species pair of C. backii aud C. sQXJllUlntma, and for the recognition of three species 

within the C. willctenowii complex. 

Leaf and culm aaatomy provide strong evidence for the separation of C. 

sairpMnWia from C. kckii. The completely sclerified margins, thin revolute leaf type, 

and distn'bution of papillae on both surfaces of the leaf and alang the entire surface of the 

culm, are all  chafacters that distinguish C. saxijnontana h m  C. bacfi. In fact, leaf 

characteristics such as completely sclerificd rnargins, giaucous induments, papiliate 

adaxial surf', and revolute leaf shapes, suggest that C. smQXImontana is more closely 

related to C. lutebractecttu than it is to C. backii. 

Anatomical and mimmorphological eviàence also strongiy supports the 

evidence presented by NacU, Remicek, and Ford (1997) and Ford et al. (1997~) that C. 

willdenowii s.1. is a complex of three distinct species (Le., C. wil&nowii S.S., C. 

basiunth, and C. superata). This complex clearly illustrates how useN e p i d e d  (eg., 

Le Cohu. 1970) and micromorphologicai characters (\Kujek and Menapace, 1986) can be 

for clarifying p i e s  b i t s  within criticai gmups. The three taxa recognized by Naczi, 

Reznicek, and Ford (1997) diner rnarkcdly in the distriiution of papillae and prickle hairs 

on their e p i d e d  surfaces. Caru willdmowii S.S. has papillae on bath its surfaces and 

prickie hairs on the adaxial surface; C basimtha has only prickle hairs on its adaxiai 

surface; and C. superata does not possess prickle hairs and only rarely has papUac on its 

adaxial surface. The micromorphology of the silica bodies in achene e p i d e d  ceiis also 

strongly supports the recognition of three species. The silica platform of C. basiontha is 

roughened whie that of C. superata is smooth, and neither of these two taxa possesses 



the distinctive sateilite bodies of C. willdenowii S.S. Cuim characters also support the 

recognition of thrrc species in the C. wi1Idemwii cornplex. The culms of C. basimthu are 

genedy weaLly scletified, arhercas those of C. superata are highly scierificd This may 

explain why the long culms of C. &sùzntha tend to k lax and droop, while the short 

cuims of C. superata tend to k stiffand erra (se+ Naczi, Reznïcek, and Ford, 1997). 

The 0th three species in the section (C. jimiperomm, C. jmesii, and C. 

latebracteatu) are aU morphologicaily distinct and no taxonomie problems surround their 

circUIIlSCription. HOW~VC~, some importaat anatomical characters are worth noting in C. 

juniperorum and C. htebracteata, The asymmetricai, weakly sclerified, t h -  to five- 

winged culm of C. jtm@etorum is highiy unusuai and possibly unique in Carex. The 

unique sbape of this extremely short cuim is pmbably a result of the pressure exerted by 

its tight investment in the leaf sheaths of the pseudaculm. However, this character is not 

evident in the short c h  of C superata indicating that it may be geneticaliy controlled. 

The culm of C. uircbracteata is unique in possessing its minor vascular bundles 

completely within the chiorenchyma tissue. and in having a tightly crenulate leaf m a r e  

comprised of low papillae. In contrast ta the above named species. C. jomesii possesses a 

very nondescript leaf and culm. and does not have any anaîomicaI characters that are 

unique to it alone. It was, however, the only species to show considerable variation in its 

micromorphology, which is consistent Mth the high levels of genetic variability observed 

within the species as a whole (Ford et ai., 1997b). 

Phybge1utiTc Impüeaüo~~~ 

Cladistic analysis of morphological and molecular data (chapter 4) suggests 

that Carex section Phyllostachys can be dividcd into two main groups. The wide-scaled 

group, comprised of C. bockii, C. Imcbrmteuta. and C. saximontrma is chanrterimd by 

pistillate scales that conceal the perigynia and stigmas that are short and thickened. The 

narrow-scaled group is disthguished by pistiilate scales that are narrower than the 



perigynia and by stigmas that are rrtn,rse and filSom Withh the Mde-scaled group, C. 

backii and C. sar imont i  appear to foim a species pair owhg to their e s t ,  thickened 

stipas, and highly duced s tamhatc spikes. In the narzow-scaled group the reddish 

basal sheaths, trunaitc stamhate d e s ,  and constricteci ôeak bases of C- juniperonm, 

and C. jmnesii suggest that thcse two species are closely rdated Within the C. 

willdcnwii complex, C. ban'mttha and C. super- appear to fom a group based on 

similar achene widths and lengths, and on simüar numbers of perigynia and leaves 

(Naczi, Reznicek, and Ford, 1997). The micromorphological data are entirely consistent 

with these hypothetical re1ationships. AU of the species pairs suggested by silica body 

characters also conespond to obvious morphological groups, and although not entirely 

clear, a relatiomhip between all thtee members of the C. wiltlnowii complex appean to 

be supported by the presence of convex silica platfonns in these species. 

Aithough the congruence between micromorphological and morphoIogica1 data 

sets suggests that siLica body omarnentation is a good indicaior of evolutionary 

relationships in scct. Phyüostachys, contmveny s m u n d s  the usefiiiness of 

micromorphology for inferring phylogenetic relationships in Carex as a whole. While 

-y studies have shown that these characters can be used to c i r c d b e  sections (e.g., 

Walter, 1975; Menapace and Wujek, 1987, Toivonen and Timonen, 1976; Menapace, 

Wujek, and Reznicek, 1986). and p i e s  (Wujek and Menapace, 1986). others have 

found no dinerences between closely related taxa (Walter, 1975; Menapace, Wujek, and 

Reznicelc, 1986) and marked inaaspecific variation (Rtttig, 1990; Salo, Pykalii. and 

Toivonen, 1994). Several studies have now noted similaritics in micmmorphology 

between distantly nlated sections in Carex, and even ktwccn Carex and other 

cyperaceous genera (Salo, Pykalii, and Toivonen, 1994; Watcmay, 199ûa; Renig, 1986). 

The silica bodies characteristic of C. hckr'i (fig. la) are seen in severai p i e s  of sect 

H'ochlaenue (sec fig. 4 C. castaeu; fig. 9, C. sylvutica; a d  fig. 24, C. graciltima of 

Waterway, 1990a). a species h m  sect Pseudo-Cypereae (see fig. 3, C. comosa; Walter, 



1975), an Asian member of sect. Conferfiirae -ch. (see fig. ab, C. dispulata; 

Hoshino, 1984). and even in C. panicutata L., a species h m  subgenus Vignea (see fig. 5, 

Le Cohu. 1973). The silica bodies present in C, latebracteata aie similar in morpho10gy 

to those of Scirpw clintonii (fig. 60; T u c k  and Miller, lm), and the mimmorphology 

of EnophoMn comosum (fig. 52; T u c k  and Miller, 1990) appn,achcs that of C. jmesii 

and C. jmiperonmz (fie. Ic and Id). Trends such as those outlincd above have prompted 

some authors to suggest thaî homoplasy is widespread and that silica body characters 

should be uscd with caution when assessing evolutionary relationships (Rettig, 1986; 

Waterway, 1990a). Most snidies, however, have found a correlation between 

morphologicd similarity and silica body variation. For example, the marked intraspecific 

variation and wiàe overlap in characters witnessed in the micromorphology of the C. 

flma cornplex (sect. Ceratocystis Dumortier) is also seen in its morphology and anatomy 

(Salo. Pykalii, and Toivonen, 1994). Species grouped on the basis of their 

micromorphology &O tend to comspond to naturai groupiogs on the bais  of 

morphology (e.g., Walter, 1975; Menapace, Wujek, and Reznicek, 1986), or other types 

of data such as flavonoids pivonen and Timonen, 1976). W i t b  section Phyllostachys, 

all three species pain identified by mi~i~)rnorphologicd characters, and the placement of 

C. willdenowii alongside C. busianth and C. superata, are consistent with the types of 

relationships that would k expected on the basis of comparative morphology (see 

Waterfd, 1954; Catling, Reznicek, and Crins, 1993; NacP, Remicek, and Ford, 1997). 

This suggest that micromorphologid charactels are good indicators of relationship, but 

oniy in tight monophyletic groups composecl of closely relatai species (Standley, 199ûa). 

Despite the usefiilness of micromoxphology in elucidating close species 

relationships. the following pmbIem exist when ushg silica body characters in cladistic 

analyses: (1) character States are ofien subtle and difncult to caîcgorize; (2) the homoiogy 

of stnictures is unlmown, and (3) the prt~ence of similar silica bodies in disiantly related 

taxa does suggests that character state changes may be Iimited and that homopksy could 



pose a problems for polaiizing cbaracter states. Despite these limitations, 

mi~~~morphological characters can k w d  for NcWIlSCribing species in critical groups 

(e-g., C. willrienowii compltx, sec above), and for helping to resolve sectional 

placements. Given the difTiculties of using micromorphological characters in cladistic 

analyses, however, they are best used as extcmai data sets for assessing the robustness of 

phylogenics produced usïng more conserveci charactem. 

Although mi~morphological characters suggest groups that an consistent 

with those expected fiom cornparalive morphology, groupings based on anaîomical data 

sets (Le., I d ,  culm. and Ieafepidennis characters) conflict with each other and with 

those groups infemd from morphology and micromorphology. This would appear to 

indicate that homoplasy is high in anatomical chatacters; a fhding which is consistent 

with the results of other shidies (e.g., Akiyama, 1942; Standley, 1987, 1990a). The 

anatomical differences between the species of sect. Phyllostachys are few and are mostly 

confined to the pnsence and absence of pridde hairs and papiilae. If we consider papiilae 

and prickie halls to k derived characters as suggested by Standley (1990a). the disparate 

groups we obtain clearly illustrate the homoplastic nature of anatomical characten. The 

presence of papiilae on the adaxial surface of the leaves of C. s a h o n t . ,  C. 

lutebracteata, and C. wüldcnowii might suggest that these t h  taxa should form a 

group. However, only C. sQXU1U)ntMO and C. w i f ~ o w i i  have papiliae on both leaf 

surfaces, and C. wMIIdenowii sharcs prickle haVs on its adaxial surface with two 

completely different taxa, C. j un ip r ro~n  and C. hiontha.  The presence of papillae on 

the culms of C. s ~ n t o t l c ~ .  C. backii, and C. jrmi'ronuq suggests yet another group, 

as do other cbaracters, such as the size of the first celi layer of the chlorenchyma (C. 

saxï*)~~)nfuna, C. backii, C. latebrociata). Qualitative leafcharacters such as the wide, 

glaucous, revolute leaf with completely sclerified mxgins of C. lorcbracteain and C. 

saximuntana would suggest that these two species are more closely relateà to each other 

than to any other species in sect. Phyilostachys. However, morphological characters 



(Mackenzie, 1906). ITS sequence data (chapters 3 and 4), and isozyme analyses (Ford et 

al., 1997a; Ford et al, 1997b) strongly suggest that C. siuiniontu~ is closest io C. backii. 

Although anatomid charactes have been of enormous value in disànguishing 

morphologidy dinicult species pairs (e-g., C. rostrata and C. umiulata; LE Cohu, 

1970; C. panicea and C. vaginata, Shepherd, 1976; C. roncndatu and C. membronacea, 

Ford and Bail, 1992). distinct qualitative cbatactcrs arc few and thcy tend to exhibit 

highiy levels of homoplasy (Standley, 1990a). This makes anatomical chafacters difficult 

to use in phylogenetic studies and questions their ability to accwate1y refiect 

phylogenetic relationships. Shepherd (1976) and Standky (1990a) have bath found that 

although some reiationship becwetn anatomicai characters and present moqhological 

classifications appears to exist. when anatoniical characters are used alone, they produce 

groups that are clearly unnaturai. Some of these incongruities between moqhological and 

anatomical trends cm be explained by circULIISCnptiona1 problems; but if this were the 

only reason, we wouid not expect to see the same types of inconsistencies in a small 

cleariy marked section like the PhyIZostachys, as we see in a large p r l y  defined group 

like section Phcucystis (Standley, 1987. 1990a). My data suggest that anatomical 

characters are effective indicators of species hnïts, but owing to a lack of qualitative 

characters and high levels of homoplasy, th& role in fiihm phylogenetic shidies in 

Carex is limited. 



Anatomicai and mi~~~morphologid characters support the recognition of 

eight species within Carex section P h y l l o ~ h y s .  Anatomicai characters ckarly separate 

the close spccies pair of C. S&- and C. backii. Mimmoxphological and 

anatomical characters support the ncognition of thFec p i e s  within the C. willdcnowii 

complex (see Naczi. Reznicek, and Ford, 1997; Fotd et al.. 1997~). Three p i e s  pairs 

have k e n  identifiecl by micromorphological characttfs: C. buckii and C. sdntonimia, C. 

juniperomm and C. jomesii, and C. basiàntha and C. superata The phylogenetic 

affinities of C. knebracteata and C. wi l lden~~i i  are unclear, dthough C. willdcnowii 

appears to be affiliated with C. basimttha and C. superata due to its prominently coovex 

silica platforms. These hypothetical relationships an consistent with those that would be 

expected h m  morphological comparisons. 

Mmmorphological characters are gcnerally more conscrved than anatomical 

characters and are probably good indicators of evolutionary relationship between closely 

related species in section Phyllasuchys. Roblems with homology assessment, character 

sta te  scoring. and polarity decisions suggest, however. that these characters should be 

used as extemal data sets for assessing the strength of phylogenies constructed using 

other characters. 

Relationships iafexred using anatomical characters conflict ~ i ~ c a n t l y  with 

morphological and mi~~~morphological data sets, suggesting that the contribution of 

these charactca for phylogenetic reconstruction in Carex may k iimited. Determining 

whether observed inconpities between rnorphological clessincations, and anatomical 

and micromorphological data sets are due to homoplasy in characters or to poor 

circumScnption is difficult to determine. Phylogenetic studies employing numerous 

diffetent independent data sets are needed to answer tbis question. and to determine 

which charactcrs wiü be most rewardiag to future phylogenetic studies of the genus. 



TABLE 1. CoUection data for achenes sampled in Carex section Phyllostachys. Vouchers 
are deposited at KNK and WIN except wherc noteci. Herlxuium acronyms follow 
Hohgren & al. (l!W!I). 

CarakkÜBoot t  
CANADA BRlTITSH COLûMBIA-: McLccse Lake 22 miles NNW of Williams Lake, 4 
Juae 1956, Calder 17022 et ai. (DAO).-NEW BRUNSWICK Aibert Co.: P1easant 
Vaie, 19 Jme 1945, Rpp 45.198 & m. (DAO).-U.S.A. WISCONSIN. La Cross 
Co.: Washington Twp., wooded dope bordering a branch of Coon C d  in Bobemian 
VaUey, 19 Jme 1959, 1964. (DAO). 

C'bex- Stpudel 
U.S.A. ALABAMA. Butler Co.: ca. 0 5  mi N of Oaky Streak, 23 May 1994, N a  3991 
& Ford.-ARKANSAS. Scott Co.: c a  2 mi N of Y City, 20 May 1994, N e  3938 & 

m.-FLORIDA. Oadsden Co.: Rat Creek Boat Landing, 1 June 1988, =son 7893 & 

-. (MICH).-LOWSIANA. West FeIiciana Parish: 9 mi S of jct. of ries. 61 & 10, 
23 May 1994. 3987 & (WIN);-OKLAHOMA. McCurtain Co.: ca. 4 mi N 
of Idabel, 21 May 1994. 3954 & Ford.COUTH CAROLINA Berkeley Co.: Rte. 
52,l.Z mi. N of Goose Creek, 18 May 1988, 19477. (MICH).-TENNESSEE. Scott 

Co.: c a  10 air mi. W of Oneida at rte. 297 crossing of Big South Fork of Cumberiand 
River, 22 June 1993, 320 1 & -. 0. 

Cru= jomcsii Schweinitz 
CANADA.-ûNTARIO. Kent Co.: Orforci twp.. Qear Cnek, 22 May 199 1, 
#12554. (MICH).-U.S.A. ALABAMA. Madison Co.: E of Huntsville on Monte Sano 
Mt., 10 May 1985, BEySpp 3874 et al. (MICH).-INDIANA. Martin Co.: ca. 4 miles SE 
of L6agootct. 21 May 1913, pylpl No.12.858. (MICH).-IOWA. Mills Co.: Wilson 
Timber, 29 May 1992, 5175. (MICH).-KENTUCKY. Mason Co.: ca. 2 air mi. 
W of Dover dong S si& of route 8,29 May 1994, &i& 4028 & m. 0. 
-VIRGINIA Lunenburg Co.: 1R mile N of St Rt 612.3 June 1986, Wieboldt 5982. 
(MICH).-WEST VIRGINIA. Fayette Co.: New River Gorge, about 8 miles NE of 
Beckley, 20 May 1985, 5523. (MICEQ. 



Ckrajim@erocu~~l Cam, Reznicek, & Crias 
CANADA. 0NTARI:O. Hastings Co.: Tyendinga Twp., 5.5 Km NE of Shannonville, 1 1 
June 1991, 9102. (MïCH).-U.SA KENTUKEN. Lewis Co.: Hughes Knob, 314 
mi. N of East Fo* Church, 7 U9y 1991, 8754 a al. (MTCH).-OHIO. Adams 

CO.: Bush Cnek Twp., E of Tulip Rd 315 mi. S of Lyiur. 6 May 1991, &&& 8748 et 
ai. (MICH).4HIO. Adams Co.: Tifnri twp., W of statc Rd. 41.1.5 mi. N of West 
Union on S si& Adams Lake, 6 May 1991, 8742 et ai. (MICH). 

Carex W b ~ ~ f c c r h  Wa$dMi 
U.S.A. ARKANSAS. Howard Co.: ca. 4 mi. N W  of Athens, Ouachita National Forest, 21 
May 1994, 3952 & m. 0 . - A R K A N S A S .  Polk Co.: ca. 8 mi. E of 
Vandervoort, 20 May 1994, 3948 & m. (WIN).-OKLAHOMA. McCuriain 
Co.: ca. 10 road mi. N of Broken Bow, Hochatom State Park, 21 May 1994, 3953 

&Ford * rn .  

Carex saXimanton0 Mickenzie 
CANADA--BRlTJSH COLOMBIA.: Haif mile east of Nickel Plate Mine a h g  road 
betwcen Hedley and Mt. Apex, 19 Juiy 1953, No. 10729 & Savïk. (DAO).- 
U.S.A. MINNESOTA. Cbippewa Co.: Lac Qui Parle State Park, 20 June 1947, MOOE 
No. 19653 & m. (DAû).-NORTH DAKOTA. : Bismarck, in Bouteloua gracilis, 
above thicket on hihide, 23 June 1946, Stevem s.n. (DAO). 

Cbra superotcr Nad,  Rezniceù, & B. A. Ford 
U.S.A. ALABAMA. Monroe Co.: ca. 3 mi. W of Midway, T9N, RlOE, N ln of sect. 30, 

23 May 1993, && 3073.-ALABAMA Butler Co.: c a  0.5 mi. N of Oaky Saeak, T7N, 
RISE. SE 114 sect. 9.24 May 1993, 3 lO3.-FLORIDA Gadsden Co.: ca 5.0 air 
mi. S of Chattahoochee, 24 March 1990, Br 1302 (MICH).- 
MISSISSIPPI. Tishomingo Co.: ca. 10 mi. N of Iuka, J.P. Coleman Statc Park, 25 May 
1994, 4013 et al. 0.-TENNESEE. Franklin Co.: End of Jackson Co. Ala n. 
56.2 May 197 1, U 42454b. (MïCH). 



Caraxwiaaemwii Wiudenow 
U.S.A. KENTUCKY. Whitley Co.: ca. 8 mi. E of Willîamsburg dong S side of rie. 92, 
29 May 1993. 3 153. o . - O H I O .  GILüa Co.: Wayne National Forest, 10 miles 
SW of Gallipolis, 25 May 1988, A.A. $161 & S.A.. (MICH).-NEW 
YORK- Gencssa Co.: "The GuIf'. 6km ENE of Le Roy, 30 May 1991, 8777 et 

al. (MICH).-PENNSYLVANIA, Warren Co.: Alleghwy National Forest, c a  5 mi. E of 
Wama, 21 Juae 1985. 1344. (MICH).-VIRGLNIA, Rockingham Co.: George 
Washington National Forest, jn of forest Rds. 87 and 232,15 June 1991, ÇI1IEk 

#29,658. ~ C N ) . - - T  VIRGINIA. Back Mountain in Rd., 2 mL NE of Wanless, 30 
May 1991, Q&k#29,595. (MICH). 



TABLE 2. Coliection data for populations of Carex section Phyilostachys for whicb leaf 
cross-sections w e n  exmincd. Vouchers arc deposited at KNK and WIN except where 
noted. Herbarium acrwym~ foïlow Hoimgren & ai. (1990). 

c u r e 2 b r r c I a i ~  
CANADA. MANITOBA Hwy. 308.5 km S of Fore~t~y Road 5.13 June 1994, BmL 
94 1 19 et ai.; Delta Marsh. University of Manitoba Field Station. 12 July 1994. 
94191 & Sfaa(3 samplcs).4NTARIO. Niagara Regional Mun.: North Grimsby TV., 
Beamer CoaseNation Area. 15 Jme,  1994. (no vouchet) (3 samples). Simcoe Co.: 
Vespra Twp., 5 miles NW of Barrie. 26 Juiy 198 1, & 6364 MICH. 
Victoria Co.: Carden Twp. Mm, Cardcn Alvar. foc@ woods 5.3 km S of Uphill, UTM 
572507 (map 3 1W11). 26 May 1994, tl6O32 TRTE. 

ckex badàn* Steudei 
U.S.A. ALABAMA. Butler Co.: ca. 0.5 mi N of OaLy Saealr, 23 May 1994, N a  3991 
Bi Ford .-ARKANSAS. Scott Co.: c a  2 mi N of Y City, 20 May 1994, 3938 & 

Fofd --LûUISIANA West FeIiciana Parish: dong W side of route 6 1, just S of St 
Francis Hotel, 23 May 1994, 3987 & &g&-ûKLAHOMA. McCurtain Co.: c ê  4 

mi N of Idabel, 21 May 1994, 3954 & -.-TEXAS. Jasper Co.: c a  12 mi W of 
Jasper, 22 May 1994, 3%5 & (2 samples). 

Crrrex jcunesii Scbweinitz 
CANADA- ONTARIO. Essex Co., Anderson Twp., 5 km NE of Amherstburg, 22 May 
1994. 940526. Niagara Regional Mua: Louth Twp., Twenty Mile Creek, Jordan, 13 
June 1979, 79039 PWB in TRTE. Essex Co.: Pelee Island, 12 June 1994, 
(no number) TRTE (2 samples).WattrIw Co.: Wilmot Twp., 8 km W of New Dundee on 
the Nith River, 3 June 1982 82074 PWB in TRTE.-U.S A ARKANSAS- Franklin 
Co.: ca. 1 mi N of Cecil, Citadel Bluff Army Corps of Engineers Park, 19 May 1994, 

3923 & u. Newton Co.: c a  3 mi NE of Boxley, L a t  Valley Recreation Area of 
Buffao National River, 19 May 1994. 3917 & Epgi. Scott Co.: ca 2 mi N of Y 
City, W of route 71 and S of Fourche La Fave River, 20 May 1994, 3939 & 

For&-INDIANA- Orant Co.: Taylor University Atborctum, S W  edge of Upland, 17 
May 1994, 3255; Steliers Roaâ, 1 3  miles N of Matthcws, 17 May 1994, 
&&& 3254.-KENTUCKY. Campbeil Co.: Highland Heights, 10 May 1994, 
3826. Mason Co.: ca. 2 air mi W of Dover, dong S side of mute 8,29 May 1994, Narzi 
4028 & u. 



Table 2. Continud 

USA-MISSISSIPPL DeSoto Co.: ca. 2 mi N of Walls, dong E si& of mute 61.25 
May 1994, 4026 et ai..-VIRGm Bath Co.: c a  0.4 mi S of Healing Springs. 
dong W side of route 220.23 June 1994. IYBfP 44û2 & -. 

C o r c x ~ ~ c u l l l  CatlinP, R d œ k ,  &Crins 
U.S.A. KENTUCKY. Bath Co.: ca 5 air mi ESE of Owingmillt, 16 May 1994, Naca 
3890 (2 samgdes). Lewis Co.: ca. 3 5  air mi ESE of Trinity, 5 May 1994, 3808 et 
d. (2 samples).-OHIO. Adams Co.: ca. 3 air mi NE of Pecbies, 16 May 1994, Naca 
3878. 

Cotex dafebclc~ctcrtfo Watetfàiî 
U.S.A. ARKANSAS. Howard Co.: ca 4 mi W of Athens. 21 May 1994, Fixa 3952 & 

Ford. Polk Co.: c a  8 mi E of Vandervoort, 20 May 1994. 3948 & (2 
samples).-OKLAHOMA. McCuriain Co.: ca. 10 road mi N of Broken Bow, 21 May 
1994, 3953 & m. 

Cwex srucimon&ma Mackenzie 
CANADA. MANITOBA. Treesbank, 300 m E o f  Prov. Rd. 530 where road crasses the 
Assini'boine River, 9 June 1995, Eprd 9501 & ~.-SASKATCHEWAN. Cypress 
Hilis, c a  6 km NW of Eastcnd 11 June 1995, 9526 & SliYI; Besant Campground 
and Recreation Area, ca. 30 km W of Moose Jaw, 14 June 1995, 9547 & m.- 
U.S.A. UTAH. Utah Co.: Timpanogos National Monument parhg area Along highway 
92 E of Alpine, 10 August 1993, =3372 & m. 

Corn mperutiz Nad,  R d c e k ,  & B. A. Ford 
U.S.A. ALABAMA. Butler Co.: ca. 0.5 mi N of Oaky Streak, 23 May 1994, 3990 

&-, Greenville, 3 mi N of center of t o m  dong mute 263,24 May 1994, 3993 
& -.-MISSISSIPPI. Tishomingo Co.: ca. 10 mi N of Iuka, J. P. Coleman State Park, 
25 May 1994, -4013 a ai. 



Cmex Wilzilinowii Windenow 
U.S.A. ARKANSAS. Garland Co.: ca. 17 air mi N of Hot Springs. Iron S p ~ g s  
Reczeation Ama of Ouachita National Forest, 19 May 1994, 3924 & m.- 
KENTUCKY. kranldin Co.: ca. 6.5 air mi NW of Frankfort, 11 May 1994, - 3835 & 

-.-OHIO. P h  Co.: 13 road mi W of Buchanan, 16 May 1994, 3887.- 
PENNSYLVANIA Bradford Co.: ca. 8 mi SW of Towanb dong W side of h a c h e r  
Brook Road, 17 June 1994, 4287 & -. 



TABLE 3. Coiiection &ta for populations of Carex sect. Phyiloszachys for which leaf 
epidermal surfaces werc mcyed. Vouchm an deposited at KNK and WIN unless 
otherwik notcd Herbarium anonyms follow Holmgren & al. (1990). 

Cmexboc:~Boott 
CANADA MANîîOBA. Delta Marsh, University of Manitoba Field Station. 12 Juiy 
1994, && 9419 1 & ~.-ûNTARI:O.  Niagara Regional Mun.: North Grimsby Twp., 
Beamer Consewation Ana, 15 June, 1994. && (no voucher) . Victoria Co.: C d n  Twp. 
Mun., Carden Alvar, mcky waods 53 km S of Uphill, üTM 572507 (map 3 lDll1). 26 
May 1994, #Mû32 TRTE. 

ckuebas- Stemdel 
U.S.A. ALABAMA. Buikr Co.: ca. 0.5 mi N of Oaky S t d c ,  23 May 1994. 3991 
& For&-ûKLAHOMAD McCurtain Co.: ca. 4 mi N of Idabel, 21 May 1994, 3954 
& -.-TEXAS. Jasper Co.: ca. 12 mi W of Jasper, 22 May 1994, M 3965 & Fod- 

Canx jamesii Schweinitz 
CANADA. ONTARIO. Essex Co.: P e k  Island, 12 June 1994,- (no number) 
TRTE. Niagara Regional Mun.: buth Twp.. Twenty Miie Creek. Jordan. 13 June 1979, 

79039 PWB in TRTE. -U.S.A. ARKANSAS* Ftanklin Co.: ca. 1 mi N of Cecil, 
Citadel Bluff Amy Corps of Engincers Park, 19 May 1994, 3923 & Ford. 

CarexjimQemmn Cam, Reznicek, & CnaS 
U.S.A. KENTUCKY. Bath Co.: ca. 5 air mi ESE of ûwingsville. 16 May 1994, 

3890. Lewis Co.: ca 3.5 air mi ESE of Trinity, 5 May 1994, 3808 et d.-OHIO. 
Adams Co.: ca. 3 air mi NE of Peebles, 16 May 1994. 3878. 

Carex làte&r0(:teotcr WaterfaiI 
U.S.A. ARKANSAS. Howard Co.: c a  4 mi NW of Athcm, 21 May 1994, 3952 & 

Epcd. Poik Co.: ca. 8 mi E of Vande~wrt, 20 May 1994, 3948 & M.- 
OKLAHOMA. McCurtain CO.: ca. 10 road mi N of Broken Bow, 21 May 1994. Naca 
3953 &Ford. 



CutexsLLXiillOnfcuio Mackenzie 
CANADA. MAIUTOBA Manitoba Wildlife Management Area, W side of Rov. R d  346 
where road crosses Souris River, 9 June 1995, 9507 & ~.-SASKATCHEWAN. 
Besant Campground and Rccrcation A m ,  ca. 30 km W of Mmsc Jaw. 14 June 1995. 
Eprd 9547 & h. U.S.A. UTAH. Utah Co.: Tllllpanogos National Monument parking 
area Along highway 92 E of Alpine, 10 August 1993, -3372 & m r e t .  

Corcr supCtatQ Nad, Reznicek, & B.A. Ford 
U.S.A. -AMA. Butler Co.: ca. 0.5 mi N of Oaky S e  23 May 1994, 3990 

& Ford; Greenville, 3 mi N of center of town dong mute 263.24 May 1994, Nacd 3993 
& Ford.-MISSISSIPPI. Tishomingo Co.: ca. 10 mi N of Iuka, J. P. Coleman State Park, 
25 May 1994, -4013 et al. 

Carex wühknowii WUîdenow 
U.S.A. ARKANSAS. Gadand Co.: ca 17 air mi N of Hot Springs. h n  Springs 
Recreation Area of hachita National Forest, 19 May 1994, 3924 & &&.-OHIO. 
Pike Co.: 1 5  mad mi W of Buchanan, 16 May 1994. 3887.-PENNSYLVANIA. 
Bradford Co.: c a  8 mi S W  of Towanda, dong W side of Preacher Brook Road, 17 June 
1994, 4287 & meret. 



Tm= 4. Collection data for populations of Carex sect P Iryllostachys for which culm 

cross-sections wen examhed. Voacbm are deposited at KMC and WïN unless 
otherwise noted. Herbarium acronyms follow Holmg~en & al. (1990). 

CmcrbacküBoott 
CANADA. MANITOBA Delta Marsh. University of Manitoba Field Station. 12 Juiy 
1994, Epld 94191 & & ~ K . ~ N T A R I O -  Niagara Regional Mun.: North Grimsby Twp., 
Beamr Co~l~emation Arta, 15 June, 1994. && (no voucha). Simcoe Co.: Vespra Twp., 
5 miles N W  of Barrie, 26 July 1981. &&& & &&& 6364 MICH. 

ckœrérbasiantlitrrsteu&l 
U.SA. ARKANSAS. Scott Co.: c a  2 mi N of Y City, 20 May 1994, 3938 & 
Fd.AKLAHOMA. McCurtain Co.: ca. 4 mi N of Idabel, 21 May 1994, 3954 & 

W.-TEXAS. Jasper Co.: c a  12 mi W of Jaspu, 22 May 1994. 3965 & (2 
individuais sampled). 

*ex j~llllesii Schweinitz 
CANADA. ONTARIO. Essex Co.: Pelee Island, 12 June 1994, OJdham (no number) 
TRTE. Niagara Regional Mun*: Louth Twp., Tweuty Mile Crcek, Jordan. 13 June 1979, 

79039 PWB in TRTE. -U.S.A. ARKANSAS. Scott Co.: Ca. 2 mi N of Y City, W of 
route 71 and S of Fourche La Fave River, 20 May 1994, 3939 & m. 

Clrrrajitn@erwr~~~~ Catiing, Reznicek, & CnnS 
CANADA. ONTARIO. Nastings Co.: Tyendinaga Twp. 5.5 km NE of Shannonviîle, 1 1 

June 199 1, PM. 9 102. (MICH).-USA. KENTUCKY. Bath Co.: ca. 5 ai.  mi. 
ESE of Owingsville, 16 May 1994, 3890. Lewis Co.: Hyrnes Knob, 1 114 mi. E of 
Trinity School, 7 May 199 1, A. 8756, AM. & &&&. (MICH).- 
OHIO. Adams Co.: ca 3 air mi. NE of Pcebles. 16 May 1994. 3878. 

Cavex lafebrockakz Waterfail 
U.S.A. ARKANSAS. Howard Co.: ca. 4 mi W of Athens, 21 May 1994, 3952 & 

For& Poik Co.: c a  8 mi E of Vande~oort, 20 May 1994, 3948 & m.- 
OKLAHOMA. Mc- Co.: ca 10 road mi N of Broken Bow. 21 May 1994, && 
3953 & m. 



~ e x s Q X i j l l O n & m a  bhckende 
CANADA. - 0 B k  Manitoba Wildlife Management AM. W si& of Rov. Rd 346 
whexe road crosses Souris River, 9 June 1995, 9507 & ~.-SASKATCHEWAN. 
Besant Campground and IReCreation Ana. ca 30 km W of Moost Jaw, 14 June 1995, 
Eprp 9547 & U.S.A. UTAH. Utah Co.: T'impanogos Narional Monument parking 
ana. Along highway 92 E of Alpine, 10 August 1993. =3372 & =- 
Conx supC71LfO Nad, Remkek, & B.A. Ford 
U.S.A. ALABAMA- Butler Co.: ca. 0.5 mi N of Oaky S W  23 May 1994, 3990 

&- Greenville, 3 mi N of center of town dong route 263.24 May 1994, 3993 

& Fm&-MISSISSIPPI. Tishomingo Co.: ca. 10 mi N of Idca, J. P. Coleman State Park, 
25 May 1994, && 4013 et ai. 

Cmcx: wiadcnowii Wiildenow 
U.S.A. ARKANSAS. Garland Co.: ca. 17 ait mi N of Hot Springs, Iron Springs 
Recreation Area of Ouachita National Forest, 19 May 1994, 3924 & &&4HIO.  
Pike Co.: 1.5 road mi W of Buchanan, 16 May 1994, 3887.-PENNSYLVANIA. 
Bradford Co.: ca. 8 mi SW of Towanda, dong W side of hacher  Brook Road, 17 June 
1994, && 4287 & W. 



fig. 1. Scanning eiectron micrographs of silica deposits in achene epidermal celis of Carex 
spp. a- Carex backii (Calder 17022 et ai., DAO). b. Carex saKimontana (Stevens (s.n.), 
DAO). c. Carex jmiperonun (Reznicek 8742 et al., MICH). d. Carex jamesii, Virginia 
(Wieboldt 5982, MICH). e. Carex jamesii, Indiana (Deam No. 12, 858, MICH). t Carex 
jamesii, Iowa (Wilson 5 175, MICH). 



fig. 2. Scanning electron micrographs of silica deposits in achene epidermd ceiis of Carex 
spp. a. Carex basimtha, Louisiana ('Naczi 3987 & Ford, WIN). b. Carex basiantha, 
Arkansas (Naczi 3938, WIN). c. Carex superata, Alabama 3 103, WIN). d .  Carex 
superuta, Tennessee ( K d  42454b, MICH). e. Carex willdenowii (Cusick #29, 595, 
MICH). f. Carex lutebracteata (Naczi 3953 & Ford, WIN). 



Fig. 3. Cross sections of leaves. A. Carex latebracteata (Naczi 3948 & Ford, WIN). B. Carex saximo~~tana 
(Ford 9507 & Starr, WIN). Scale bars to the right of figures represent 0.5 mm. Darkened areas = 
sclerenchyma, stippled areas = chtorenchyma, stipple bordered ellipses = air cavities, continuous circles 
between upper and lower surfaces = vascular bundles. 



fig. 4. Cross sections of leaves. A Curexjmeîii 3923 & m, WIN). 
B. CcvexjunJPeronim 3878, WIN). C. Carex backii (Eprd 941 19 et al., 
WIN). Scale bars to the right of figures represent 0.25 mm. 



Fig. S. Cross sections of leaves. A. Carex superara (Naczi 3993 Br 
Fod, WIN). B. Carex basionth (waca 3954 & Ford, WIN). C. 
Carex willdenowii(Nacd 3924 & Ford, WIN). Scale bars to the right 
of figures represent 0.25 mm. 



fiig. 6.  Epidermai surfaces of leaves. A. Carex willdenowii, adaxial surface (Naczi 4287. 
WIN). B. Carex saximontana, abaxial surface (Ford 9507 & Starr3 WIN). 



Fig. 7. Cross sections of culms. A. Carex kztebracteata(JW~ 3952 & 
F a ,  WIN). B. Carex mperata wacd 3993 & m). Scale bars to the 
nght of figures represent 0.25 mm. Darkened areas = sclerenchyma, 
stippled areas = chlorenchyma, stipple bordered ellipses = air cavities, 
continuous circles between upper and lower surfaces = vascular bundles. 
The dashed line separates chlorenchyrna fkom the spongy central ground 
tissue. 



Fig. 8. Cross sections of culms. A. Carex juniperonun, Ontario (Catling9102, 
WIN). B. Carex juniperonun, Kentucky (riaczi 3890, WIN). Scale bars to the 
right of figures represent 0.25 mm. 



Fig. 9. Cross sections of culms. A. Carex backii (u ( sa ) ,  WiN). B. 
Carex saximuntana (Ford 9547 & stm, WIN). Scale bars to the right 
of figures represent 0.25 mm. 



Fig. IO. Cross sections of c h .  A. Carex basiantha ( J+ïaca 3965 & Ford, 
WIN). B. Carex willdenowii (= 3924 & Ford. WIN). C. Carex jmnesii 
(lkl 3939 & F a ,  m. Scale ban to the right of figures represent 0.25 
mm. 



CHAPTER 3 

PBYUK:ENY AND SECFIONAL DELIMITATION LN CAREX (CWERACEAE) 

USING SEQUENCES FROM THE LNTeRNAL TRANSCBIBED SPACERS OF -NA 

Comprising nearly 2000 species or almost balf of the Cyperaceae L., the genus 

Carex L. rcptcsents one of the Iargest of ail flowering plant genera (Reznicek, 1990). 

Although the genus is cosmopolitan in dism'bution, it is plimarily a north temperate 

genus, with centres of diversity in North Amenca and eastem Asia (Bail, 1990; Reznïcek, 

1990, Naczi, 1992). The habitats in which Carex can k found are as diverse as the 

genus, ranging h m  the dry open savannas and min-forestr of the subtropical and tropical 

zones, to the w e t - d o w s ,  deciduous forests, and tundra of the temperate and Arctic 

ngions of the e a r h  The genus, and its nik the Cariceae Kunth ex Dumort.. are clearly 

distinguished h m  the rest of the Cyperaceae by the possession of imperfect flowers that 

lack a penaath and by the possession of a perigynium, a sac-iike structure of prophyilar 

origin that surrounds the naked gynoecium (Blaser, 1944). The perigynium fomis the 

most important taxonomie character in Carex, and it is prirnarily through the subtle 

differences in its shape, size, texture, and nervation, that the enormous number of species 

in the genus are distinguished (Neimes, 1951). 

Despite the global distribution and ewlogicai importance of this genus, 

evolutionary trends and relationships within Carex have remained almost completely 

unknown (Rcznicek, 1990). This la& of evolutionary understanding is primarily 

amibutable to the nature of morphological and matornical characters in Carex. Fioral 

reduction (Smith and Faulkner, 1976), d o r m  vegetative morphology and auatomy 

(Metcalf, 197 1; S tandley, 1987; etc.), and the repeated occurrence of paralleiisms and 

mversals (Rezrûcek, 1990; Naai, 1992; chapter 4) have obscured phylogenetic trends 

and have led to the recognition of many artificid taxa The extreme duction in the 



genus and the ahost complete lack of kwwledge of the oatogeny of Carex (Alexeev, 

1988). M e r  raises homology pmbIems obat complicate phylogenetic reconstruction at 

all levek. Several receat ztvisionary studies have clarifieci some sectional limits (e-g., 

sect Steliulatae KWth, RezIilceIr, 1980; sect. Hymenochtaenae (Drej.) L. H. Bailey, 

RezniceJc, 1986; scct Ceratocy~n's Dumoa Crins and Bd, 1988; sect. Gnseae (L. H. 

Bailey) Kükeath., N d ,  1992). and a numba of phylogenetic studies based on 

morphology and m o m y  have kcn  attemptcd (Naai, 1992, Crins and Bd, 1988; Crins, 

1990; Starr and Ford, 1995), however, the same problem remains; a la& of diable 

characters with which to stmngiy delimit taxa and infer relationships. 

Because of the rcduced nature of the gcnus, the semh for new characters has 

been a high priority for carkologists. In the early 1970's. scaniiing electron microscopy 

(SEM) of leaf epidemd sufaces (Le Cohu. 1972). and most importantly of the siiica 

bodies in the epidennal cells of the achenes (Le Cohu, 1973; Walter, 1975), provided a 

new source of characters. Although silica bodies proved useful for circumscribing some 

species (e.g., Toivonen and Timonen, 1976; Wujek and Menapace. 1986; chapter 2) and 

sections (e.g., Walter, 1975; Tallent and Wujek, 1983; Menapace and Wujek, 1987). it 

was soon clear that parallekm would nstrîct thek use in phylogenetic analyses (Rettig, 

1986; Waterway, 1990a; chapter 2). 

Polycentnc chromosomes and the ability of chromosoma1 fragments to behave 

independenùy during meiosis (i-e., agmaîoploidy; sec Grant, 198 l), led many to believe 

(e.g., Heilborn, 1924; Davies, 1956; Whitbis, 1987) that Carices with lower chromosome 

numbcrs werc more primitive than those with higher counts. The f h t  phylogenetic tne 

produced for the genus (Heilbom, 1924) was constnicted under this principle, and it has 

been used by subsequtnt authors as a mans to polarize phylogenetic trees in the absence 

of outgroups (Crins a d  Ball, 1988; Crins, 1990), or to hypothesize primitive groups in 

the genus (Savile and Calder, 1953; Bail, 1990). Unfominately several problems such as 

aneuploid senes within species (e-g.. Wahl, 1940, Faulkner, 1972; Naczi 1992), low 



chromosome counts in presumah1y advanced sections (e.g., section Acrocysrk, n= 15- 18; 

Reznicek, 1990), correiations between counts and habitat types (Be& 1982; Crins and 

Bali, 1988; Wbitkus. 1988; Naai. 1992; Hoshino and Waterway, 1995). and the belief 

that chromosome fusion may also occur (FauJkner. 1972; Whitkus, 1988; Remicek, 

1990; chaptcr 4). suggest that chromosome counts do not provide a diable  mans for 

inferring evolutionary direction (see chapter 4). 

Isozyme anaiysis has also made simcant contniiutions to our understanding of 

broediag systems, genetic vpriability in populations. species boundaries, and species 

relationships in Carex (Bmederle and Fairbrothea, 1986; Standley. 1990b; Waterway, 

1990b; Brueâerle and Jensen, 1991; Ford, Ba, and Ritlanâ, 1991,1993; Whitkus, 1992; 

McClintock and Waterway, 1994). However, as with the above mentioned characters, the 

numemus problems assocîated with the use of isozyme data in phylogenetic analyses (see 

Richatdson, Baverstock, and Adams, 1986; Crawford, 1990). have Limited their 

contribution to a broader understanding of evolutionary a n d s  and relationships in Carex. 

Molecular DNA characters offer an obvious source of variation whose use has yet 

to be explored in Carex. The advantages Hordeci by these characters in homology 

assessment, homoplasy, the scoring of chanster states, and fmialy even character 

numbers, aii suggest that DNA characters could make a substantial contribution to the 

systematin of this genus. 

In this study 1 investigate the useNness of DNA characters to the taxonomy and 

systematics of Cam by using sequences h m  the intemal mascribeci s p c m  of nuclear 

ribosomai DNA (nrDNA). Because of the enormity of the gcnus, and the aumetous 

taxonomîc piablems that sumnind many of its sections, 1 chose to explore the systematic 

position and phylogeny of a small (i.e., 8 species). well dehed group in the genus, Carex 

secti011 Phyllosachys (J. Carey) L.H. Bailey. A number of nasons favour this approach. 

First, the d size of the section aiiows for both interspecific and intraspecifïc variation 

to be assesseci. Second, its ckar delimitation fiom other sections and the ment resolution 



of a number of taxonomie pmblems (Naczi. Reznicek, and Ford, 1997; Ford et al.. 1997c; 

chapters 2 and 3) ailows for an interpretation ofresultc that wiIl not be confounded by a 

poorly resolved taxonomy. Third, the evolutionally rrduced and unusual inflorescence 

morphology of the section bas 1cd to wi& speculatioa concerning its ongin and 

systcrnatic position within the genus. By using section Phylustachys as a model. 1 hope 

to explore the usefiilness of lTS sequeaces for c i r c d b i a g  sections and for resolving 

inta- and intrasectional reIationships in the genus. More specifif objectives regarding 

ta~~onomic questions and phylogenetic relationships to be tested will be presented at the 

end of the followhg section. 



Carex sect. Phyllosachys has long boen recopniled as a very distinctive group 

within the genus. Descrïkd as a "singulu section" by Baiiey (1 886). or as "a very 

strongiy markcd p u p "  by Mackenzie (1935), sect. Phyllostocckys has even been 

accorded the raDk of genus by Tomy (PhylLostachys Toney; 1836). Carex sect. 

PhylIostachys ddocs indecd posscss severai striking diagnostic characters which impart a 

unique a-ce to the group. The large foliaceous pistillate scalcs. highly duceci and 

congestecl androgynous spikes (3 - 61 flowers; Crins. in press), and apicalIy winged 

culms and rachis (Catling, Reznicek, and Crins. 1993). make this one of the few sections 

in Carex whose Limits arc currcntly undisputed. However, like many evolutionally 

reduced sections in the gmus, its unusud appcarance bas led to wide specuiation 

concerning its origin and phylogenetic position in Carex- 

Because of their unconventional inflorescence morphology. many reduced 

sections in Carex have become intimately involved in the controversies sumu11ding the 

phylogeny and circurnscription of the genus and its subgenetic taxa. Deciding what is, 

and what is not a Carex, is certainly one of the most serious problems in a broder 

understanding of evolutionary ûends in Carex, but it is b o n d  the scope of this study. 

However, due to the pivotal role of sect. Phyflostachys in some of the major evolutionary 

controversies in the genus, a discussion of the systematic problems surrounding the 

subgenera is necessary kfore the diverse hypotheses concerning the origins of the 

Phyllostochys c m  be entertained The terminology w d  to describe the vegetative and 

reproductive morphology of Carex foiIows RezDicek (1990). 

Subgene* ClaPsifatbn 

In the only worldwide monograph of the pnus, Kükenthal(1909) divided Curer 

into four subgenera (Primocarex Kükenth, Carex, Vignra (PBeauv. ex LRStib.f.) 

Peterm, and Indocarex Bailion) which he believed were representative of the major 



iineages in the genus. Although there are good muons for reorganïzing Kükenthal's 

subgenera, his classincation has been maintained by many authors (e-g., Raymond. 1959; 

Chater, 1980; Jermy, Chatcr, and David, 1982; Kukkonen and Toivonen, 1988). because 

of its usefulaess in organizing gmss morphoIogicai types and k a u s e  of a la& of 

alternative widely accepteci systems. 

Subgenus Carex is the Iargest of the subgenera with 1400 species, and it is 

considerd by many to ôe one of the most derivcd (e-g., Kükenthal, 1909; Nelmes, 1951; 

Smith and Faulkner, 1976; Reznicek, 1990). Although most of its species are 

charactcrized by the possession of cladoprophylis and by inaorescences that are 

composed of terminaüy starninate, and l a t t d y  pistillate inflorescence unis, a great 

degree of varïability is seen in the semal expression and configuration of these 

inflorescence units (see Kükenthal, 1909). This has prompted a number of taxonomists to 

suggest that the subgenus as it is presentiy circum~cn'bed may be unnatural (Namfeldt, 

1977; Reznicek, 1990). but it is unclear how fiirther subdivision should take place. 

Subgenus Indocarex is a small, mostly tropical taxon of about 100 species (Ball. 

1990; Reznicek, 1990). With few exceptions (Kükenthal, 1909). the members of 

subgenus 1nda:are.x have kui considend as the most primitive in the genus as inferred 

fkom their phytogeography (Krrczetovicz, 1936; Nelmes. 1951; Bail, 1990). and 

infiorescence structure (Kreczetovicz. 1936; Smith and Fauikner. 1976). The species in 

subg. Indocarex can k distinguished by dormly andtogynous spikes. similar terminal 

and lateral inflorescence units, the occmnce of cladoprophylIs, and most impartantly, 

by the possession of inflorescence prophylls: unique structures at the base of the lateral 

infiorescence units that are homologous to pengynia (Blazer, 1944). and similar to them 

in appeariillce. However, a fundamental b l d g  of subgeneric limits appears to occur in 

Asia, where a number of sections such as the Decorae (Kükenth.) Ohwi (Raymond. 1959; 

Koyama, 1957; Koyama, 1962) and the Hymemchlaenae (Hoh, 1900; Ohwi. 1936; 

Koyama, 1962). obscure the boundanes benveen the Indocarices and subg. Carex. 



Aithough many authors have merged these subgenera in the pst, most modem authors 

choose to trcat them scpatateIy (e.g.. Kukkonen and Toivonen, 1988; Reznicek, 1990). 

Subgenus Vi' oomprising 400 to 500 @es, is distinguished by the 

possession of similar terminsl and lateral inflorescence units thaî are sessile, and by the 

presence of an abaual falsc suture on the paigynium (Reznïcek, 1990). The pisrnate 

fiowen are n o d y  distigmatic, and ~Iadoprophylls and sheathing bracts are generally 

absent. Unülre the other thme commoniy zecognized subgenera in Carex, almost aU 

authors consider subg. Vignea to k naturai and scparatt, whether the evidence is based 

on morphology (e.g., Bailey, 1886; Kükenthai, 1909; Oh* 1936; Nelmes, 19s 1; 

Koyama, 1962, etc.), anatomy (Le Cohu. 1967). or smut host-parasite data (Savile and 

Calder, 1953; Nannft1dt. 1977). Although thïs subgenus is generally considered to be 

derived (e.g.. Nelmes, 1951, Smith and Faulkner, 1976). Reznicek (1990) has pointed out 

that the most compound inflorescences in the genus are found within uiis subgenus, a 

feature associated with primitive Carices. 

Subgenus PrUnocarex is a group of approximately 70 species groupeci into 14 

sections that is distinguished by a single charactec a solitary, terminal spüce (Nannfeldt, 

1977; Reznicek, 1990). Kükenthal(1909) felt that subg. Primucarex was primitive, and 

had independently given rise to both the vignean and indocaricoid lines during the 

evolution of the genus. Subgenus Carex, wbich he p l a d  las in his classification, was 

considered a later development h m  subgenus IrrctoCarex. Knaetovicz (1936) argued, 

however, that subgenus Prünocurex was not primitive nor naairal, but rather a 

polyphyletic group that was the resuit of the repeated indepenâent reduction of 

mdtispicate species b m  the other t .  subgeneta Kreczetovicz (1936) described two 

primary modes of reduction that had givcn rise to the Priniocarices: (1) "digressive 

reduction", or simple quantitative reduction unaccompanied by noticeable changes in 

structure or firnction (this was seen p r i d y  in PrimoCafices descendant from subg. 

Carex and Vignca), and (2) "transmutive reduction", in which a fusion andlor a 



transformation of parts (e.g.. of a bract into a scale) obscureci a recent origin fiom subg. 

Indocarex. Both types of duction were thought to be the result of climatic changes that 

had accompanied ZCCtnt mountain building and glaciation events. Subsequent 

investigations of inf'lorcsctnce developmnt by Smith and Fauikner (1976) have ais0 

supported the contention that the group is polyphyletic and advanced, aithough smut 

host-parasite relationships have indicated that a poaion of the group is primitive and 

nanirat (Savile and Calder, 1953). 

Ccvu seck PhyIIosfachys 

Early taxonomie ûeatments of the Phyilostachys focused on an origin for the 

section fimm Mthin subgenus Carex. Tuckemian (1843) treated Cg backii Boott, C. 

willdenowii Schkuhr ex Willd.. and C. steudelii Kunth (= jamesii Schwein.) as a 

distinct "grex" (a group of unspecined r d )  within section Legitimae Koch. (=subg . 
Carex in part). These three species were also recognued by Carey (1848) as a natural 

group. however, Bailey (1885,1886) expanded sect. Phyttosttzchys by  creating two new 

subsections: (1) the Bractoideae Bailey, which contained the thne species recognized b y 

Carey (1848) and Tuckerman (1843), and (2) the Phylhtachy~e Bailey, a subsectioa 

comprised of two species that are currently placed in section Fimiculmes Kükenth. (C. 

multica~(1is L.H. Baiiey and C. geyeri Boott). In his treatments, Bailey (1 885, 1886) 

provided a very detailed theory on the origin and relationships of sect. Phytlosrachys. He 

postulated that the P h y l l ~ c h y s  wwm an offshoot of sect Acrocysti's, and that the section 

was connectcd to section La@orue Kunth via C. muIticaulis, a species which he 

considerd to be close to C. hitchcockiana Dew. Aithough C. hitchcockianu is now 

placed in section Gnseae (LX* Baüey) Kükenth*. it fomis part of a much larger clade 

comprised of sections Luiflorae, Grandares (O. Lang) Mackenzie, Cureyme 

Tuckerman ex Kükenth., and Gtiseae (Naczi, 1992) to which Tuckerman (1843) had also 

felt sect. PhylIostachys was close. Although later authors essentially ignod this early 



hypothesis, a few of the species in these sections have dilaied culm apices; a rare 

condition in Carex, but one that is found thraughout sect. Phyllostachys. 

Holm (1900,1903) and Kreczetovicz (1936) both considered sect Phyllostachys a 

transitional group that &mollStrated that subgenus Indocarex was inseparable h m  

subgenus Carex. In a study prompted maidy by his exception to the classification 

pmposed by Bailey (1885.1886). Holm (1900) argueci that scct. Phyllostacchys was not 

closely related to either sections Acrocystrs or laxiforue, and that anatomically. they 

were closely nlated species that were distinct h m  sect. Fimiculbncs. In his attempts to 

clarify its systematics. Holm noteà that the peculiar habit of sect Phyllostochys, in which 

a terminal and sevcral basal anhgynous spikes anse h m  a single pseudoculm, hinted at 

a relationship to bath the "Carices g e n h e "  (le., subg. Primocarex in part and subg. 

Carex) and section Vigneastra Tuckemÿin (=subg. Indocarex). The co~ection to subg. 

Indocarex was explored by a demonstration of positional homology between a 

teratoiogical specimen of C. backii and a normal multispicate species h m  subg. 

Indocarex, C. ckdostachya (= C. polysrachya). The simüarities between the two did not 

suggest an immediate reiationship. but indicatbd that a wider "Cances Genuinae", which 

included subg. Indocarex, should be recognized. Holm argued instead that the species 

assigneci to the Phyllosachys were not suniciently distinct to constitute a section. but 

were best aated as primitive members of the Hymenochùzenae; a many-fiowered section 

in subgenus Carex that, Iürc sect. Phyilostachys. emdates the indocarÏcoid condition 

when the'abnorrnal growth of the rachilla (a reduced secondary axis) within basal 

perigynia leads to the production of laterd aiidrogynous inflorescence units. 

Kreczetovicz (1936) kiîeved that sect. Phyllostacys was a highly derived group 

that had evolved only recently (Pliocene or Pleistocene) h m  subg. IndDcarex via 

aansmutive nduction. In sect. PhyZlostacclrys ihis pmcess had proceeded by a reduction of 

the lateral inaorescence units to a vestigial axis (Le.. a rachilla); by the conversion of the 

inflorescence prophyiis into pengynia, and by the transformation of inflorescence bracts 



into le@ pistillate scales. The inaorescence was thus "pseudo-monostachyous", each 

puisyni~m rtprcsenting the rmnants of a pedunclcd lateral inflorescence unit that 

because of conaescence and a transformation of parts maskd its multispicatc origin. The 

stmngest evidcnce for such a transformation was seen in sections Phyllostachys (subg. 

Carex) and FVnùcuùnes (subg. PrUnOcurex); both p u p s  had pseudo-monostachyous 

infioresctnces, and yet Küktnthal(1909) had placed thcm in different subgenero The 

presence and a b n o d  p w t h  of the rachilla in these sections was a sign of theu recent 

and incomplete reduction h m  the Indocariccs. 

Based on smut host-parasite records, Savile and Calder (1953) proposed a 

phylogenetic hypothesis for Carex that rnaintained the four traditional subgenera, and 

created a new subgenus (Kuekenthatùz Savile and Calder) for those species in subg. 

Carex with persistent styles and bladdery perigynia. Section Phyllostachys w u  placed at 

the tip of a Iineage in subg. Carex that included section timosae ('hckerm.) Christ and 

the evolutionally reduced section Scirphe Tuckem (placed in subg. Primocarex by 

Kükenthal). Although they agreed with Kreczetovicz (1936) that subgenus Primocarex 

sensu KOEenthal was anincial, smut records suggested that nearly half its p i e s  were 

stiu a naturai group, and that the presence of a rachilla, among other morpholopical 

characters, clearly demoostrated that the group was primitive. Despite the f a  that they 

conUdaed the simple spikes of their Rimocarices as primitive, other reduced groups, 

like sections Phyllonohys and Scirpihae, were considerrd highly evolved because their 

smuts shared advanad chataciers with smuts that infectecl Carices typicai of 

evolutionally advanced subgenera. 

Although not al1 authors expiicitly discuss theu views regarding evolution, the 

arrangement of taxa within theù monographs presenu a .  implicit phylogenetic 

hypothesis. The placement of sect. Phyllostclchys in the works of Mackenzie (1935) and 

Kükenthal(1909). is heie worthy of mention owing to the great idluence of these 

monographs on the present systematics of the genus. 



In his treatment of the North Amencan Carices, Mackenzie (1935) placed sect. 

P h y t ~ u c h y s  ktween the monotypic section Polmchideae (Tuckem) Mackenzie and 

the srnail, western North Amencan section Filifioliize Tuclcermam As an hypothesis of 

relationship this -nt is unique, but it cannot be considerd implausible. Like many 

evolutionaily reduccd pups in Càrex, the lack ofmacromorphologicai characters in 

sections Po1ytnihutdeue. Filifolioe, and Pkyllostclchys means ihat none of these gmups 

can be unambiguous1y aiigned with any other section. Tkse sections do share a 

caespitose habit, a lack of inf!lorrscenct bracts, and few-fiowerd androgynous spikes. 

but th& condition is commody seen arnong duced Cazices They dinu considerably, 

however, in the morphology of their perigynia and in their ecological prefemces, which 

are the most likely rrasons why they have not been suggested as being related before. 

Unfortunately, Mackenzie ranly expressxi his views on evolution in the genus, so it is 

difncult to determine whether he tnily felt a relationship eùsted ktween these three 

sections or whether he was simply employing a convenient arrangement 

Kükenthal(l909) placed sect. Phyllmtachys berneen two old-world sections, the 

Rhonrboidoles Külcenth. and the Elritue Kükenthai. Morphologicdy these two sections 

differ markedly h m  the Phyllostachys. They are compriscd of mmy-flowered, 

muitispicate p i e s  that possess highly nîbed pesigynia, persistent style bases, and 

sheathing inflorescence bracts. None of these characters is pnsent in sect Phyll~stachys~ 

Objectives 

In order to gain a better undcrstanding of the phylogeny and evolutionary position 

of Carex sezt. Phyllosachys, 1 conducted a cladistic analysis of sect. P h y l l ~ c h y s  and 

its putatively related sections using sequences fiom the two intemal transcribed spacers 

(ITS 1 and ITS 2) and portions of the 5.8s gene (i.e., the ITS region) of nrDNA. This 

locus has recently becorne the scquence of choice for low level phylogenies in plants 

(Baldwin et al., 1995). Its high mutationai rate, ease in dignment and amplification, and 



relatively small size have meant that phylogenetic questions within genera (e.g., 

Astragalus, Wojciechowski et ai., 1993; Epilobium, Baum, Sytsma, and Hoch, 1994; 

Antennan'u. Bayer, SoItis, and Soltis, 1996) and even between closely related species 

(e-g.. Dcndroseris, Sang et ai., 1994; Senecio. Bain and Janscn. 1995; Robiitsonia, Sang 

et al.. 1995) arc now routincly addressai by sequence data These studies suggest that the 

ï ï S  region is the most appropriate sequence cumntly available for addressing 

phylogenetic questions within Carex. 

The objectives of this study were to: (1) assess the utility of t&e ITS region for 

resolving both phylogenetic and taxonomie questions in Carex (2) determine whether 

Carex section PhyZIo~tachys is monopbyletic, and (3) determine the systematic position 

of this section within the genus Carex by comparing sequence data of section 

Phyllostachys with species representative of putatively related sections. 



CJioièe of Tara 

Localities and collection numbas of dl p i c s  and populations sequenced in this 

study, and the taxonomy of Carex employai, arc given in TABLES 5 and 6. Taxa were 

chosen as representatives of specïfîc groups or hypotbcticd lineagcs to which Carex 

section Phyllostachys has been previously associatcd (see above). Som of the taxa 

considend by Mackenzie (1935) and KWnthal(1909) to be close to sect. Phyltostachys 

could not be incluàed in this study because matcrial was mavailable or because problems 

were encountcred in the amplification or sequencing of their ITS regions. 

moicc of outgtvup 

Attempts were made to align Carex lTS sequences with a member of the 

Cyperaceae fiom outside the Cariceae (Cyperus); however, due to considerable size and 

base squence dissimilarity an unambiguous alignmnt could not be obtained and this 

taxon was excluded Efforts were also made to sequence the lTS region of a species nom 

a dinmnt genus in the Cariceae (Kobresia shpliciciucuh (Wahlb.) Mackenzie; U e h e r  

& W94/lSS, WIN) to use as an outgroup. Unfominately, oniy partial sequences of 

ITS 1. ï ï S  2, and 3' end of the 5.8s gene were attahed for this taxon and it was thus 

excluded from all analyses. Given these difficulties. the two species sequenced from 

subgenus Vignea were chosen as the moa appropriate outgroup for polarizing -S. This 

decision was based on the generai agreement that this subgenus is naturai (see systematic 

background), that it is unrelated to sect. Phyllosachys, and that the subgenus may be 

primitive within Carex (Rehcek, 1990). Unraoted searches supportecl the assumption of 

monophyly for the inpup; ie., a single branch partitioncd the ingroup from the 

outgroup (Swofford et al., 1996). 



DNA IsoWbn a d  PCR Anrpliiation 

DNAs h m  a i l  eight of the species presently recognized in section Phyiiostachys, 

were extracted h m  live plants collccted in the wïid and maintainecl in a greenhouse 

PABLE 5). In order to assess the amount of i d k p d ï c  variation thaî might be expected 

for the R S  region in Carex, two to four individuals h m  across the range of each of the 

eight spccies in section PhylCostachys w a e  scqutnccci. In two cases, individuals nom 

singie populations of C. s ~ n ~  9501 & & TABLE 1) and C. superata 

4013 et al.; TABLE 5) were sequenced to d e t e d e  whether any variation might 

exist at the populational Ievel. For a i l  other taxa, DNAs wcrc extracteci h m  the live or 

dned leaf tissues of a singie individual. 

Total genomic DNA was isolaicd h m  1.0-1.5g of ksh ,  pressed (within 2 years), 

or silica dned (Chase and Hillis, 199 1) leaf tissue following a modified CTAB method 

(Doyle and Doyle, 1987) with 1.0% kta-mcrcaptoethanol in the extraction buffer. 

Proteins and lipids were removed by adding 250pi of chlomformlisoamyl alcohol(24: 1 

vlv), inverthg the mixture gently for 10 mins. and by cenaifugation at maximum speed 

(14 000 rpm) for a M e r  10 mins. The supernatant was rernoved. and the DNA was then 

reprecipitated with ice-cold 95% ETOH (2-3 hn in 4' C refrigerator), washed in 70% 

ETOH (10 min), and re-suspendcd in 150-3ûûpi of TE buffet. 

PCR Amplifirrfion and Sequenciirg of lTS. 

Double-strandeù DNA for the complete ITS region (3' 18s - 5' 26s fragment) was 

ECR (polymcrasc chah miction) amplificd h m  total genomic DNA using the forward 

primer ITS-L (Hsiao et al., 1995). and the reverse primer lTS4 (White et al.. 1990; see 

fig. 1 1). As in grasses (Hsiao et ai., 1995), ITS-L providecl better amplification than did 

the fornard primer ITS-5 (White et ai., 1990). Most successful amplifications involved 

lTS-L and lTS4, however, in a few instances this primer pair produced double-banded 

products. In such cases, a single band was obtained by either increasing the annealhg 



temperature or by rrplacing ITS-4 with the reverse primer 307R 0. Nickrent, personal 

communication CO R J. Bajrer). This points to a possible second priming site for ITS-4 in 

the ITS mgion of somc Caxices. Each 1opi reaction mixture contained 10pl of 10X Taq 

reaction buffer (500 mM KU, 100 m M  Tris-HQ (pH 9.0). 1.096 Triton X-100). 6 pl of 

25 mM magnesiun chloride sdution, 65-7qrl of W-Q water, 5 pl of each of the 

primers in 5 pmol concentrations. 2 pl of a 10 m M  dNTP solution in equimolar ratio, 1@ 

of Toq DNA poiymerase (1 unit), and 1pl-Spl of unquantüïed templatc DNA The PCR 

samples were heated to 95' C for 3 min prior to the addition of the polymerase in order to 

denature proteases and nucleases, and to avoid u~lspecific priming and strand extension 

during the initiai rarnping. Double-stranded PCR products were produced on a GeneEO 

thermal cycler (Techne Cambridge Ltd.) via 30 cycles of DNA denatucation at 95' C for 

1 min, primer annealing at 48-55' C for 1 min, and DNA strand extension by Taq 

polymerase at 72' C for 2 min. The PCR was terminated at the end of 30 cycles by a final 

extension at 72' C for 7 min to allow for the completion of any uonoished strands. Three 

to five microliters of the double-stranded PCR products were resolved on 1.4% agarose 

gels using 1 X TBE as the gel b a e r .  Successful PCR nsulted in a single DNA band of = 

700 bp in size. In cases where amplification was weak or unsuccessful, the template 

DNAs were either cleaned using a m i n  method ( W i d  PCR Rcp Kit - Promega 

Corporation, Madison, WI), or subjected to a dilution series. Each procedure, alone or in 

combination, oftcn resuited in successfbi PCR amplification. The double stranded DNAs 

were then pUnned by differcntid filtration using ULTRAFREESMC filter uni& (30000 

NMWL - Millipore Corporation. Bedford, MA) and diluted with Millipore water based 

on the strength of the amplification. 

Cycle rquencing of the purifid amplification product was perfonned using the 

dideoxy chah ennination method (Sanger, Nicicien, and Coulson, 1977) employed by 

thefmoI@* i Sequencing System (Pmmega Corporation, Madison, WI). AU sequencing 

primes were 5' end-labeled in a prelirninary reaction involving T4 polynucleotide kinase 



and [y- 32~1- dATP (Allktrsham). Termination produca for both iTS 1 and ITS 2 were 

prduced h m  the double-stranded tcmpIate DNA with the terminal primers ïTS-L and 

ITS-4, and the interna1 p h e r s  mS-2 and ï ïS-3 of White et al. (1990; sec fig. 11). 

However, prob1em with product secondazy stmcn~e and the Iength of gel nus favoured 

the use of the terminal pimets for moa scquencing. Fragments were separated 

electrophomtically on 0.4 mm, &naturing, 6% polyaczylamidt gels (SM urea) at 

23OOv/60W. Gels were nxed in 10% -tic acid for 20 mihs, washed in distilleci water, 

and paaed dry with paper towels to remove excess fhid The Gels were then placed in an 

oven at 65' C for 3 hrs to dry, and exposed to Kodak BIOW-100 or BIO-MAX MR f2.m 

for 24-48 hrs dependhg on the activity of the gel. 

Sequence Analys& 

The boundaties of the codhg (18S, 5.8s. and 26s rDNA) and spacer regions were 

detemiined by cornparison with the published sequences for rice (Takaiwa, Omo, and 

Sugiura, 1989. Complete sequences for the entire ITS region ( ITS 1, E S  2. and the 5.8s 

gene) were not obtained for all taxa, therefore, only ITS 1, ITS 2, and a small variable 

portion of the 3' end of the 5.8s gene were included in the analysis. DNA sequences were 

aügned initially using CLUSTAL V (Higgias et al.. 1992). then adjusted manually to 

minimuc gap number using SeqApp version 1.8a (Gilbert, 1992) and MacClade 3.0 

(Maddison and Maddison, 1992). Regions of ambiguous alignment were excluded from 

a i i  distance dculations and phylogenetic analyses in ordu ta reduce the chance of 

systematic emr (Swofford et al., 19%). Absolute pairwise distances ktween sequences 

were detennhed in PAUP 4- (Swofford, 1997) ushg the DISTANCE MATRIX 

option. Gaps were coded as missing for all phylogenetic analyses as recommended by 

Wojciechowski a al. (1993). Rimary sequence lengths and GC contents were determined 

in Ampiify 1.2 (Engels, 1993). These values were manually recalculated for those 

sequences with ambiguous nucleotide characters (e.g., N, Y, R) which are unacceptable 



to the program. Transition/tranmersion ratios were detemiined in MacClade 3.0 based on 

mes produced in PAUP 4 s  

Phylogenetk -sis 

AU phylogenetic reconstructions wen performed using the computa program 

PAUP, version 4.x~  (Swoffod, 1997) run on a Power Macintosh. Heuristic searches were 

performcd on e q d y  wei- characters using Etc& patsirnony (1971; ali characters 

unordered) and a SIMPLE stepwise atlliition of taxa. The "save all minimal trees" 

(MULPARS). "tm-bisdon-reconnectiotlI' (TBR), "collapse aU zero length branches 

(COLtAPSE)", and "accelerated -ormation" (ACCIRAN) options provided by 

PAUP were used in searches for opomal trees. Five hundred repïicates employing a 

RANDOM addition sequence were also used in heuristic searches for islaads of most 

parsimonious tmes (Macidison, 199 1). In order to assess the confidence that could be 

placed in the monophyly of clades, bootstrap (FeIsenstein, 1985) and decay analyses 

(Bremer. 1988; Donoghue et al., 1992) were perfomed. Decay indices were estimated 

using the "converse constraint" method of Baum, Sytsma, and Hoch (1994). In this 

procedure, multiple heuristic TBR searches ushg a random addition sequence of 500 

rephcates were coastrained to search for ody those tms  lacking the hypothesized clade 

seen in the strict consensus tne of parsimony analyses. A simple subtraction of the 

shortest trees found in these searches h m  the most parsimonious tree found in 

parsimony analyses was qual to the dccay index for that clade. Bootstrap values were 

determined h m  500 ftpIicates using heuristic searches and a SIMPLE stepwise addition 

of taxa. The amount of phylogenetic information in the parsbony analysis was assessed 

by use of the consistency index (CI; muge and Farris, 1969). the retention index (RI; 

Farris, 1989). and the gl statistic (Hillis and Huelsenbeclc, 1992). Valws for the g 1 

statistic were estimated h m  the tree-iength distribution of 10 000 random trees produced 

using the RANMlM TREES option in PAUP. This statistic was used to evaluate the 



amount of non-random structure in the &ta set The number of unambiguous characters 

state changes dong branches was determincd in MacClade 3.0. A preliminary analysis 

was conducted to assess the effcct of intraspecific variation in Carex section 

Phyllostachys on the topology of m. The strict consensus and 50% major@ nile mes 

of heuristic searches involving ail 42 squences were cornparcd to those trees produced 

h m  scarches using only the lst, Znd, orrd individuals (end combinations tbereof) of 

each of the species sampled more than once (&ta not shown). No topological differences 

were obsecved in any of these analyses. thercfore. ody the first individual was used in ai i  

subsequent analyses (26 sequences in total) in order to reâuce computational tirne. To 

evduate the contribution of each of the spacers to the anaiysis and to determine their 

Ievel of congruence, both ITS 1 and ITS 2 sequences were andyzed separately. Heuristic 

tree searches only employed a SIMPLE addition sequence. owing to the Iength of search 

times. 

The phylogenetic utiiity of insertïons/deletions (indels) was also explored by 

incorporating indels into the data set as binary characters (bases preseat = l/absent = 0). 

A s d  portion of the 5.8s gene in which the only variability in this coding region was 

seen was included in the aaalysis. 

Generaiized parsimony (Swoffoid et al., 1996) using two character transformation 

weighting schcmes that favour traasitions over transversions 1.1 : 1 and 2.2: 1 was 

implemenied using the USERTYPE STEPMATRIX option in PAUP. The former 

weighting scheme was chosen arbitrarily, wwhi the second was dcrived h m  the actual 

number of transitions and transversions obscrved in the most parsimonious trees. This 

procedure helps comct for two problems associated with the assumption of equal 

weighting in normal panirnony: (1) it helps minimize the effect of superimposed changes 

on the analysis, and (2) it accounts for the cornmon observation that transitions and 

tranmersions do not occur at the same rate (e-g., Zurawski and Clegg, 1987). Simulation 

studies indicate that this type of data transformation ~ i ~ c a n t l y  improves parsirnony's 



ability to rcfover the correct nct with fewer base pairs (Hiiiis, Huelsenbeck, and 

Cunningham, 1994). 

In addition to parsimony aaalyses, phylogenetic reconstruction was perfonned 

using the minimum evolution and maximum 1ikeIihOOd methods in searches for optimal 

trees. Unlüre parsimony analyses. these mthods attcmpt to estimate the actwl amount of 

evolutionary change and arc not as susceptible to the problem of superimposed mutations 

as parsimony aaalysis (Swofford et al., 1996). Minimum evolution searches using both a 

Jukes-Cantor (JuLes and Cantor, 1969) and Log/Det (logdeteminant; Lockhart et al., 

1994) made1 of sequence evolution were conducted heuristicdy utiüziog TBR branch 

swapping and an "as is" addition sequence. These two distance measuns complement 

each other since the simplicity of the Jukes-Cantor model makes it a robust estimator of 

phylogeny for short sequences (e-g.. lTS), while the generaiity of the Lo-t model 

reduces the chance that the assumptions of the mode1 wül be violated- 

Miuimum likelihood trees were estimated heuristically using TBR branch 

swapping and an "as is" addition sequence. A molecular clocL was not eaforced during 

these analyses and as a consequence all mes were u~vooted. Tree searches were 

conducted using both a simple Jukes-Cantor model of sequence evolution and a more 

complex Hasegawa-Kishino-Yano model (HKY85; Hasegawa, Kishino, and Yano. 

1985). Parameters for the -85 model were estunated h m  the strict consensus tree of 

parsimony anaiysis, and included a correction for rate heterogeneity across sites (i.e., a 

gamma distribution; Yang, 1993). Simulation shidies have dernonstrated that a difference 

in mutational rates betwctn sites can have a serious effect on maximum likeiihood 

estimation as in other tne building methods (Swofford et al., 1996). Functional 

constraints due to RNA secondary s e ~ c h m s  and splicing recognition sequences mean 

that even in non-codïng regions, iike the ITS region, variable mutation nites across sites 

should be cxpected. 



Sequence Analysis 

Aligned sequences for ï ï S  1, ïTS 2. and 17 bp at the 3' end of the 5.8s gene of ai l  

42 individuais squenced in Carex arc prtsentcd in fig. 12. Scquence for the complete 

ITS region including both spacca and the entk 5.8s gene of Carex superatu is given in 

fig. 13. Summary statistics for aii sequences are given in TABLE 7. 

The spaccr Itngths for al l  Carices exambed ranged h m  217 bp (C. peckii and C. 

baccans) to 223 bp (C. nrgospema) for ï ï S  1 (TA~LE 8; fig. 1 l), and h m  2 1 1 bp (C. 

filgolia) to 23 1 bp (C. pensylvanica and C peckii) for ITS 2 (TABLE 8; fig. 1 1). On 

average, ITS 2 was 3 bp longer than lTS 1. GC contents ranged fkom 56.4 - 69.5% (mean 

= 63.4%) for ï ï S  1, and h m  58.8 - 72.7% (mean = 67.8) for ITS 2. The 5.8s subunit in 

Carices, as determined thrce complete sequences (C. superata, && 40 13 et ai., C. 

willdenowii, 4287 & and C. eleocharis, Bpyg AB96004 et al.; TABLES 5 

and 6). is 166 bp in length. Aliment of the 5.8s gene with wuences h m  the 

Cyperaceae (Kobresio Willd and Cypenu; sequences h m  this study). Poaceae (Oryza 

sativa; Takaiwa, &no. and Sugiura 1985). and two dicot familes (ie., Fabaceae, Vicia 

foba; Tanaka, Dyer, and Bmdee .  1980; and Cucurbitaceae, Cucumis sarivu; Torres, 

Gand, and Hemleben, 1990) identificd a three base pair insertion (S'SATd') near the 3' 

end that was shareà by the genus Carex and Kobresiu (fig. 14). With the exception of an 

autapomorphic mutation in C.filifofirr, the only variation in 5.8s sequences in Carex was 

a T d  transition at the thirà position of this insertion. In order to align sequences, a 

nearly quai  number of unambiguous insertion/deletion (indel) events had to be inferred 

for each spacer (ITS 1 = 11; ITS 2 = 10). AU of the indels in ITS 1 were 1 bp in length, 

wherras 5 of the 10 in&k in ITS 2 were greater than 1 bp, including a unique 10 bp 

deletion in the ITS 2 of C. fil#'otia. Nie of the 21 indels in the anaiysis were 

autapumorphic, and of the remaining twelve, 7 had a CI=l.O. 



The levels of nucleotide divergence in Carex ranged h m  0.0 to 20.90% in XTS 1 

and h m  0.0 to 18.72% in E S  2 (TABLE 7). When both spacer regions were conside~d. 

the pairwise sequence divergence between Carices ranged h m  0.0 to 19.70%. With the 

exception of the Finnkulmes (7.19%). squenœ divergence within sections for which 

more than one individual was sequtnced was Iow (0.0 - 3.83%; Tm= 9). In contrast, 

variation betwan sections was considerabLy higher. with the lowest values king found 

in cornparisons ktwcen sections Careyanoe and Acrocy& (6.41 - 7.13%; TABLE IO), 

and the highest betwecn sections PhyIIostcrchys and h@brae (1 1.08 - 14.22%; TABLE 

10). In ali cases, the highest divergence values were obtained when members of sections 

in the "reduced" clade were compared to those in the "compoutld" clade (see below). 

Withîn section PhyIIostachys, sequence divergence between species was low, ranging 

from complete identity (e-g., C. jcmipero~n vs. C. jcunesii, and C. basiantha vs. C. 

superata; but see below) to 3.83%. Lnnaspecific variation was extremely low and never 

exceeded 1% of the base pairs king compared (TABLE 11). The bighest divergence 

between populations within a species was seen in C. backii, where divergence values 

between the three populations examineci ranged fmm 0.48 - 0.96%. A single point 

mutation ciifference was seen in one of the thne individuals sampled for boa C. 

s~~~*montanu and C. willdmowii. AU other variation withia the species of section 

Phyllostachys was due to ambiguous chanrters that may or may not be mie 

polymorpbisms. It should be noted, however, that length variation (f 1 base pair) 

belween tandem rrpats within individu& (e.g., C. junipero~n and C. superata), 

popuIaîio11~ (C. suprata - 2 bp). and species (C. basuartha and C. superata) was 

commonly seen at the 3' poly-A tail of ITS 1 (fig. 12). Because of the volatility of this 

region, it was excluded h m  pairWise divergence calculations and phylogenetic analyses. 



Phybgenetik Arialys& 

The alignmcnt of R S  spacer sequences rcsulted in a matrix of 465 characters of 

which 23 positions in ITS 1. and 6 positions in lTS 2 w a e  &letcd due to alignrnent 

ambiguities (mafkeà by astetisks in fig. 12). Of the rctnaining 436 characters, 18 1 

(41.5%) wae variable (94 in IT'S 1; 87 in ITS 2). and IO5 (24.0%) were potentially 

phylogenttically i a f o d v e  (57 in ITS 1; 48 in E S  2). Heuristic searches of the reduced 

26 taxon data maaix using both a STEPWISE and a RANDOM addition sequence of 

taxa, produced the same five most parsimonious tmes of 341 steps each AU of the most 

parsimonious nees had a consistency index of 0.66, and a retention index of 0.75. The 

consistcncy in&x for this anaiysis was considerably higher than the expected value of 

0.46 as predicted from the regression analysis of the consistency values from 60 studies 

by Sanderson and Donoghue (1989). The gl statistic, as determioed âom the random 

distribution of 10 000 trees, for ITS i, ITS 2, and a combined ï ï S  1 and XTS 2 data set, 

was -0.443 192, -0.397686, and -0.436309 nspectively (TABLE 3). Ignoring invariant 

sites. the critical values for the g 1 statistic of ITS 1 aad ITS 2 (gl = -0.12; 100 characters, 

25 taxa), and for the combined data set (gl= 4.09; 250 characters. 25 taxa), were ai l  

significant at the Pc 0.01 level. This suggested that the data had not been randomized 

with respect to phylogenetic history and were appropriate for phylogenetic analysis 

(Hillis and Huelsenbeck, 1992; Hillis. Huelsenbeck, and Cunningham. 1994). 

The one of five most parsimonious mes topologically identical to the 50% 

majority nile tne, is presented in fig. 15 dong with bootstrap values, decay indices, and 

unambiguous charactcr cbanges per braach. The only difference between this tree and the 

strict consensus of ali five trees, was seen in ttie loss of resolution in section 

Phyllostuchys (doftcd branches in fig. 15). Two major clades were distinguished in this 

anaiysis: (1) a " d u c e d  clade consisting of sections Phyllostachy~ Fitifoliüoe, and 

Finnimimes, and (2) a ttcompound" clade comprising sections Careyme. Lmijlorae, 

Hymenochlaenae, Acrocysris. Scipaiae, Zndicae, Cmciatae, and Polystuchyae. Other 



strongly supported groups in this aadysis included a clade basal to the "compound" clade 

containhg two soutb«ist Asian Indocatices, C. b a c c m  and C. cruciafa and a robust 

clade consisting of sections Phyllostachys and Filifdiaet AU of the sections in which 

more than one individual was sequenad were monophyletic. and were strongly 

suppoxted (bootstrap = 89 - lm%; -y = 6 - 12). with the exception of section 

Acrocysris @ootstrap = 69%; decay = 3). Although the data did not provide nmi evidence 

for the monophyly of section AcrocystrS, they did support the existence of taro strong 

clades within it; vîz. C. rugospennu and C. albicans, and C. pensylvanic and C. peckïi. 

Most of the internal branches in the "compound" clade wcre weak, including the 

C a r e y ~ e / ~ o r a e  lineage. Withiri section PhylIostachys three species pain were 

recognized: C. b&i and C. suximonttmto, C. juniperonun and C. jmesii, and C. 

basianth and C. superara The p i e s  pais of C. juniperorum and C. jamesii formed the 

best supponed clade in the analysis (decay = 2; 86% bootstrap). Little resolution was 

seen within section Phyllostc~chys, and the separation of the section into "namw" and 

"wide" scaied clades (sensu Starr and Ford, 1995) was poorly supported. C. 

Zutebructeam. a member of the wide-scaled clade, was included in a group that comprised 

the members of the mw-scaied clade. 

Heuristic searches of a separate R S  1 data set produced 79 trees. 180 steps long 

with a CI4.68 and RI4.78. The strict consensus of this analysis was entinly compatible 

with the combined aaalysis and d i n d  only in the level of resolution achieved. The 

strict consensus of the 4 n#s derivcd fiom tbe analysis of ITS 2 sequences (154 steps; 

CIa.67 and RI4.74). however, was slightly ciiffixent from the combined analysis in the 

placement of C. polystachya at the base of the "compound clade" instead of the C. 

baccuns/C. cruciata clade. Nonetheless, the two analyses wae  complementary, and the 

combination of data sets rcsulted in increased resolution and support for clades that were 

otherwise absent or weak in either analysis alme (data not showo). 



Reanaiyzing the data with the inclusion of insertion/deletions (indeis) and the 

single character found at the 3' end of the 5.8s gene had little effect on parsimony 

analyses. The five ûees obtained n6m these searches were topoiogidy identical to the 

five found using point mutations donc. The oees h m  both of tbese analyses had the 

same consistcncy indu (CI = 0.66) and ntcntion index (RI = 0.75). and dinemi only 

marginally by certain bootstrap and decay values, and by the number of evolutionary 

steps (cf. figs. 15 and 16). 

Searcbes that uscd the subitrary transitioa/traasversion (TVîv) weighthg scheme 

of 1.1: 1 produced the same five trees seen in parsimony analyses (daia not shom). 

Topological dineremes w m  seen, however, in those analyses that employed the 

observed TUïv ratio of 2.2:l. A strict consensus of the 8 trees found in these searches is 

presented in fig. 17. This poorly rcsolved trre was the only one in this study that placed 

C. polystuchya in a basai position within the compound clade, and the only tree to 

suggest that C. arctata and C. scirpoidèa shodd form a clade. 

Minimum evolution searches using the Jukes-Cantor (JC) and the Log/Det models 

of sequence evolution each produced a single trac The least squares iengths for the 

JukesCantor and Log/Det mes were 0.79 and 0.91. respectively. Both trees 

accompanied by their boatstrap values are presented in figs. 18 and 19. These two trees 

were not only very simi lar  to each other but they were also higbiy congruent with 

panimony trees. AU of the differences between the two analyses can be isolated to those 

branches that had extremely short lengths (i.e., ç 0.0015). Whik the topology of the 

"compound" clade in the JC tree (fig. 18) was identical to that in the parsimony analysis, 

the LogDct (fig. 19) analysis showed the Lmijlorae to be sister to the Hymenochlaenae 

and not the Careyme. This was the ody tne that did not unequivocaliy place the 

Indocarices as basai. Most of the differences between the two analyses were seen in 

section Phyllosachys. Although aU three of the species pairs identified in the parsimony 



analysis of section Phyltostachys were ais0 present in both minimum evolution trees, the 

order of branching withia the section was siightly diffezent. A clade comprising C. 

juniperonma, C. jamesii, C. iàtebracteata, CC. basimthu and C. superata was present in 

both trees but eithtr w i l k w i i  or a clade contahg C. backii and C. sdmontana 

was found in the most basal position. 

Searches using the optimality criterion of maximum likelihood and both a JC and 

HKY85 (with correction for rate hetcrogeneity) model pzoduced 15 trees each with -Ln 

likelihoods of ZlO.72 and 2339.39 rcspectively. A sin& tree for each substitution 

model was arbitrarily chosen from amo~gst the 15 best tmes and these are presented in 

figs. 20 and 21. These two trecs differed ody in the placement of C. arctuta as sister to 

the hxijbrae as opposed to king sister to a ~oraefCarey0tute clade (seen in the 

Lo-t tree as weii). As seen in the minimum evolution JC analysis, both maximum 

iikelihood searches placed C. wilZ&nowii basal to the rest of section Phyllostachys. 

Summuty of ResuIts 

The consensus of parsimony, minimum evolution, and maximum likelihood 

analyses pointed to the existence of two divergent clades. The first of these large clades, 

characterized as the t'compod" clade, comprised four sections nom subgenus Carex 

(Le., sections Careyanae, Latjnorae, Hymenochlaenae, and Acrocystis) that fonned a 

weak but stable clade in ai l  analyses. a section Born subg. Primocarex (i.e., the 

Scirpinae), and thrce sections fiom subg. Indocarex. In aii of the analyses, species 

representative of subgenus Indocarex did not fonn a natural group. With one exception, 

searches placed either C. polystuchya (subg. Indomrex), or the clade consisting of C. 

baccm and C. cruchta (subg. Indocarex) in a basal position within the "compaund" 

clade. Two weak, but consistent clades were seen within the "compound" clade: one 

comprises Carex scirpoidea and C. polystuchya, while the other consists of the species 



from sections Careyunue. ~ u r u e ,  and H'ymenochlaenae. ln most instances, sections 

Careyme and La#&rue f o d  a clade separate h m  the Hymenochlaenae, however, 

this topology was not always stable. 

The second major clade, chanrtcrized as the "reductd" clade, was made up of 

two sections h m  subg. Primocarex ( i s ,  d o n s  Fili$!oii;oe aud FirmicuImes). and a 

single section h m  subg. Carex (i.e.. section Pliy1ostcu:hys). The re1ationships between 

these t b  taxa werc identicai in ali analyses; the Finn'culMes constituted the most basal 

clade, while the FiIifiiliae and Phyllostackys were sisters. Variation in the topology of the 

"reduced" clade was only seen within section Phyllostachys. Three species pairs (C. 

backii and C. saximonrona; C. juniperonm and C. jamesii ; C. basiantha and C. 

superata) and a clade comprising C. Iatebracteata, C. juniperonrm. C. jamesii, C. 

bosianthu. and C. superata were dways present in analyses. however, their bnuiching 

order was variable. and the most basal gmup was either C. willdmowii. or a clade 

comprising C. back5i and C. saximntana. 



3.4 DISCUSSION 

ITS Sequence E v o W n  in Carex 

The sizes of the ITS region (602617 bp) and spacers ( ï ïS  1 = 217-223 bp; ITS 2 

= 21 1-23 1 bp) in Carex are similar to those rcported for a wide variety of fiowering 

plants (reviewed in Baldwin et al., 1995). Ln general, Stquences fkom the Poaceae showed 

the gmatcst similaritics to Carex in both the sip of the ITS region ( Poaceae, 585-603 bp. 

Hsiao et al.. 1995a. 1995b) and its spacers (ITS 1.214221 bp; ITS 2,205-221 bp; Hsiao 

et al.. 1995a, 1995b). However, the range of sequence divergence within Carex is 

generally much h i e r  than seen in the Poaceae, where the levels of v a r i a h  observed 

between species of Carex would be associateci with rclatively distant genera (cf. Hsiao et 

al., 1995a. 199%). Generally speaking, the range of sequence divergence within Carex 

(0.00 - 19.70%) was much higher than what is normally seen for genera in the ITS region 

(e.g., Epilobium 0.0 - 12.946, Baum, Sytsma, and Hoch, 1994; htennaria 1446, Bayer, 

Soltis, and Soltis, 1996; but cf. Arcercthobium, Nichent, Schuette, and Starr, 1994) and 

was comparable to the values that are commonly observed between genera within 

families (e.g., Maloideae 2.7% - 16.1 %. Campbell et al., 1995). The reasons for this are 

unknown. although the age of the genus andlor poor circumscription (see below) could be 

involvecl. 

AU of the highest pairwise sequence divergence vdues wen seen between C. 

filij50olia and the rest of the Carices. The sequence of this species had a number of feanires 

that made it distinct. It had the shortest combieed ITS 1 and ITS 2 sequence by 7 bp. it 

possessed a considerabiy lower GC content (57.5%) than di other Carices (62% - 
7 1.1%). it had a unique 10 bp deletion in ï ï S  2. and it possessed extremely long branch 

lengths on all trees. Carcrff~oiia represents one of many reduceà species that has 

blumd the generic limïts ktweui Carex and the rcst of the Cariceae. Its completely 

closed but membranaceous perigynium has wggested to some authors that it is best 

placed in the genus Kobresia (Kobresia globukris; Dewey, 1836; Ivanova, 1939), 



whereas its well developed rachilia has suggested to others that it is k s t  treated as an 

Unchia Persoon (LI. breviisca; Toney, 1836). Although this analysis strongly suggests 

that C-filfolio (sect. Fiüfolicic), is sister to SCCL PhyIbstachys. and that dong with the 

Fimicuimes these sections may repItStnt a much 1- "reduced" lincage within Carex, 

the phylogenetic position of this clade, and of C.fiIlfioLi0, will not k mily resolved until a 

proper taxanomic sampiing rcgimc of Carex and the other gcaera in the Cariceae has 

been conductcd. The poor support seen in the lower branches of the compound clade is 

most Wrdy due to poor taxonomie sampling, but it could also be an indication of repid 

radiation. Many authors have felt that widesprcad speciation has taken place as recently 

as the Pleistacene (Ktcczetovicz ,1936; Whitkus, 198 1 ; Kukkonen and Toivonen, 1988; 

BdlT 1990). and based on phytogeographid evidence, Stebbins (198 1) bas suggested 

that most speciation in Carex has taken place withh the last 15 miilion years. 

Some difnculty was encountered in determining the boundaries of the 5.8s gene 

in Carex since efforts to aiign sequences with several families, including the Poaceae, 

suggested that a number of mutations have occumd at both the 5' and 3' ends of tbis 

gene. Because there are no other sequences from the Cyperaceae to help with aliment, 

the tail ends of the 5.8s gene of a s p i e s  h m  both the genus Kobresia and Cypenrr 

were sequenced. The aügrunent of these sequences revealed a 3 base pair insertion near 

the 3' end of the gene (fig. 14), that was shared by the genera Carex aad KobrcFia (both 

in the Cariceae), but not with the genus Cypem (Cypereae). Such size ciifferences in the 

5.8s gene within a single family is highly unusual given that this gene is nearly invariant 

(163-164 bp) in all other f l o w e ~ g  plant taxa that have k e n  sequenced to date (Baldwin 

et al., 1995; but see Ritiand and Straus. 1993. and Nickrent, Schuette, and S m ,  1994). 

To my knowledge. this is the iargest insertion known to have occuned within the 5.8s 

gene of f l o w e ~ g  plants, and it may prove to be a useful character for delimiting either 

the Cariceae or a clade within thïs trîbe. 



Subgeneric ûreumscriptiolls h Crua 

In thk study, two major clades are identified in Carex ( 1 )  an evolutionally 

"reduced" clade consisting of sections that are tmditionaliy placed in either subg. Carex 

or subg. PranoCarex ( ir ,  secti011~ Phyllostachys, Fili$oIicre, and Finniculmes), and (2) a 

"compound" clade comprising sections typicaily placed in subg. Carex, Primocarex, and 

Indocarex (i-e.. sections Cureyunue, taxrtorae, Hymenochlaenae, Acrocystis, Scirpime, 

Indicae, Cruciatae, and Po2ystachyae)- These two groups suggest that t h e  of the four 

subgenera rccognued by Kiikenthal (PrimoCareg Cura and Indocarex) are unnatural, 

and they shed new light on the historiai controvetsies that have surrounded the 

circumScnptions of the subgenera and the evolution of the genus. 

Subgenus Carex with its enormous numkr of species and high degree of 

variability in the sunial expression of the spikes is, not surprisingly, polyphyletic in this 

aoalysis (NannfeIdt, 1977; Reznicek, 1990). Although the subgenus is unnatual, this is 

only due to the placement of sect. Phyllostachys withui the reduced clade. The 

multispicate "con" sections (i.e.. sections Careyuwe, Luxijlorae, Hymenochhenae, and 

Acrocystis) typical of subgenus Carex, with terminally starninate and laterally pistillate 

inflorescence units, s a  fonn a weak, alkit consistent clade in my analyses. However. 

this clade does not appear to represent a completely separate lineage, but seems instead to 

represent the most denved element of a much wider lheage in Carex that includes a 

portion of subg. Primocarex, and has, at its base, sections representative of subg. 

Indocarex. 

This "compound clade is consistent with a wide number of different evolutionary 

hypotheses and taxonomie classincations of the genus that may seem conflicting, but are 

generally concordant when examined within the coatext of the trees produced in this 

aualysis. The derived position of the "con" subg. Carex clade and the basal arrangement 

of subg. Indocarex is concordant with the prevaihg belief that the clade is advanceci and 

that it is has evolved from the Indocarices by a reduction and specialization of the 



inflorescence (e-g., Kükenthal, 1909; Nelmcs. 195 1; Smith and Faulkner, 1976; 

Reznicek, 1990). The paraphyly of subgenus Indocarex and the inclusion of a section 

fiom subg. Primocarex is also consistent with the decisions of Ohwi (1936) and Koyama 

(1962) to recognize ody two subgenera, Eucarex Cm. et Germ. (=Carex) and Vignea, 

the former group compkd of subg. PrCnrocarex, in part, and aU of subg. Carex and 

Indocarex. The position of subg. I&arex at the base of the compound clade is also 

s i g . c a n t  beceuse it is consistmt with severai hypothcsei based on the study of 

phytogeography (Kteczetovicz, 1936; Nelmts, 195 1; Bail, 1990) and inflorescence 

structure (Smith and Faullmer, 1976). that suggest that the group is primitive and the 

possible progenitor of a subg. Car&ri~ocarex line (e.g., Krcaetovicz, 1936; Koyama, 

1957, 1962; Smith and Faulkner, 1976). 

The other major fiding of this saidy is that subgenus Primocarex appean to be 

polyphyletic. The sunilarity of their purple basal sheaths and pubescent perigynia, and the 

fiequent occumnce of rudimntary lateral inflorescence units and steriie bracts in section 

Scirpinoe, strongly suggested to bath Kteczetovicz (1936) and even Kükenthal(1909), 

that sect Acrocysn's and sect S c i t p i ~ e  were closely relateci. However, in nearly a.U my 

analyses sect Scitpiinoe formd a weak clade with C. polystachyu, a Mexican rnember of 

subg. Ind0~are.x~ The clear separation of the Scitpime h m  the mmbers of the "reduced" 

clade and its placement nuct to a member of subg. Idocarex is signincant in that it 

confhns the common belief that extrcme rcduction h a  occumd dong several 

independent evolutionary lines in Carex (Krazetovicz 1936; Nelmes, 1952; Smith and 

Faulkner. 1976). Unfortuoately, the ultimatc origh of the Scirphe or the reduced clade 

cannot k detcamhed in this study due to the small taxonomie sample and the lack of taxa 

nom outside the genus to polarize the tree. Whether the origin of these diverse species lies 

within the genus or whether some of the species have evolved outside the genus as 

suggested by many authors (e.g.. Kreczttovicz, 1936; Ivanova, 1939; Nelmes, 1952), wili 

need to be detcrmined in a wider tribal level study. 



SectiodDeihiWbn and Tizxononrie U i l .  of the ITS R e g h  in a r a  

One of the mais reasom that phylogeny within Carex is so poorly known can be 

traceci to the probkm of circumscribing inhgeneric taxa, pariicularly sections (Crins, 

1990). Extrcme floral duction (Smith and FauUcner, 1976). d o m  vegetative 

morphology md StIlatomy (Rcpljcck, 1990; Metcalf, 1971; Standley, 1990a). and repeated 

events of paraUelism and reversai (Reznicek, 1990; Naai, 1992; chapter 4), have 

obscured phylogenetic trends and have led to the recognition of many anincial sections. A 

number of ment studies have clarifieci the b i ts  of some sections (e.g. Carex sect. 

Stellulatae, Remicek, 1980; sect. Hymenochùzenae, RepUcek, 1986; sect Ceratocystis. 

Crins and Bd, 1988; sect Griseae, Naczi, 1992). and a few of these groups have even 

been used in cladistic analyses (i.e., sect. C e r a t o p k ,  Crins and Ball, 1988; sect. 

Griseue, Naczi, 19921, but the most serious obstacle to a mer understanding of the 

evolution of Carex remains; a lack of conserved characters that can be easily used to 

strongly delimit sections and infer their relationships. 

The general trend in this study of low Wrasectionai and high intersectional 

sequence divergence, coupled with strong statisticai support for the monophyly of 

sections. suggests that the ITS region may provide evolutionally conserved characters 

appropriate for defining sections. The ciifferences seen between species of sections 

Lzxîjbrae (C. hx@ora and C. blrmdr) and Careyot~oe (C. plantagineu and C. cureyona), 

are particulady enlightening in this regard. Most modem authors (e.g., Kükenthal, 1909; 

Mackenzie, 1935; Fernald, 1950) have not recognized section Carey~oc as king 

distinct fmm the kurjflorue. Recent morphological (Bryson, 1980) and biochemical 

(Manhart, 1986) treatments of the h p r a e  have likewise continueci to recognize only a 

single section, but do concede that the rpriflorae s.1. is composed of two distinctive 

groups. Naczi (1992) recognized the Lax#?orize and Careywe as distinct sections, and 

demonstrated in a phylogenetic analysis that the Careyame were sister to section 

Griseae, and not to section Luxiflorae S.S. The present phylogenetic analysis supports the 



conclusions of Naai (1992) in that it indicaîes weak support for a CareyamelLuxiflorae 

clade, but provides m n g  evidcaa @1=10-15; 100% bootsaap) for the recognition of 

two distinct sections. Squence divergence within (005%. MXflrae; 2.86%. 

Careyanae;  TABLE^) and ktween (8.15 - 8.59%; TABLE 10) sections kx@orae and 

Careyanae nnthcr supports such a conclusion. In fact, the leveis of divergena obsemed 

ktween sections W o r a e  and Careyunae wae hi* t&an the Ievels of divergence 

that either of these sections disp1ayed with specïes h m  section Acrocystis (6.41 -7.1396 

Careyanae; 6-67-7.4046 Lmijbrae; TABLE 10). Diffczcnce in perigynium characters 

between the two groups, such as the gruuer number of nemes in the Cureyume (240; 

Naczi, 1992). and the possession of acute sides and edges (sen Careymrae) as opposed 

to obtuse (sect Luijlorae) (Manbart, 1986; Naczi, 1992). cleariy indicate that these are 

naturai groups that should be recogaized at the sectional level. 

Despite the low levels of sequence divergence obsemed within sections, the ITS 

region c m  in some instances provide consmed chafactcrs that are useful for 

circumscribing nitical groups beIow the sectional level. A good example is seen in the 

clear separation of C. aIbicans h m  C. peckii (sect. Acrocystis). Aithough these two taxa 

are distinct at the species level, Gleason (1952) has treated them as varieties of C. nigro- 

nuirgimta Schw. The present analysis. however, place these taxa into two separate and 

smngly supported clades @I=34; ~ 9 0 %  bootstrap), and identifies at lest twelve 

mutational differences in their mS ngions. Whüe the above example may stem trivial, it 

does suggest that simple squenct compariso~~s could pmvidt important characters to 

future taxonomic studies in the genus. Section Acrocystis, in particular. has numerous 

unresolved taxonomic pmblems (e.g., C. rugospenna complex or C. rossii complex) 

where the lTS region couid be an effective aid in resolving the complex wonomy of this 

&ro"P* 



n e  Phybgenee Poaüion of Cluu section Phylbstcuihys 

My data show littk concordance with former theones on the ongin and 

phylogenetic position of sect. Phylbstuchys in Carex. Bailey's (1885, 1886) very detailed 

and compIex hypotheses of relationship are entidy contradicted by the ïï'S sequence 

data. His edarged Phyllostachys that thciudes two subsections, one containkg species 

here placed in section Phylbstackys (subsection Bracfoicteue), and the other comprising 

species currcntiy placed in section Fimicdhes (subsection Phyllostachyae), is a 

polyphyletic group in this eiiaiysis. The position of sect. PhyIEostachys in a claâe separate 

fkom section Acrocysris also contradicts the hypothesis that sect. Phyllostachys is an 

offshoot of this section, as does the potentid link to mmbers of a haijZorae, 

Grmiuhres, Careyme, and Griseue clade to which Tuckennan (1843) had also felt sect. 

Phyllostachys was close. 

My ITS sequence data largely support the general conclusion reached by Holm 

(1900) that Bailey's classification was artificial; however, my data also refute the 

classification Holm propsed to resolve it. Holm's daim that the Phyllostachys were not 

"sufficiently chatacteristic" to be considered a section is clearly contradicted by the 

fquent recognition of its shgularity in Carex (e.g., Bailey, 1886; Mackenzie. 1935; 

Catling, Reznicek, and Crins, 1993). and by the robust statistical (bootstrap = 99%; DI = 

6)  and charactcr (7 synapomorphies) support found for its monophyly in this molecular 

study. Holm's decision to consider the Phylbstachys as primitive within section 

H'ymerzochlaenue is qually untenablc, and is not supportai by this study. The bais of 

this decision is not clearly stated but seems to be iaspircd by his adberence to Drejer's 

(1844) concept of the "gnx" (quivalent to the section) as composed of "weakened. 

"centrait', and "diverging" forms (the Phyllostachys king weakened forms, ie., " j lome 

hebetutae"), and by bis reliance on the abnormal growth of the rachiIIa as a conceptional 

means by which the compound inflorescences of sect Hymenochlaenae may have 

evolved (see below). It is quite iikely that Drejer's (1û44) rejection of the genus 



Phy1Iost;crchys Torrey, and his failure to treat the group as a distinct section, provided 

fiirther impetus to H o h  to place tkm in sect H'jwzenochlaenae. Although Holm (1900, 

1903) successfiilly njecteû severai uniikely hypotheses d e  by previous authors, his 

final decision to place sect Phylostrrrchys in Hymcnochhenae only confused the 

systematics of this section even fiIrther by crcating ytt another ertincial mon. 

Although this study supports the conclusions rrached by Hoim (1900.1903) and 

Knczetovicz (1936) for an expanded concept for subg. Carex thaî includes the 

Indocarices. it does not support the ruisaning by whîch these authors ieached these 

concIusions, or the important mie that sect. Phyllost(~:chys pIayed in their conception. Both 

of these authors stressed the importance of the rachilla and its abnormal growth in their 

deteminations of evolution in the genus. Kreczetovicz (1936) considered the rachilla a 

derived character whose aberrant growth, among other characters, pointed to a recent and 

dinct origin for sections Finniculines and Phyllustachys iiom subg. Itubcarex by 

trammutive reduction. Similarly, Holm (1900,1903) used a teratological specirnen of C. 

backii to argue for an expanded subg. Carex, noting that sect Phyllustachys was, "in no 

wise to k disthguished h m  the Vigneastru (=subg. Indocarex))". The present analysis, 

however, faüs to find evidence to suggest that the presence of rachillae, or their abnormal 

growth, is any indication of phylogenetic relateâness, atavism, or primitiveness. The same 

type of abnormai growth of the mcbilla present in sections Phyllosrahys and 

Finnicuhs, is also prcvaleat in groups in the compound clade such as sections 

Hy?nenoch&aenue (Koyama. 1%2) andAcrocystis (Svenson, 1972). In facf the presence of 

racbillae and the abnormai p w t h  of nchülae, occurs sporadically in aii four of the 

subgenera in Carex (Snell, 1936; Svenscn, 1972; Smith and Faulkner, 1972; Remicek, 

1990). suggesting that these charactcrs do not coder any special insight into the 

phylogeny of this genus (Reznicek, 1990). Compiicated thcorits to explain the origin and 

derivation of the evolutionaiiy reduced sections in the genus, such as traasmutive 

reduction, or hypotheses that reiy on the prcsence and proliferation of rachillae appear to 



be false (Reznicek, 1990). Section Phyllostachys may have had a multispicate origin. 

however, it does not appear to lit wicbin either subgenus Indocarex or Carex. 

Particularly unreliable, were Savile and Calder's (1953) hypotheses of phylogeny 

in Curex. In their anangement. sect. Phylbstachys is placed in an advanced iineage 

within subg. E u c a m  (=Cura) thai includes Ject Sci'pinae, while sect. Finniculmes is 

far removed fimm the Phylbstachys in subg. Cu=, and sect Fil@ioIirre is distantly 

si- at the base of subg- Primocarex. The E S  data, on the other hand, indicate that 

sections Phylb~14cdrys and Filifoke are sister groups, that they are closcly related to 

sect. Finnicuhes, and thaî the Scipinae are at best a distantly related section in a 

completely separate lineage. Although k i r  phylogeny was based primarily on smut host- 

parasite records, morphologiical and cytological evidence also played a large part in their 

reconstruction. However, confiicts between these data sets were essentially ignored in 

favour of preconceived notions of evolution in the genus. For example, the rachilla was 

considered to be a character of "fundamental importance" that indicated that their 

Primocarices were "plainly primitive", and yet, they considered evolutionally reduced 

sections like the PhyUostachys that have racbillae (Mackenzie, 1935; Starr, personal 

observation), and even sections liLe the Scirpinoe that they removed h m  subgenus 

Prirnocarex and which ais0 has rachiliae (Kûkenthal, 1909), as highly evolved, because 

their smuts appeared to k relateù to smuts that infect multispicate mmbers in subg. 

Carex. Aithough smut infection records can provide usefirl data, a lack of correlation 

between these characttrs and other conventional characters at higher taxonomie levels 

most Wrely confines th& utility to the sectional or Uifiasectiona.1 levels (Smith and 

Faulkner, 1976). 

Iri my examination of the hypothcses of relationship of section Phyllostuchys to 

the rest of the Carices, only Mackenzie (1935) has suggested a relationsbip ktween 

sections Phyllosachys and Filifotiae. Aithough he places the Finniculmes slightly more 

distant f h n  the Phylbstachys, his classification is the one that agrees k t  with my 



molecular resuits. Nonetheless, it is simüar to all of the above hypotheses in that it 

positions section Phyllostachys firmiy within an expanded or reduced concept for subg. - 
Carex. Thus my finding that sections PhylCostacchys, FilQoliae, and Finniculnes might 

form a clade separate fmm the members of sribg. Carex is a novel hypothesis. 

Phylogeny in Çairex secthn Phy&sbchys 

Although 1 have succceded in cl-g tbe phylogenetic position of section 

Phyllostmhys within Carex, the ITS region was not variable enough adequately to 

resolve infiasectiond relationships. Owing to a la& of characiers, clade composition and 

branching order was highly variable in my analyses. The only consistent clades were 

those of the thne species pairs previously identified in chapter 2 ( i r ,  C. backii;/C. 

spxinrontanu, C. jun@eroMnlC jomesii, and C. basianWC. supemta). 

The very low levels of sequence divergence observed in sect. Phyllostachys is 

consistent with the hypothesis that its species are very closely related, and recent in ongin 

(Kreczetovicz, 1936; chapter 4). The levels of sequeuce divugence detected wiihin 

section Phyllostachys are comparable to the levels observed in the genus Robinsonia 

(Sang et al., 1995) and Demiroseris (Sang et al., 1994); both of these genera are endemic 

to the volcanic Juan Femandcz Islands of Chik, where they are thought to have 

originated shonly after the creation of the archipelago approximately 4 million years ago 

(Stuessy et al., 19û4). 

The notable difftrcnces in anatomy, mimmorphology, and macromorphology 

within section Phyllostachys (N(Na, Reznicek, and Ford, 1997; Catling, Reznicek, and 

Crins, 1993; chapter 2) suggest that the rate of evolution in these characters is higher than 

the mutational rate of RS. Combining al l  data sets could resolve iofrasectional 

rclationships in sect. Phylfostachys by taking advantage of the different evolutionary rates 

of each character type. If the two sections closest to sect Phyllostachys (Fimiculmes and 

Filfoliae) are used as the ody outgroups in such a combinecl anaiysis, it is also possible 



that ITS regions that had to be excluded at the subgeneric level because they were too 

variable, couid provide phylogenetically infocmative characters in an infrasectional study. 

A combineù aaalysis using anatomy, mi~~~morphology, mscromorphology. and ï ï S  

sequenœ data wi. k used in chapter 4 to nsolve phylogenetic relationships within sect. 

Phyllostachys. 

My study provides strong evidence to suggest that subgenus Carex, Indocarex, and 

Primocarex, as prtsently circumsCnbed, arc artifïcial. As many previous authors have 

believed (e.g., Bailey, 1886; Knczetovicz, 1936; Ohwi, 1936; Koyama, 1962), subgenus 

Carex and I ' a r n r .  dong wîth a portion of subg. PrUnoc~rex forms a monophyletic 

group. The most basal species in this clade are Asian Indocarices, supporting 

phytogwgraphical and morphological studies (e.g., Kreczetovicz, 1936; Nelmes, 195 1 ; 

Baii, 1990) that have suggested that this group is primitive. Phylogenetic hypotheses and 

relationships based on the presence or abnormal growth of the rachilla are not supported in 

this analysis. Extnme reduction appears to have occumd along several different lineages 

in Carex as was commonly believed, and the &ta support the existence of an 

evolutionaliy "reduce8' clade comprising sections Phyllostochys. Fil~oliue, and 

FinniciJmcs that is separate h m  the main body of the IndocaredCareflrimocarex line. 

Unfortunately, the'ultimate ongin of this clade and of the most basal clade in the Carices 

cannot be detennincd since trres were not polarized with taxa from outside of the genus. 

Whether this clade has a vignean ongin. or an origin b m  outside of the genus as 

suggested by Nelms (1952) for sections Filifiolliao (bm Kobresiiz) and FimicuZmes 

(fiom Uminia). can only be resolved by a much wider tribal level study. 

One of the most enduring of ail problems in the systematics of Car= has been the 

circumscription of sections. Although the ITS regîon was not variable enough to resolve 

relationships within sect. Phyllosachys, it shows great potential for c l m g  sectional 



lirnits and for hypothesizing relationships between sections in Carex. The strong support 

for the monophyly of the moqhologicaily similar sections Ld jbrae  and Careytnzue, 

M y  illustrates the potcntiai of tbc region for scctional delimitation. 

Any shidy that includes only a s d  portion of a buoD as large as Carex must 

corne with a caveat, Four huidnd and f B y  base pairs are not going to producc a M y  

nsolved Carex phylogeny. and 26 taxa h m  a genus of 2000 species an not going to 

resolve subgencric problems ihat have existcd for hundrrds of y-. Many of the 

relationships that have ken  enumcratcd herein can ody k expected to change as a wider 

taxonomic sample is introduced. However, the grrat potentiai of this region. and of DNA 

characters in general, for helping to resolve many long-standing phylogenetic and 

taxonomic problems in this genus has been demonstrated- The first step. and the most 

pressing if we are to understand the evolution of this genus. must k to address the 

problem of circumscriiing Carex from its sateilite genera in the Can'ceae. The extreme 

reduction seen in this genus coupled with an extraordinary range of subtle morphoIogicai 

variation has given rise to the identification of numemus "transitional species" that blur 

limits of the genera in the oibe (Neimes 1951; Reznicek, 1990). The circwllscription of 

the genus Carex is the cenaal problem to understanding the evolution of the Cariceae, 

and until the question of "what is. and what is not a Carex'% answered, rhe results of any 

investigations into the phylogeny of the tribe or genus can only be ngarded as 

speculative. 



TABLE 5. CoUcction &ta for populatiom of species smipled h m  Corex section 
Phyllostachys . Vouchas en deposited at KNK and WIN unless othawise note& 
Herbarium aclpnyms foilow HoImgren & al. (1990). Individuals sampled ficm the same 
population are numbcred (1) and (2). 

Subgenus Voucher 
- - 

C&ADA. Manitoba: Treesbank, 

Ford 9502 & Starr. - 
Ontario. Simcoe Co., 

Reznicek & Reznicek 6364 MICH. 

North Grimsby Twp., 

Ban (sa)- .- 

C srzxuirontano Mackenzie 

C jun@erorum Catling, 

Rc2nicck, &Crins 

CANADA. Saskatchewan. Cypress HiIls, 

Ford 9526 & Starr. - 
(1) Manitoba Treesbank, 

Ford 950 1 & Starr - 
(2) Ford 9501 & Starr 

U.S.A. Arkansas- Polk Co., 

Naczï 3948 & Ford. - 
Oldahoma McCurtain Co., 

Naai 3953 & Ford. - 
CANADA. Ontario. Hastings Co, 

Oldam (sa) et ai. TRTE . - 
U.S.A. Ohio. Adams Co., 

NaCa 3878. - 
Kentucky. Bath Co., 



1. Cura C jarPa Schwcinitz CANADA. Ontario. Essex Co., 

PeIœ Island, Oldham (sa.) TRTE. 

Viiginu Bath Co.; 

Naczi 4482 & Thierct. - 
C willdenowii Wiiîdenow U.SA Ohio. Pike Co, 

Naczi 3887. - 
Pennsylvania. Bradford Co., 

Naczi 4287 & Thieret. - 
Kentuciq. Franklin Co., 

Naczi 3835 & Borne. - 

C superafo Naai, (1) U.S.A. Mississippi. Tishomingo Co., 

Reznicek, & B. A. Ford - Naczi 4013 et al. 

(2) Naczi 40 13 et al. 

Alabama. Butler Co., 

Naczi 3990 & Ford. - 

U.S.A. Alabama. Butler Co., 

N& 3991 & F d  - 
Mississippi. Itawamba Co., 

Naczi 4005 et al. - 
Lowsiana. West Feiïciana Parish, 

Naczi 3987 & Ford. - 



TABLE 6. Taxonomy and coiiections oftaxa used in this study Vouchers are deposited at 
KNK and WIN uniess otherwise notad Herbarium acronyms foiiow Holmgren & al. 
(1990). 

Su bgenus Speder studied 

and voucher 

1. Cura  Acroqds Dumortier c d i c o n s  

Arkansas, Scott Co. 

Ford & Naczi 9440. - - 
Ç pcckii Howe 

Aiberta, Edmonton, Starr 960 1 O. 

C perwylvanica Lam. 

Manitobh Portage la Rairie, 

Ford et al. 9604. - 
C nrgospema Mackenzie 

Manitoba, Whitesheli Provincial 

P a k  Ford 94111. 

C carqmcu Ton. 

Ontario, Bail (sn.). 

C piànfaghea Lam. 

Peterborough Co. Bakowskv 

#96-174. 

Hymmockf'nae mja) C arctata Boott 

LJi. Bailey Manitoba, Whiteshell Provincial 

Park Ford et al. 9624. 



- -  

Section Specicr s&died 

and voucher 

2. Indocarex BaiU- Cruciatoc (C.B. Clark) Nelmes 

P o ~ h y o e  Tuckerm. 

Inrücae Tuckerm- 

3. pI.ulrocwe;r Fiüfolicre Tuckerm. 

Kiikenth, 

C W#&~ru Lam. 

Adrimsas, Ford & Naczi 9443. 

c bm& Dewey 

Ontario, Peterborough Co. 

Bakowsky #%-176. 

C cmdrita Wahlenb. 

Muiu National Park, Sarawak, 

Malaysia, YQ (sa.) '95 WS. 

C baccms Nees. 

Wu-lai, Taiwan, Yen (sa.) '95 WS. 

C po&s&chya sw. 

Cayo district, Belize, 

Jones & Wbff 1 1275 MICH. - 
C fÜifoIia Nua. 

Manitoba, Laudcr Sand HiUs 

Punter & Puatter (sn.). - - 
C m u ~ c ~ I i l s  L. H. Bailey 

M o t n i a ,  San Diego Co. 

Ford & Starr 9567. - - 



and voucher 

4, fignea 

(P. Beauv. ex 

Lestib. f.) Petexm. 

Divij:ae Christ 

Ç gm Boott 

Montrana, Cascade co- 
Starr et al, MT96039. - 
C scipùi'ea Michx. 

Alberta, Jasper National Park. 

Bayer AB-960 10 et al. 

CI deweyanrt Schw. 

Alberta, Edmonton, Starr 96007. 

C elcocha& L. Bailey 

Bayer AB-96004 et al. Alberta. 





TABLE 8. The length and GtC content for ITS 1,1TS2, and the combined ITS 1 and ITS 2 spacers of the taxa used in this study. 

c* saXimontana 

C. latebracteuta 

C. juniperorum 

C. jamesii 

C. w illdenowii 

C. supe ra fa 

C, basiarititcr 

C. jll~olia 

C. geyeri 

C. mulîicaulis 

C, eleocharis 

C. de weyana 

C. rugospenna 

C. albicans 



TABLE 8. Continued. 

S p i e s  ITS1 ITSZ ITSl+ ITS2 

bnsch G+C (W Length 
(b.p.) 

G+c ('w 
(b.p.) 

G+c (%) 

C. pensylwnica 219 64.2 23 1 68.0 450 66.1 

C. peckii 217 64.4 23 1 68.0 448 66.2 

C. plantagineu 22 1 67.9 225 70.2 446 69.1 
C. careyuna 220 69.5 227 72.7 447 71.1 
C. fcusijlora 219 65.8 226 72.1 445 69.0 

C. bluada 219 65.8 226 7 1 .7 445 68,8 
C. arctata 220 66.8 222 71.2 442 69,O 

C. scirpoidea 2 19 59.4 226 68.1 445 64.0 

C. po2ystacItya 22 1 62.4 227 67.4 448 65.0 

C. baccans 217 62.2 226 64.4 443 63,3 

C. cruciata 220 64.1 227 66.5 447 65.2 

Cyperus 181 56.4 249 60.6 430 58.8 



TABL~ 9. Sequence divergence within sections for which more than one indivdidual 

was sequenced. 

Section N Within sections (46) 

Phyllostachys 24 0.00 - 3.83 

Ca r e y m e  2 2.86 

ki / lovae 2 0.95 

Finniculmes 2 7.19 
Acrocy.ctis 4 0.94 - 3.56 

TABLE 10. Sequence divergence betwm sections for which more than one individuel was sequenced. Pemnt divergence is given above 

the diagonal, absdute differences beîow the diagonal. 

Section Phyllostach ys Cureyattae Larcijlloae Finniculmes Acrocystis 

Phyllostachys - 1 1 . 1 1  - 14.15% 1 1 ,O8 - 14.22% 8.15 - 11.27% 7.43 - 1 1.75% 

Co r e y a ~ e  46 - 59 - 8.15 - 8.59% 1 1 .O3 - 13.53% 6.41 - 7.13% 

Luxi/iovae 46- 59 34 - 36 - 10.60 - 12.77% 6.67 - 7.40% 

Fimticulmes 34 - 47 46 - 56 44 - 53 - 9.1 1 - 12.23% 

A crocystis 31 - 49 27 - 30 28- 31 38-51  - 
\O 
C 



TABLE 11. Sequence divergence within species of C m  sen PhyIIostachys 

Species N Location of Sequeme Variation 

Populations Sampled (%) 

C. backii 3 MB(2). ONT 0.48 - 0.96 

C. saximontana 3' MB(2), SASK 0.00 - 0.48 

C. latebructeata 2 A m  a 0.00 

C. juniperonun 3 ONT, OH, KY 0.00 

C. jamesii 4 ONT, VA, ARK, KY 0.00 - 0.24 

C. wiltaenowii 3 KY, OH, PA 0.00 - 0.24 

C. superata 3' AL, M W )  0.00 

C. basiantha 3 AL, LA, MS 0.00 

Vwo individuais are h m  the same population 



fig. 11 .  The structure of nrDNA in Carex showing positions of the two intemal transcribed spacers (ITS 1 and FTS 2) 
relative to the locations of the 18s. 5.8S, and 26s genes. and the intergenic spacer (ES) between tandem repeats. The 
sequences of the primers used in PCR and DNA sequencing and their relative positions in coding sequences is given, 
Variation in the length of KS 1 and ITS 2 in the carices sequenced is indicated above the spacer regions. 



backii (MB) 
backii (ONT) 
backii 1MB) 
saximontana (ÇASK) 
saximontana (MB) 
saximontana (MB) 
latebracteata (ARK) 
latebracteata (OK) 
juniperorrnn (W) 
juniperorrim (OH) 
juniperoruni [KY) 
jamesii (ONT) 
jamesii (VA) 
jamesii (ARK) 
jamesii (KY) 
willdenowii (OH) 
willdenowii (PA) 
willdenawii (KY) 
superata (US) 
superata (HS) 
superata (AL) 
basiantha (At) 
basiantha (MS) 
basiantha (LA) 
Cili tolia 
geyeri 
mu1 ticaulis 
eleocharis 
dewetyana 
rugosperma 
albicans 
peneylvanica 
peckii 
phntaginea 
careyana 
laxi f lora 
blanda 
arctata 
scirpoidea 
polystachya 
baccane 
cruciata 

fig. 12. The complete sequence for ITS 1 @ositions 1-232), ITS 2 (positions 247-482), and 17 bp at the 3' end of the 5.8s gene (positions 233-247), of all the 
taxa used in this stuây. Regions of ambiguous alignment that were not used in the analysis arc indicated by asterisks below the sequence. Inseflionddeletions 
(iiidels) used in the analysis are indicated by number below the sequence. The complete lcngth of the combined ITS I and ITS 2 spacers (excluding the 17 bp of 
tlic 5.8s gene) for each taxon used in this study is given in brackets at the end of each sequence. P 



backii (-1 
backii (W) 
backii (MB) 
saximontana (SASKJ 
saximontana (HB) 
saxhntana (Ml) 
latebracteata ( A M )  
latebracteata (OK) 
juniperorm (ONT) 
juniperorum (OH) 
juniperorum (KY) 
jamesii ~~) 
jamesii (VA) 
jamesii ( A M )  
jameirii (KY) 
willdenowii (OH) 
willdenowii (PA) 
willdenowii (KY) 
superata (MS) 
superata (MS) 
superata (AL) 
basiantha (AL) 
basiantha (MS) 
basiantha(LA) 
f ilifolia 
geyer i 
multicaulis 
eleocharie 
deweyana 
rugosperma 
slbicans 
peneylvanica 
pecki i 
plantaginea 
careyam 
laxif lota 
blanda 
arctata 
scirpoidea 
polystachya 
baccane 
crucf ata 

t t 

CCCXT-GCO CO-CGTn;GT CGC?Y;GCCGG AATACGGCGC GGGAWACGC CARGOARCAC OAG-AAAGCT GAGGCAClW COACCCCCPC AG'iGüTiE-C 
CCCTCl'-CCG C C A C G ~ T  îGcTGûCCCC AATACCGCCC GCGATGACOC CAAGOAACAC GAG-AAM3CT GAGCCAClGû COAGC- AGIiCGTPC-T 
CCCWT-CCG CG-CGTlWT CWIWCCGG ANl'ACûûCGC CGGATORCGC CAAOCAACAC GAO-- G A û G C A ~  CGAGCCGCPC AGTûCTK-C 
CC--000 CO-COTTCGT CGC'lGûCCGO AATACGGCGC GGGA'FOACGC CAAGCAACAC W-AAAGCF ûA- CûAGCCGCW A--C 
CCCTCT-Co0 CO-CGT)[I;GT CGCTCKiCCûû MTACGGCCC WûhTGACGC -CAC GAG-AAAOCT CGM;CCGCEC A O m - C  
C C m - C o 0  CO-CGTII;GT CûC7GûCCGû AATACûûCûC CCCA'MACGC CMGOAACAC OAO-AAAOCT OAaGCCICEW; COAGCCGCPÇ: AG--C 
Cccrr;il)-ruWi a-'IIiTFCGT CGTIiGGCCGO AA'PACGGCGC OOOA'IiCIZICCC -TAC GM-hhW&T OAOOCACmO COA[;CcGcn: -4 
CCCTCT-MI10 CO-TGTlWT -CGC) MTACGGCGC GG025TOACGC CAAOGAlrTAC OMI-AAAOCP OIIOGCACTW W c G C r c  M;TGGTZO-C 
CtCK?1P-Wû CO-CûTXGûT COCIiCGCCCG CUITACGGCGC COGAWCOC CAACCMCAC W-AAhWT COMiCCY;CIiC MZCYK;;TM-C 
CC--GGG CO-- CGClKiOCCGO MTACCXICGC CCCATCACGC CMGOMCAC OM-AMOCP OMWiCCLCIiW OOACCCGCIiC AOCOOTIiO-C 
CCCiïT-ûûû CO-WRWT AATACGGCY;C CGGA'iüACGC CAAOOAACAC W-MAWT GAaXWlW COAOCCOCIT 
CCC'XT-OCN CO-COTII;OT -Co0 MTACOGCGC GGGAlGACûC CMCOMCAC W-Mm WWCCWE AOCOCIT1io-C 
CCCTCF-000 CG-- -Co0 MTACGGCGC OOOA1MCûC CNOOMCAC ûAû-AMCCP CACGCAFiW COM;CCOCIC M;COOTIiO-C 
CC--000 C O - m T  CûtXXCCGO MTACOOCOC COOA'MACOC -CAC GAG-AMGCï OMKKlACIiOO MICOOTM-C 
CC--- CO-- MTACWïûC 000A'lGACGC CAAOCMCAC O A O - m  COMiCCGCrC AOCGGTM-C 
C c m - G Q G  M-cGmwc CGCMOCCGO 1UTACOGCGC OGGAmCGC CmGGAWAC W-IUM;CT OAMiCM?FC;O CMOCCOCrr M m m F m - C  
CCC?CF-oOO CG-- îWIWCCGO MTACOGCGC OGOA'MACGC CAAOOMCAC OAO-AMOCP COM3CCOCIT W i W l T û - C  
CCCTCP-000 C O - m T  AATACOGCiOC OCOATüACOC -C W-AMOCI! CüWCCWlC --C 
CcncT-ûGû Co-C0nir;oT c0cnNccc0 MTACOGCOC OGOCIMACOC CMCOMCAC OAQ-AMWT G M W C T W  CGMCCGCKI C)OTOOTm-C 
CCCTCT-000 CO-cc."L*pGcrp MTACGOCOC CiOOA'NACCSC CCUCGAIICAC OAO-MhWF ûAMXhWW COMiCCOCPC AGTGGTM-C 
C C m - C G 0  CO-COTlWiT CGCIW]CCCO MTACGGCOC GGûATGMGC -CAC OAO-MAüCT OAOGCAClWI -4 
C C ~ - o O O  cd-COTPI;OT COCIW;CCGû MTACOGCGC GGGAlWCGC CMGOAACAC W-CUAGCP -M?n;O WAWCWW m m - C  
CCCIiCF-000 CS-- CCCMCCCOO MTACGGCOC CXXàATiGACGC CAAGOACcCAC GA&- 6MKiCM?FCG M;'IWfim-C 
C m - -  CG-- C W l W W X ?  MTAMiGCGC GOOA'IMCCC CMOGAACAC GAG-AIUOCP ûWûcMTW COM;CCOCIK! -4 
C c l 7 m - 0 0 0  CG-- CxCnaCCGA MTACGACGC GmA113ACCc cAmcwcM C A T - M T  OMK;CATicGa a3Nxcax M'CWfiliO-C 
CCCCIT-OGO CO-- MTACOGCOC GCGAIiCMIGC CAWGAN%C WF-- OOaOCACCOQ CûAWCWTC m - C  
CCCCCA-Co0 CO-CClrW;OT CGCIiGTCCGO MTACGGCGC GOOATOACGC CMOOACCAC CRT-AAMCT OAOGCACCûû W C I C T f  AWGTiVQ-C 
~ - G O O  Cü-AGTIWiA MTACGGCOC GOCUIlV3ACOC CAMGAhCAC MTMUIAGCP 0 A G G C Z ) C ~  CMGYCWTA MGOOC*n;OC 
cccirc-GGG CG-AGTn;DA mmGGcCGO AACACGGCGC CGOA'MACGt c.iMooAACAc GAT'ZUIUOCP Gmcmcax CCOOCCOClPP AMQOCCIiCC 
CCCT'iCOOQO a - n T  TWlGG'itûG MT- OOGA'MACGC CMGOMCAC GATAMWK! OAM;CACCGO CûMXWXt --C 
CCCTICOQGQ CO-- 'IiGCTGCTCGO MTACGGCGC GOGIITûACGC CAAGOMCIIC GATMRMin! CMGCCGCrC OM#ZOCAC-C 
CCm--ûûG CO-- 'IiGCIiI3GIW;O MTACOOCOC CGGAWîûC CMûûMCAC QAû-AMOCIP GM;OCACCYU ACUNOCIPC?-C 
CCm--0w Cû-cc.ypccGT 'IW'lWTCOa MTACGGCOC GOGA'MACGC CMûGAkCAC OAB-AhMCT OMKiCACCGO COkOCCOCAC MûûûCR-C 
C ~ û û û G  C - - m T  IiCCn'X;Wûû MTACOGCOC CXXhM15CGC CAAWMCAC OAQOCMlCOO CGMCCOCPC MGGCCFC-T 
C m - -  CO-CGTCGGT -Tc00 AIIAIICCCCCC GOGAlUACGC CAMiOAIICAC ûûT-AMGCC OMKiCACîûû COM;CCGCTC MGGOCKI-C 
CCCTWOGGO C - - m T  m X X 3 2  MTACGOCOC G O G A ~ C û C  CAAOOAACAC OCTMGAûCl' OAOCCCCCOO COZUiCCOCrT! GMW3GTIiC-C 
CCCllWKiOO C--CGlWZOT n I W ; O  AATACGGCGC ûGGAIiOACGC CAAGOMCAC OGT- QAOOCGCCGO CY;(K;CCCClKl --C 
C m  Ca-- n ' F C O O  AATACWîW CCGATGACGC CAACOMCAC a T - W C  OCCOGCM3niO -4 
=-OC;KI C G - m T  1iGTII;GTK;Q AATACGGCOC OGCAIr(cACGC CAACOAACAC OAT-hMGCT AAOOCACCGO OOIIWcûC7C AM3CGCrr-Y 
CccrCt-GGO CG-CGlTGûT TlEIWIY:CG AATACGOCCC GOOA'ZGACCC CAACCAILCAC DAO-AMûCT MOGCACCûh COM]CCOCOA AMK;GCIiG-C 
CCCPC--GGû CO-CY3Tn;OT I W T W T C G G  AATACGGCGC CGCATGACGC CAAOOAACAC OAQ-MAûCT GAGGCACCGO CQCICCn;CAC --T 
C- CO-CGCIK;GO TI;Tl(ljOCCGO MTACGGCGC GCGTIUACGC CAAGOAACAC GAG-MAWT GAWCACCGO COCIGCCOCAC --T .*** 3 4 5 6 

fig. 12, Continued. 
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CrCCOAACCG COAGGTCCGG IiGGGCCTAAG TGTACCCCCG 'KGTATC'iW CC-GGûAGCG GCKW'iW'iü ûûCTAACn;CG CACGTCACCC COACCCCCAT 
C'iCCGAACCG lPGGGCCTAAO lGTACGCCCO TCCTA'iG'PGO CC-OGGAGCO GCOAGIY;Cl'G GGCTACTYiCO CACOTTACCC COAGCCCCAT 
CICCGMCCO COAGCIiCCGO -TM 'iGTACGGCCG 1Y3CTA~ lGû  CC-- GiXiGTcion; ûûCTACIY;CG CACC."IYIACCC COM;CCCCA'P 
CPCCOIUCCO CGIK;Gn;COO n;GGcCTAAO 'iGTACCiXICCG TtATAIiGnN CC-GGGAZICO G î G A G m  GCCfACiWû CACûTCACCC CWXîCCAT 
CTCCûMCCO CGNWNXW IW;CCCTAAû mTACCX;CCC WûTATViW CC-OGOAGCQ GCGAûIiK;cm GGCIiA-O CACGTCACCC CûhûCCCCAT 
CFCCaMCCO COAGOTGCGO IWW;CCTCUIO lGTACGGCCG 'KGTA- CC-GGGAGCO OCOAC'iGC'lU W A C I Y ; C O  WOICZICCC CaAOtCCCAT 
cmcmxaà COAGCCYiCYiO TGGGCcTAAQ mACOOCCO IiCOTAm'nX C c m n A G a  O C C A n ) ~  ~Ac 'XGcQ chwxAca cmGcccmT 
CXWMCCG 'K3WXX"i' %TACCWXG TCGTATC'PûG CCWX3WXQ OtOMTCICITO Gki(gphCTGC0 CXGXAWF CMOCCCfAT 
CfCCOMCCG COAGCCGCG(3 WûûCCTAAG 'FOTACûGCCû 'ICGTAlViW CC-GOOAGCO OCOM)MOTO GGCTA- CACGTCACCC COAOCtCCAT 

CdM3CCCCOO TGTACOGCCG CC-GGOAOCO G î G M T W l i l i  ûûCTAClGCU CA- COAOCCCCAT 
cwcGMcci3 cmamaxa IW;OCCTAM3 'IGTACGGCCG rnTA'IiG'XGG CC-000AOCO GCOIIiOTG<rTO OOCF- cham!Mm COIK3CCtCAT 
-CO CGAaGCGCCO 'XWGcCTMG 'iGTACOCCCG TCGTATiOTCIQ CC-OOGM;CO O C M O ~  QOtfAen;cO CACGTCACCC CGWCcWAT 
CrCcOIUCtO CMOOCGCGO TOCGCCTAAO 'XGTACCOCCG I W I T A W  CC-OCiOILCCO GCGAL)lGGIQ OOCPACTGCü -ACCC COM;CtCCAT 

-MG l'GTM;iOGCCû I W i T A l C l W  CC-OOQAGCO GCGAiGlwrro ~ A c r o C O  CAWXWCC S C A T  
CPCCOMCCO COZU;OCOCGO lWKiCCFAAG niTM-rn3CCG CC-CiOCAGCG GCGN3- OOCTACFOCO CAC<iTCACCC COlKiCCCChT 
CPCCQMCCO COMCCBCGO maxcTAM3 'SGTACGGCCO ' I t G T A m  CC-OG(IAniCO G C G A G m  OOCTACPOCO CAcmwcCC cmGcccmT 
CTCCOACICCO COMIGCGCOQ n;oaCCTAM] TGTC)CGGCîG IWITA'ïïXtX CC-000AGCO OC0150TGG'iQ GOCPAcmcO -C CGMEWAT 
~ C C C  CSMûCWW '1i000CCTMû ~ A C û û C î ü  'KûTAWïGû CC-OGOMiCY3 OOCTACWW COAGCCCCAT 
cKmAwa3 COMK;CY;CY;C niGGCCTAAa m m m  m A -  CC-000ACiCO OCOkOn;ollo GGCTACFOCCI cmxmccc COMiCCCCAT 
CXCGAACCO COMXiCOCOO - A M  niTACC#;CCG TCGTAmn;O CC-- GCOlKi'LIiOTO GOCTACiGCû C W û n N X C  COABCCCCA'P 
CrCCOMCCG COMKiCOCOa MGGCCTAW TGTACOGCCO lWTA'iG1iGO CC-GGGAGCO OOCTAC'XXû CAWWXCC W C C C A T  
CrCtQMCCG COMiGCGCOO IWNCCTAAû mTACGGCCG WGTA'IiOTW3 CC-GGGM3CQ CCOAOMOTO OOCTA- ~ l I C C C  COAOCrCCAT 
CPCrC;AACCY3 COMK;CQCOO -Mû 'IiGTACYICCCO mA' I iO I i r30  CC-OCOAiOCO GCCW)'MGM GOCFACIiTiM W X T C M C C  eOAOCCCCAT 
CTCCGMCCû CGIKICCCCGO mCTW TGTACOCCCG IW;TAl'GTCiO CC-WGWCO ûîGAGn;GTG CGCPAcmcO CAWTCACCC COAOCCCCAT 
c ? m m G m G  cGmmWa3 mcACCTMt3 ' r G w A  'JWTA'IGn;O CC-AWWCQ OriOhC----- ----- crT;cQCAtOTCACCCCOU3CdCCAT 
CrCCOlUCCO CGACGMCOO nNoccCMG IiCAACGGCCû CCCTATG'iGG CC-GCCUUiCO OCOM3n;On;i GGCTCU?niCd CAC<r*FCOCCC -T 
ClWGMCiX 'IWIGCCCAAO mT- 'IiCGTACGTGG CC-- GCOAki'iWW ûûCTWIWG CACGTCACtC COMlTCCCOT 

CSMGKXW 'II;OCCCTAAG MTCCaOCCG ~~~ CC-- GCOM;'K;CTO OGCfACMCO CACOTCACCC C G C G C ~  
clwGAACCP- 'lGGGCmAAQ m'IiOCOCCtO ~ A C C I Y ; G  cc-GGGM'.to GaAG'IiOûTO OOCTACIiOCO CACYiTiCACCC a m f x C a ' F  
tmxaacm COMKiCY;CGG 'luGGCcTAAG rnTiGCaGCCG mACC1iGC CC-GC;OACICO OCOAni'Iwm OOCPACIiOCO cAammx CQlKiCeCCOT 
CiWShKCO COAiOOCGCOG nn;GCCTMO TGTOCOÇiCCG lWiTACGTOO CC-GOOAOCO GCOAÇiTWïû OGCTACTGCa C&CQTCACtC tOAOCCCCGT 
-CG CMGoCoCGo -Ab0 TOTGCGGCCQ TCOTACGXW CC-GGOAOCO WiWGlüG1i0 OOCTAClliCO CKüTWCCC CMoCcCCOT 
~ C G A A C C O  CMGGCOCYiO IiGOGCCTAAG 'IGn;cGccCû IwI"FACG1i00 CC-GGOAGCO CCGIK;TWTü ~~ CAEOTCACCC -T 
CwxGnaCCQ COZUKiCOCOQ lWiOCCcAAG 'rG'FGCGGCCG IW;TAcon;o CC-- O C O A Ç i m  O O C F h ~ O  ClKIOTCACCC cOIuocCCtGT 
CKXGhKCO COAMiCOCGCI ' I iGGGCCW m'IKICGGCCG 'KGTA- C C - m G  GCOlKiTciGM OOCTCICIIiCG C-CCC COAGCCtCGT 
CTCCGACCCG COMiOCOCGO lIKiOCCTAA0 lï3n;COGCCG TCGTGCGTGG CC-000M;CO OCOAG1iCCIiO ûGCTACIiGCG CACGCCOCCC CMOCCCCGT 
CrCCOAGCCG COAGGCGCOO 'II;GGCCTAAO 'IGn'rCGGCCG 1Win;conZO CC-CCCAGCG ûîûAGTtX2ü GOCTACIiGCO C A c i o c m  COZIOCCCCGT 
CIiLCiOAûCCK3 COMZOCOCOO -AAG IiGlCC(XCCG 'KGTACGluia CC-GGGZU;CQ û C û U ù m  ûûCTACIIiCO CACOTCACCC -T 
CmxXAACCG COAMiCOCOO 'IwxccTAM; n;n;cGGccG TCGTCCGTCiO CC-OOOAGCO GcGAGIiOCI*IO OOCFACrOCO CMiGTCACCC CGAGCCCCOT 
cTccawm TAACGCOCGO mGcccTAAG m m C C C C O  l'cGcA'IiGm CC-GOOAGCG OCCAkilGGm GGcTAcxccO CMlGTCACCC COM)CCCCOT 
~ C C G  I G W C C T M G  'lG'IiGCGOCC0 WTACGn'X3 CC-GGOACCG OCOAO- 00CIAcIioco CACGIY?ACCC CûAGCCXGT 
CWCüMCCX3 TAACC(IY3CCO lWûCCTAAO TG-CG 'FCGTACA'FCO CC-GGOAOtO ûCSM'RX'IQ WWFACTWG m C Z L C C C  CûMCCCCûT 
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fig. 12, Continued. 
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AAGCACACAG CGCCTSGTTT CACCCCCTAA CGAGGAGC-- --A?Y;CTGTC CKGWlTCM C--'iWWûG CACCTKûGA CC 1444) 
ACACRCACAG GGCCTiGTfi GACCCCCTAA CGAGGAGG- --A'iWlQTC CXGWTTG'lü C--'lGIrr;cCC CACCTTCGGA CC 
ACAGACACAG GGC- OACCCCCTM CGAGGAGC-- --AIY;CTY;W NWN3W'N C--M'iGCûû CACWKGGA CC 
ACCGACACAO 0GCCCIY;TIT GACCCCCT'AA CGAGQAGC-- --A'SGCTûTC ACGOC- C--'WECCO CAC- CC 1443) 
ACCOACACAG OCC- GACCCCCTM CGAWAGC-- --A'IWnrrC ACCOC- C - - m m  CACCCrCGOZI CC 
ACCGACM?M) M t t C C C T a  COACCAGC-- --A- ACGOCCnrrO C--IiGIiGCGO CACCmWKU CC 
ACCOACACMi GGCCTlKi1TP GACCCCMAA CGAWAGC-- - - A T  GWXCWXG C--WïWXX CACCCFCOM CC (445) 
ACCOMllICAQ OGCCCIiOTTF OACCCCIiOM COAOGRGC-- --A'iGC'iGTC ûîOGCcr(r"M C--'iGTûCGû CA- CC 
ACCWCWûû GCCCTICim OACCCC-TM CiiAûGAGC-- --A=TC ûCûûCCTGTt3 C--TWüCGû CC 
ACCûACACGQ WC- ûACCCC-TM CY3M;OACC-- --A- C ; C G O C m  C--IiOn;cGo CACCFPiCOGA CC 
ACCOMIACGQ GGC- -CC-TM eGRGGAGC-- --CI'TGCTOTC OCCSGCCFGM C--TOTCCGO C h C T  CC 
ACcûhCACW O G C ~ ' C f i  OCICCCC-TM CGAGOAOC-- - - A T W W R  C C C G C m  C - - m G û  CA- CC 1442) 
ACCGACXûû G G C C T I û ~  QACCCC-TM CGAGOAOC-- - -A ' iWlWC G C G C ; C m  C--TWGCW CAC- CC 
ACCOllCACOO O G C m T C I i  OACCCC-TM CCACGCIGC-- --A- GCGOC- C--IiGIiGCYK) C m  CC (442 1 
ACCOACACOQ O C C m  GACCCC-TA& cGM;oIK.c-- - - A m T c  GCQGCCWKI C--mn'rcco Circci*rccorr CC 
ACCGACWM CACCCC-TM COCIGCUCC-- --A- OCGGCCPIii'IiC C--'IiGCGCCO CACCFPCOaA CC 1443) 
ACCOACACMI 0 0 C ~  GM3ttC-TM --- - - A T  GCOGC- Ce-- CC 
ACCOACACAO OACCOC-TM CCUG(3AGC-- - -A' lWlWïC C--- CACCFICYiCA CYI 
ACCGACACAû W C C C - T M  CDAOOAGC-- --A- CCOGCC'WR3 C--- CC 14431 
ACCûACACN3 CGC- OACCCC-TM CGAGON;C-- --A- OCGGC- C--ni- CACCCIWiOA CC 
ACCGACM3M) CGC- OMICCC-TAh COM3C1M3C-- --AIr(ccn;'iV ûCGGCCTG7Q C - - l G m  CACcI.pcioOA CC 
ACCûACACMI û G C m  ûACCCC-TM CGAGGMC-- --ATGCWE C--'PCIWCCO CC 1 
ACCUCACAO WWPSTlT GACCCC-TM COAOOAûG- - -AVXiWïC  GCGQCCniM C--TülGWû CACfTFCOOA CC 
ACCOACACAG GGCCCFOlTT GACCCC-TM CMOOAGC-- --A'PGCrOTC CCGGCWûTû C--nrn;coO CA- CC 
AWACATAO lGCCT7GTiT OAIiCCCC'i'M CMMAGC-- - -A ' IW'EW û C W X T A l C  C---A0 C M C T i W M  Ct (431) 
ACYUACACAû WC- C(KlccCCTM CU3MWMOC-- --A- GCGOCXIiOCQ C-0- C- CC (4421 
ACGCACACACr aoccmrCWF OIICCCCCTACI tMOOM;C-- --ATGCCGCC Cm-CCCGCOO CC 1442) 
ACCMCACMI GOCcTFITPF MCCCC-TM CCUGOMIC-- --TWCCG'IT ccG0cI.M-O C--n;CGCGO COCCmrOOA CC 1442) 
AWûACACffi WCCTCiTAT CACCCC-IiLIA COAOOAOC-- --mm- -- C--COCGCTiO CC (4301 
AAIiQACrXJAG CMCCCCTM CûAWAûC-- --A'NCIGCC GCCGCCIWKï C--'NXWûû CC (150) 
ACCOACOCAû OCCCITGm OMCCCCTZLA COILBOIKIC-- - - h W C T W C  GCOOCIPPCW C-0- CC ((40) 
ACCGACOCAO GûCCTïWiD GMCCCCTM COMWYIGCCA W i ï " i ï ' C  GCGOCIIW;O Ca-IiGCGCGO C(;TCITiCGQA CC (4501 
ACCûACûCAû WCrrnOTNi OAACCCCTM COAOGACCCA A'iWGCTWC GCOOCPTiCOQ C--TWXCW CC (4481 
OCCûArW1Aû -TTC -CC-TAA -AG--- --GCG-CGCC CCOn'rCOm C- CC 1446) 
GCCOI)COCM WC- GACCCC-TM CCCICGAGC-- --OCGOCGCC CCGCGCGCGO CC (447 J 
M3COM30CAG CGC- ûAACCCCTM CGM;OACC-- --GCGCCGCC C--- CCCCmWiOA CC (445) 
AACOACOCAG OOCCIIiGTIiO OAACCCCTM COAGOAGC- - - -CCGCCGCC GCCOCTli(r"liO Cg-- CGCCFPCOGA CC (4451 
ACCOM?GCAû GGCCTFOTM! ûACCCCCTM COAGGAGC-- --ACGTWCC GCGOCCTWG C--CGCGCGG CACcTXûOh CC 1442) 
ACCGACûTAG WCCTWFAC OACCCCCTM CGAOGAûC-- --ATûCCûCT GCAOCI.PCGO C--CWACûû CGC- CC 1445) 
ACCûACGCAB CGCclWTX7' GAACCCCTM COMZOAGC-- --ACGCCGCT GCGOCmrCO C--TûCüCûû CGCClTCCOA CC (4481 
ACCDA'lGCA(3 COCCTïGlTT ûATCCC-TAA COAGOACC-- --AniTCGTT GCGGCTINFO C--'1FOCGC00 'K;CCRtûGA CC (4431 
ACCGAWAû CGCCTFOTPT GAACCCCTAA CGACGAGC-- --ACGWGCT C--IiGCûCGO CCCCTlWiM CC (447) 

* * * * * * 1 1  1 2 2 
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fig. 12, Continued. 
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GGCCTCTTCC TTCTCGCCCT CTGGCCGCGT TGGTCGCTGG CCGGAATACG GCGCGGGATG 
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ACGCCAAGGA ACACGAGAAA GCTGAGGCAC TGGCGAGCCG CTCAGTGGTT GCGCCGGTTG 

I 270 300 
t 

CCGAGGCCAA TGAAAAAAAA AATATGACTC TCGGCAACGG ATATCTCGGC TCTCGCATCG 
I 

330 
I 

340 

ATGAAGAACG TAGCGAAATG CGATACGTGG TGTGAATTGC AGAATCCCGT GAACCATCGA I 

370 400 

GTCTTTGAAC GCAAGTTGCG CCCGAGGGAC l CCTCCCGAGG GCACGCCTGC CTCATGGGCG I 

'10 520 

CCGCGAGGCG CGGTGGGCCT AAGTGTACGG CCGTCGTATG TGGCCGGGAG CGGCGAGTGG 
I 

fig. 13. The cornplete sequence for the ITS region of Carex superata; showing the 
ITS 1 and lTS 2 spacers, the complete 5.8s gene, and portions of the 18s and 26s 
genes of nrDNA. Codiag sequences are boxed. 



Oryza sativa GCCGAGGGCACGCCTGCCT---GGGCGTCACGC 

Cucumis sativus ............ T..... . - - - ........... 
... Vicia faba ............ T.. .... --- T.....AT ITS2 

...... Cyperus C...... ............ --- T.GAA 
- 

.....*............. . . . * * .  Carex backii CAT T.GAA 

fïg. 14. The Pligned 3' end of the 5.8s gene for the Cyperaceae (Cypencî, Kobresia, 
Cor-; Stm. unpublished), Poaceae ( O p  sativa; Takaha, Omo, and Sugiura 1985). 
Fabaceae ( Vicia faba; Tanaka, Dyer, and Brownlee, 1980), and Cucurbitaceae 
(Cucumis sativus; Toms, Oanal, and Hemleben, 1990). Note the Lhree base pair 
insertion (5XAT<3') shared by Carex and Kobresia . 
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fig. 15. Tbe single acc of fivt most parsimonious rrœs resdting from the phylogcnetic anaIysis of Carex section 
Phyllos~pchys and un putativtly nlatcd that is topologically identical to the 50% majority ruic m. The 
members of subgenus W g w  wert used as an outgroup. 'Ihe names of the sections and subgenera arc given in 
succession after the brackets to the right of the spccific epithcts- Branches that coiiapse in the strict consensus of the 
£ive most panimonious trcs arc dotttd. Unambiguous base pair changes and dccay indices (in parentheses) are 
given above the branch, bootsttap vaiues below the branch. The consistcncy index (CI), retention index (Rn. uee 
Itngth. and the number of poccntially phylogcneticaiIy informative charactcrs are given in the box at the top left. 



fig. 16- The ody trœ of five most m - ~  ses nsuleing ftom the phylogeaetic analysis of Corex section Phyllosrachys 
and ten putativcly nlated sectioûs that is iopologidly identical to the 50% mjority d e  tree. Inserb'onldeletion evencs (indels) and 
17 bp at the 3' end of the 5.8s gcne w a t  includcd in this analysis. Unambiguous insertions are repttsented by bars. and 
wambiguous delctions by dlipsts. Soiid bars and cIlipses reptesent indels witb a CI=I; aU othcr indels arc homoplastic (i.e.. 
Ciel). The names of the sections and subgenera arc given in succesion aftcr the brackets to the right of the specific epithets. 
Branches that coUapse in the strict consensus of the five m a t  parsimonious mes an dotteci. Unambiguous base pair changes and 
decay indices (in parentheses) arc given above the branch, bootstrap d u e s  below the branch. The consistency index (CI). 
retention index (RI). uce Iength, and the number of potcntialiy phylogcneticdly informative chancters are given in the box at the 
[op left 
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Fig. 17. The strict consennis me of eight moa panimonious aew resulting h m  
the phylogenetic anaiysis of Carex spp. in which transitions were favoured over 
msversions 2.2: 1. Bootstrap values wcre determined frorn 500 replicates. 



deweyana 

fig. 18. Minimum evolution axx constructed using a Jukes-Cantor mode1 of 
sequence evolution for the ITS region incarex. Bootstrap values (500 
replications) are only given for those clades with >= 50% support. The scale 
represents 100 X the observed branch length value. 
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fig. 20. Maximum likelihood tree constructed using a Jukes-Cantor (JC) 
mode1 of sequence evolution for the ITS region in Carex. Scale distance 
equals 1OO X the observed branch length values. 
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CHAPTERI 

A PHYLOGENETIC ANALYSE OF chR.EX SECTION P B Y L U ) S T A C ~  

(CYPERACEAE) BASED ON MORPHOLOGICAL, ANATOMICAL, AND 

MOLECULAR DATA. 

Phyiogeny within the large, cosmoplitan gcnus Carex L. is p r l y  understood at 

ali levels. The genus' vast size (c. 2000 spp.) and global distribution, its subtie diagnostic 

characiers that differentiate between species. and its la& of critical systematic research 

has led to the recognition of mauy artificial taxa (Naczi, 1992). These artifidai groups 

have hindered phylogenetic research by obscurhg evolutionary trends, conhising 

similarities. and by hiding taxa that might shed Iight on the phylogeny of this genus. This 

helps explain why ody four previous cladistic snidies have been attempted in Carex 

(Crins and BaU 1988; Crins 1990; Naczi 1992; chapter 3). 

One solution to the problem of poor circumscription is to focus evolutionary 

studies on a number of smail subgroups in the genus that appear to be distinct and well 

circumscribed (Crins 1990). One such taxon is Carex section Phyllostachys ( J .  Carey) 

L.H. Baîiey, a clearly defmed group of 8 taxa (C. hckii  Boott, C. basiunthu Steudel, C. 

latebructeata Waterfall, C. jmesii Schweinitz, C. jmiperonan Catling, Reznicek, & 

Crins, C. superata NâcW, Remicek, & Ford, and C. willdenowii Willdenow) confised to 

North Amenca, north of Mexico. Described by Mackenzie (1935) as "a very saongly 

marked group". the section is easily distinguished h m  other Carices by its foliaceous 

pistillate rales, few-flowed androgynous spikes, and its apicaily dilated and winged 

cuims (Catling, Replicek, and CMS, 1993). The eight species cumntly recognized in 

section Phyllosachys represent a gmup of geographidy and reproductively dissimilar 

taxa. The spccies Vary h m  narrowly restricted endemics (C. juniperorunt and C. 

latebracteata) to far-ranging taxa (e.g., C. backii and C. jmesii). Many of the 



disaïbutioiis are confined to regions that were either glaciated or unglaciated during the 

Pleistocene, and a variety of reproductive characters such as flower number and position, 

and variability in the size of the pistillate &es, suggest that dineremes in breeding 

systems may have evolved Chromosome numbcrs show a very wide range both withh 

and between the specics in d o n  Phyllostachys, suggtsting that the unusual cytology of 

the genus may have been a contriiuting factor to mation in this section. 

Because of its apparent monophyly. Crins (1990) used the five species then 

known in section Phy1lost~~:hys (Le., C. backii, C. saxïmontana. C. latebrwteata, C. 

jamesii, and C. willdènowii s.1.) to demonstrate the utility of charactet compati'bility 

analysis for nconstnicting infiasectional phylogenies in Carex. Because no obviously 

related sections were available to use as outgroups, Crins (1990) attempted to r w t  his 

mes a posîeriiori using the assumption tbat chromosome evolution in C m  proceeds by 

simple agmatoploidy; i.e., speciation is accompanied by an increax in chromosome 

nurnber (Davies. 1956; Faulkner, 1972; Whitkus, 1987). Although two major clades were 

identified, chromosome evolution within the group did not appear to follow simple 

agmatoploidy, and as a nsult his unrooted trees were unable to convey much information 

~garding character evolution or phylogeny. 

In order to clarify the phylogenetic position of section Phyllostachys within the 

genus Carex, chapter 3 used the ITS region of nrDNA to test the various disparate 

hypotheses of relationship that had been proposed for sect. Phyllostachys. The results of 

this analysis indicated that sect. PhylI[h~hys (subg. Carex) dong with two sections 

from subg. Prinwcarex Kiikenth. (sects. Filifioliae Tuckerm. and Finniculmes Kükenth.) 

were part of an evolutionally "reduced" clade that was phylogenetically separate fiom a 

larger "compound clade composed of sections from subg. Primocarex Kukenth., Carex, 

and Indocurex BaiIlon. Unforhmately. variation withui the ITS region was not sufficient 

to produce a robust phylogenetic hypothesis for the section dthough it did provide strong 



support for potential outgroups that could be used in subsequeat phylogenetic studies 

(Le., sections Filifoltoe and Fim<icuhes). 

In this study 1 explore evolution withïn Carex section Phyllostuchys by combining 

the molecuiar data h m  the study prcscntcd in chape 3 with morphological and 

anatomicd characters (chapter 2). The objectives of this study w m :  (1) to assess whether 

molecular chanrtm could be usefui for uncovering subtk taxonomie variation within 

Carex section Phyllostachys that had aiready been recognhd using traditional characters 

(viz., anatomy, micmmorphology, morphology); (2) to explore theorics on chromosome 

evolution in Carex within the context of an established phylogeny; (3) to reconstruct a 

Rgorous phylogeny bascd on several lines of evidence, and (4) to use the hypothesized 

phylogeny to investigate mnds in the biology and biogeography of section P h y l l o ~ t ~ ~ h y ~ .  



Ingroup und O u t p u p  SeIccfioo~ 

AU eight of îhe species cumntiy recognized in Carex section Phyllostuchys were 

used as the ingroup in this aaaiysis. Trees were polatized by v i e s  ~presentative of the 

two nearest outgroups to sect Picy1Zost~u:hys (sections Finnr'cuhws and Filvoliae) as 

determined in chapter 3. Morphological characm were scorecl for oniy two species in 

section Finniciimes (C. multicaulis and C. geyen), and one (C.fil$ioIia) in sect. FiI$oIiae 

because these were the only species in these sections for which ITS sequences were 

cumntly available (chapter 3). It should be noted, however, that examinations of the 

Iiterature and herbarium specimens nveakd that fwtber additions to the morphological 

data set of species h m  these sections did not affect the polarîty decisions made in this 

analysis. 

DNA Sequences 

AU of the spacer sequences used in this study were taken h m  the ITS study of 

Carex presented in chapter 3. Detailed memods for DNA Isolation, PCR ampIification, 

and sequencing of the ITS region in Carex are provided in that chapter. 

Morromophollogl riid AWomy. 

Morphological characters were cntically assesseci fiom live and pressed plants 

coliected in the field, FAA preservcd materid. and from specimens observeci or borrowed 

fYom the following herbaria; MICH, DAO, WIN, KNK and ALTA (herbarium 

abbreviations according to Hohgnn et al., 1990). The characten examined were 

selected fiom the literatun, and h m  obse~atiom of specimens in the lab and in the 

field. Anaîomical characters were determined h m  cross-sectional studies of the leaf and 

culm, and h m  mapa of the e p i d e d  surfaces of the leaves of aü species including the 

outgroups. AU of the anatomical characters used in the phylogenetic analyses were 



identifiesi in a pria anatomicai and micromorphological investigaiion of the section 

(chapter 2). Because of the difficulty of scoting micramorphological characters into 

dismete cbaractcrs statcs, these charactes were used as an extemal data set for assessing 

the robusmess of the finai phy1ogenies Vouchers and cietailed methods for the 

anatomicai portion of this study are found in chepter 2. 

AU charactcrs used in the phylogenetic analyses were selected on the basis of 

whether they possessed discontinuitics in morphology or anatomy that couid be 

categorized into discrete chvacter states (Stevens, 1991). Of the 67 characters examined. 

oniy 26 (3 anatomicai; 22 morphological) met this critenon. A description of characters 

and character states used in the final analysis is given in TABLE 12. 

Of the 67 characters examined during the initiai character search, 17 were 

previousiy used in the phylogenetic analysis of section Phyltostachys by Crins (1990). 

Characters 3,4,5,8,9. and 13 (numbers are those of Crins, 1990) did not possess 

consistent discontinuities and were discarded h m  this study. Characters 12, 14, and 17, 

were redefmed after herbmium material indicated that a better description of their 

character states could be made. Ail of the remaining characters (1.6.7.11.15, and 16) 

were used in the final anaiysis without modification. For character number 16 (leaf 

indument) C. s a r i m o n t .  was scored as possesshg a glaucous (1; TABLE 13) indument 

contrary to Crins (1990). Although not aii dried specimens readily display this character, 

it is a distinctive and consistent character in the field and in Iive plants kept in a 

Sequence Anai,ysis 

The boundaries of coding (18S, 5.8S, and 26s rDNA), and noncodiag sequences 

(ITS 1 and ITS 2) in the ITS region were determined by cornparison to the publisbed 

sequences for rice (Takaiwa, Oono. and Sugiura, 1985). Oniy sequences fiom the two 

intemal traascrïbed spacers (ITS 1 and ITS 2) were used in this analysis. JTS sequences 



were aligned initially using CLUSTAL V (Hîggins et ai. 19921, then manudly adjusted to 

account for algorithmic anomalies using SeqApp version 1.8a (Gilbert, 1992). In order to 

reduce systematic amr, aîî qions of ambiguous aügament were excluded h m  distance 

calculations and phylogenetic analyses (Swofford et al., 1996). Unambiguous in&k were 

scored as eithcr bases prescnt=l or absent=O. according to the coding strategy proposed 

by Barrie1 (1994). Abso1utt distances between sequcnccs were calculateci using the 

DISTANCE MATRIX option in PAUP 4.m~ (Phylogenetic Analysis Using Parsimony; 

Swofford. 1997). Gaps were treated as "missing" during these caicuiations. Sequence 

lengths and GC contents were determined in Amplify 13 (Engels, 1993). Because this 

program ncognùes ody nucleotide base l e m  (i-e., A G, C. T). some sequence lengths 

and GC contents had to be dcu la ted  due to the presence of ambiguous nucleotide 

characters (e.g.. N. Y, R). The ratio of transitions to transversions was estimated in 

MacClade 3.0 (Maddison and Maddison. 1992) using trees produced in PAUP 4 s .  This 

ratio was determined h m  tiee topologies that were produced using a combined 

molecular and morphological data set, as weU as from data sets exclusively composed of 

either morphological or molecular characters alone. 

Phybgenet& M y s B  

Phylogenetic reconstnictions were performed using PAüP 4.xx via branch-and- 

bound searches of unweighted characters whiie using Fitch parsîmony (Fitch, 197 1) and a 

simple stepwise addition of taxa AU tree searches employed the "save al l  minimal trees" 

(MULPARS), and "accelerated transformation" (AC- options provided by 

PAUP. Clade support in the most parsirnonious trees was assesseci via bootstrap 

(Felsenstein. 1985) and decay analyses (Bremer, 1988; Domghue et al.. 1992). Bootstrap 

values werc detemhed h m  500 nplicates using branch-and-bound searches and a 

SIMPLE stepwise addition of taxa Decay analysis was perfomed on trees 1 to 7 steps 

greater than the most parsimonious trees according to the method outlined in Bremer 



(1988). In addition to decay and bootstrap values, the consistency index (CI; Kluge and 

Farris. 1%9) and retention index (RI; Famis, 1989), were used to assess the amount of 

phylogenetic i a f d o n  in parsimony analyses. The gl statistic was also detemÿoed 

fiom the tree-Iength distriiution of 10 000 random tmes in order to evaluate the level of 

non-random structure in the molecuiar data set (Hiliis and Hueisenbeck, 1992). The 

number of unambiguous character state changes dong bmches was detemineci in 

MacClade 3.0. As prtviously âetermined (chapta 3). intraspecific variation had no effect 

on panimony analyses, therefore only the h t  Lidividud reptesentative of each species 

was used during s e s  to reduce computational the. 

In order to determine whether the molecular and the rnorphologicaUanatomical 

data sets should be combined, and to assess theù relative contribution to the fînal 

reconstniction. these data sets were analyzed both separately and in combination. T h e  

distinct analyses were performed during phylogenetic reconstruction. In the first analysis. 

trees were constructeci using only point mutations. In the second analysis, both point 

mutations and insertions/deletions (indels) events were used to constmct trees, and these 

trees were then compared to the trees produceci fnmi point mutations alone. Since the 

addition of indels only improved the resolution of the tmes and these charafters displayed 

no homoplasy in these analyses, they were included in the fînal analysis of both the 

molecular and combined data sets. 

in the third analysis, the results of the molecular reconstruction were compared to 

the resuits of the scparate analysis of morphological and anaiornical cbaracters. Since 

support for the molecular aaalysis was weak and the results of the two analyses were 

congruent, the two data sets were combined to produce a more robust phylogeny 

(Donoghue and Sanderson. 1992). 



Bwbgical ond Phytogeograg,hical Ana&& 

The distribution of chromosome counts h m  publishd and unpublished sounies 

was examincd on the most parsirnonious trec of the cornbined analysis. This was done to 

determifle whethcr evolutionary trends folïowed cumnt concepts of chmmosome 

evolution in the genus ~ A E U  14). The geographical dism'butions of the species in 

section Phyllostachys relative to the greatest extent of the Pleistocene ice sheets (TABLE 

14) was plotted on this tree to ascertain whether a correlation bctween present species 

ranges, brauching pattern, and ice distributions was apparent, The final tree was atso 

used to assess the utility of micromorphologicai characters for estimatiDg relationships in 

the section, and to examine whether trends in charmer evolution and flower number 

appeared to k related to breeding systems. 



Sequence AnulysiS 

Aiïgned scqucnces for both lTS 1 and E S  2 in ali of the taxa used in the 

phylogenetic analysis are psented in fig. 22. Summary statistics for these sequences are 

given in TABLE 15. 

Spacer lengths for al i  examineci rang4 fiom 220 bp to 222 bp for ITS 1, 

and h m  21 1 bp to 223 bp for ITS 2. The large range in size of the E S  2 spacer was due 

to a unique 10 bp deletion in C.filifiolia. AU other sepuences dinered by no more than 

two base pairs (i.e., 221-223 bp). The alignment of spacer sequences resulted in 448 

characters of which 11 1 (24.8%) were variable, and 30 (6.7%) were phyiogeneticaily 

informative. 

sect. PhyIlostuchys spacer lengths were fauly unGorm. nie ITS 1 spacer 

length for ai l  members examined ranged fkom 220 bp to 222 bp. Within the ingroup oniy 

12 (5.3%) sites were variable in the molecular analysis. Of these 12, only 3 provided 

phylogenetic information that heiped to resolve ingroup relationships while the other 

eight were autapomorpbies seen in a singie taxon, C. htebracteata. When outgroups 

were considend, however, the number of variable sites increased enormously. Sixty-one 

sites (27.2%) wen variable when the members of sections Finniculmes and Fil$diae 

were included in the analysis. Seven of these sites provided synapomorphies that 

supported the strong monophyly of sect. Phyllostachys (see below). 

ITS 2 spaccr lengths within the section varied even less than ITS 1 with ail of the 

sequences diffcring by no more than a single base pair (222 bp to 223 bp). F i  sites 

(22.4%) were variable, but only two of these supported ingroup relationships. None of the 

phylogeneticaliy informative characters in ITS 2 supported the monophyly of sect. 

Phyllosuchys. 

Sequence divergence within section Phyllostachys was extremely low. Except for 

cornparisons involving C. latebracteata, pairwise divergence values in the section varied 



from complete identity at ail sites (C. superafa vs. C. basimthu; C. juniperonun vs. C- 

jamesii) to dinennces of up to 1.6% (C. backîi or C. suximontana vs. C. jmesii  or C. 

junQerona; TABU 16). Divergence values ktween C &tebracteata and the rest of the 

section (3.04.296) wete nearly twice as high as the difference ktween any other two 

species comparecl. Squence divergence with the outgroup was considerably higher, 

nuigiag h m  9217.4% of the sequena. The range in sequence divergence within 

section Phyüostcchys is very sirnilar to that seen in the gcnus Dentàroseris D. Don. (0.0- 

4.196; Sang et al., 1994). If the average mutation rate estimated for this genus 

(3.94 X 10-9 per site per ycar) is used to determine divergence times in sect. 

Phyllostachys, this would suggest that the ancMors of the C&niperoMnlC. jmnesii and 

the Carex wilIdenowii complex clades diverged 1.74 mya, and that the split between 

Carex willdenowii and the ancestor of C- superutu and C. bmantha clade occurred 

approximately 1.16 mya. This would also suggest that the two species pain that have 

identical ITS sequences speciated las than 0.58 mya, and that C. backi'i and C. 

s ~ ~ m o n t m a  diverged around 348 mya 

With the exception of the unique 10 bp deletion in C-filifolia, insertion-deletion 

(indels) events werc never greater than 2 bp in size (fig. 22). Of the 9 unambiguous indels 

that were scomd, three were synapomorpbies and seven wert autapomorphies. AU indels 

had a consisteacy index (CI) equal to 1.0. 

The use of only the two aearest outpups to s e t .  Phyllostachys (chapter 3) had a 

beneficial effect on the phylogenetic analysis. Only 1.3% of the positions had to be 

excluded due to alignrnent ambiguity as oppobed to 6.2% in the previous analysis 

(chapter 3). As a result, a phylogenetically informative deletion (indel 9; figs. 24 and 25) 

located in a highly variable portion of ITS 2 that had to be excluded in chapter 3 was used 

in this analysis. This proved to be the only moItcular character that supponcd the 

monophyly of the narrow-scaled clade. 



Mu~phuli~gikal undAna&mrCalMysis 

An examination of the anatomy and morphology of section Phyllostachys 

revealed 25 discontiauous chatacters (T'ABLE 12) which wete polarsd using sections 

FinniculniCs and Filijblk as outgroups. Of the 25 chanrters used in the analysis. 17 

(68%) wcre phylogeneticdly informative (Le., RIS) .  and 12 (48%) had a CI quai to 1 .O. 

The phylogenetic anaiysis produced 11 trees. 42 steps in length with a consistency 

index (CI) of 0.64 and retention index (RI) of 0.66. The one trec topologically identical to 

the 50% majonty nile tree (Margush and McMoms. 1981) is presented in fig. 23 dong 

with bootstrap values, decay indices. and unambiguous character changes per branch. 

Two major clades were distinguished in this analysis: (1) a wide-scaled clade consisting 

of Carex backii, C. sdmonfm, and C.. htebracteat~ and (2) a narrow-scaled clade 

comprishg C. jomesii. C. juniperom, C. willdsowii, C. superuta. and C. basiantha. 

The wide-ded taxa fomed the strongest clade in the section (five apomorphies. 

decay index (DI) = 4; fig. 23). and they were the only statisticaily significant group (95% 

bootstrap value; fig. 23). Carex backii, CC. saXimontana, and C.. latebracteutu formed a 

clade based on the shared possession of chlorophyllous pistillate sa le  margins 

[morphological character ml; CI = 0.50]. short thickened stigmas [m8; CI = 1 .O]. fused 

starninate s a l e  m a r a s  [m14; CI = 0.501, leaves gnater than 3 mm [m15; CI = 0.501. 

and pistillate scales that entkly conceal the perïgynia [m2; CI = 1 .O]. The most basal 

taon on the cladogram, ùztebructe~. was found within this clade (two nodes fiom 

the ancestor). Within the wide-scaied taxa, CL hckii and C. saximntana fonned a weak 

clade (53% bootstrap value) based on the shared derivation of leaf-like pistillate scales 

(ir., uppermost) [m3; CI = 0.501. and acuminate [d; CI = 1 .O] and erect stigma lobes 

[mlO; CI = 1 .O]. Both C. backii and C. sdmntana possessed distinct morphological 

apomorphies that distinguished the two fkom each other (C. sarimontana [dl; C. backii 

Im7I) . 



The narrow-scaled taxa (C. jaesi i ,  C. jun@eronun, C. wilIdenowii, C. superara, 

and C. bmkmtrha) formed a weak monophyletic group (37% bootstrap value) based on a 

single synapomorphy, swolien achene bases [m13; CI = 1.0). 

Within the narrow-ded taxa. C. jmiperottmt and C- j'mncsii formed a smaii, 

moderately mbust clade (DI = 1,7696 bootstrap). This mowphyletic group was 

supported by contractcd beaks [me CI = 1-01, rcddish-bmwn basal sheaths [m23; CI = 

1.01, and sraminate d e s  that are both hised b14; CI = OSO] and tnincate [m15; CI = 

1.01. A considetable amount of paraUel evoIution was seen between C. jmiperom and 

the rest of section Phylbstachys. This species shared apomorphies with members of both 

the wide-scaled [ml, m3, and anatomical character a191 and narrow-scaled [m20] clades. 

The C. willdcnowii complex (C. willdenowii, C. super-, and C. basiantha) formed a 

weak clade withh the narrow-scaied group (DI = 1.57% bootstrap). A single characder 

state change h m  synchronous to asynchronous f i o w e ~ g  periods 1x1125; CI = 1 .O], 

supported the monophyly of this group. Within the complex, C. superata and C. 

basimtha formed a clade @I = 1,7496 bootstrap) supporvd by a single synapomorphy, 

seasonal dimorphism in the inflorescence [rn24; CI = 1.01. Although the topology of the 

tree suggested that these taxa fonned the most denved clade within the section, they 

possessed fewer apomorphies than both the clade consisthg of C. janzesii and C. 

juniperonun (five), and the clade consisting of Carex backii and C. saximontuna (eight). 

Many of the clades in the morpboio@cal and anatomical analysis possessed very 

few apomorphies and werc statisticaiiy w& A strict consensus of the 11 most 

parsimonious tmes d t e d  in the coliapse of the wide-scaied clade, the C. backii and C. 

saxûnuntana clade, and even the clade supportiag the monophyly of section 

PhyIlostachys. The single morphological character (m2 1 ; stems apically düated) that 

diffe~tntiateci the ingroup fiom the outgroup was not sufncient to prevent outgroup 

species h m  entering the ingroup during parsimony analysis (the Phyllostachys clade 

collapsed in the 50% majority-de tree). 



Molccuhr Anuiysis 

The alignmcnt of ITS rquences produced a matrix of 447 characters of which 

oniy 3 (1 3%) positions at the 3' end of ï ï S  1 had to k excluded due to ambiguity in the 

aiignmnt (markcd by astcrisks in fig. 22). Of the ztmaining 444 charactem. 1 11 positions 

were variable (24.8%). but only 30 (6.7%) of these werc potentially iaformative (Le.. 

shared by more than one species). The phylogenetic analysis of molecular cbafactefs 

ushg both point mutatiom and instrtion/deletion m n t s  produced only 2 trees. 139 steps 

in length. Both trees had a CI of 0.92 (0.78 excluding unintorrnative characters) and an 

RI of 0.8 1. A value of -2.353 170 was calculated for the g 1 statistic from the random 

distribution of 10 000 trees. This value was considerably lower than the critical value of - 
0.33 (Pcû.01 level; 100 variable chat-acters. 10 taxa) indicating that the sequences had not 

been saturated by mutations and were appropriate for phylogenetic analysis (Hillis and 

Huelsenbeck, 1992). 

The more resolved of the two most parsimonious trees obtained during parsimony 

anaiysis is presented in fig. 24. The topology of this tree was highly congruent with the 

morphologid and anatomid tree, and only differed in the placement of C. latebructeata 

as sister to the nanow-scaled taxa, and in the lack of support for the C. willdenowii clade. 

As in the morphological and anatomical anaiysis, most of the clades produced from 

moleculas data in sect. Phyllost4chys had few synapomorphies and poor braach support. 

The clade comprishg C. jwnesii and C. juniperom (DI = 1; 89% bootstrap). was the 

only exception to this de. One significant differenct between the twa analyses was seen 

in character support for the monophyly of sect. Phyllustachys. Whiie only a single 

charactet could be fouad to separate the ingroup fkom the outgroup in the morphological 

and anatomicai analysis, 7 unambiguous point mutations and an iasertion/deletion [4] 

event strongly supported the tecognition of secr Phyllostlihys as a natural group (DI = 7; 

99% bootstrap). Nonetheless, the estirnates of phylogeny drawn h m  these trees were 

very simila.. The only si@cant topological ciifference was isolated to a single 



homoplastic transition (ciraracter 295; fig. 24) in the molecdar tree which weakiy 

supported a sister relationship between C. lorcbracteata and the wide-scaled clade. The 

two data sets wcre thus combincd to fiuther resolve and support the nlationships 

suggested in these tree!s @onoghue and Sanderson, 1992). 

Combhed Adys i s  

The phylogenetic analysis of a combined morphologïcal, imatomical, and 

molecular data set prcxiuced a single tree, 182 steps in length (fig. 25). This tree had a CI 

of 0.86 (0.70 excluding Wonnative characters) and an RI of 0.73, and it was 

topologicaiiy identical to the me produced in the morphological analysis. Combining 

data sets produced a stronger and more resolved phylogenetic hypothesis than the 

analyses of separate data sets. Statisticai support for clades present in the combined 

analysis either remained stable or increased significanuy as compared to the support for 

these clades in separate data analyses. Examinations that used a different weighting 

scheme for transitions and transversions (TVïv=2.5) produced the same most 

parsimonious me, and showed little change in support for clades (cf. figs. 25 and 26). 

Because data sets did not conflict significantly, and because combiaing data sets led to 

improved resolution and increased statistical support for clades, the combined analysis 

me was considercd the best estimate of pbylogeny for section Phyllosrachys. Character 

evolution, and biological and phytogeograpbical trends were interpreted within the 

context of this topology. 

BwtosscrJ a d  Phy fogeogmphical Trends 

The distribution of chromosome counts on the combineci anaiysis tree shows a 

pattern within the wide-scaied clade that is inconsistent with simple agmatoploidy (fig. 

27). Speciation within this clade appears to have been accompanied by a reduction in 

chromosome numbers, not an increase (i.e., n = 49, for C. latebracteata, and n = 32 and 



33 for the clade comprising C. sdmontanu and C. backic fig. 27; TABLE 14). if 

chromosome evolution is essumed to procecd via agrnatoploidy in the narrow-scaled 

clade7 the overlapping aneuploid series betwea C. jarnesir' (n = 33,35) and C. 

wif ldeno~i  (n = 3 1.39) maLes a determination of evolutionary direction arnbiguous. The 

low (n = 33) and high chromosome counts (n = 35) for C. wilIdemwii implies that <bis 

@es is both more primitive and mon advancd tban C. jctmesii. 

A relationship between present species ranges, phyIogeny, and Pleistocene ice 

distributions is apparent in the bmching patterns of the combined tree (fig. 27; TABLE 

14). Among the wide-Scalcd taxa, the clade that comprises C. sarinontmia and C. buckii 

prefers nahually disturbed, glaciated regiom. while the most basal taxon in sect. 

Phyllostachys, Icuebracteata, is endemic ta a glacial refugium, the Ouachita 

mountains. The main dichotomy in the narrow-scaled clade also divides dong h e s  that 

appear to be related to the glacial epoch. The Carex w i f I d e ~ ~ ~ w ü  cornplex (C. superata, C. 

basiantha, and willdenowiii; Naczi, Reznicek, and Forci, 1997) is found predominately 

on non-glaciated terrains, whereas the clade comprised of C. jomesii and C. jwriperonmr 

ranges widely on both glaciated and non-glaciated lands. 

The micromorphological groups suggested in chapter 2 agree with the clades 

presented in the combined tne (fig. 26). AU of the species pairs identified in the 

combined analysis correspond to those species wîth the most similar silica bodies. The 

clade comprising the three species of the Carex willdmowii complex is also supported by 

the presence of highly convex silica platforms. 

Trends in character evolution and flower number in the combined tm appear to 

be related to the evolution of ciifferences in brreding system between the wide-scaled and 

narrow-scaled clades. The derivation of large pistillate s c k  that conceal the perigynia 

and inflorescence, and a trend towards a reduction in the total numbcr of flowets in the 

inflorescence with speciation (fig. 27; TABLE 14), points to the evolution of an 

autogamous breeding system in the wide-scaled clade. In the narrow-scaled clade, 



speciation has been accompatLied by an increase in fiowes number (fig. 27; TABLE 14), a 

loss of fusion in the stamhate scaies (C. wilIdemwii complex), the derivation of 

asynchronous sp* production (C. wilkbuwii complex), and the development of 

seasonally dimorpbic spilus in C. busbatha and C. superata These a n d s  appear to 

point to the evolution of mechanisms for iacreased outcrosshg in the narrow-scaled 

clade. 



U'ï@ of MophoCogk& AmztarniEal; and Mkmmophobg&ù -te= tu Future 

Phybgencfic Snrdics in Carex. 

Conflicts with trends in morphological data sets have led several authors to 

suggest that homoplasy is common in anatomkal (Akïyama, 1942; Standley. 1987; 

S tandley, 199ûa) and mi~~~morphological (Rettig, 1986; Waterway . 1 M a )  characters. 

However, several of thcse sadies have corne to this conclusion while working on either 

paraphyletic groups (Standley, 1987), or large groups whose taxonomy is still highly 

confiseci (Standley. 1990a; Waierway, 1990a). Chapter 2 assessed the utility of these 

characters for inferring evolutionary reIationships by cornparison ta trends in 

morphology, but these character types have never been evaluated within the context of an 

hypothesized phylogeny. The present phylogenetic andysis is thus a unique opportunity 

to evaluate the contributon of different chamter types to the analysis, and to suggest 

which characters may be the most rewarding to funue phylogenetic studies below the 

sectional level in Carex. 

Nat surprisingly, almost a i i  of the non-molecuiar characters used in this analysis 

were reproductive in nature (17 of 26 charafters). These characters were also rnuch more 

diable for phylogenetic reconstruction than were either vegetative or anatomical 

chafacters. Of the nine vegetative (5) or anatomical(4) characters scod in this analy sis 

only three had an RI pater than zero. These characters also accounted for four of the six 

completely homoplastic characters (ie., CI = O; RI = O) used in the combined analysis. 

Anatomical leaf and culm charactes were particularly u~veliable, and did not 

support any relationships in the mal phylogenetic reconstruction. Only three characters 

[a18, a19. a221 could be scored discretely h m  chapter 2, and of these thme, one was 

autapomorphic [a22], and two [al 8, a l9  ] were completely homoplastic. Studies that have 

broadly examinecl leaf and culm anatomy in Carex, such as Shepherd (1976) and 

Standley (1990a). have found some correlation between anatomicai characters and 



c m n t  morphologicai classifications. However, these studies have also concluded that 

the exclusive use of matornical characters in Carex would zesult in the grouping of 

obviowly disparate uua RcsumabIy, ths is due to high levels of homoplasy or stasis in 

anatomicd char;ir:tcrs (Standley, 1987; Standley, 1990a). as is suggcsted by the grrat 

uniformity ofthe anatomy of the genus and its aibe the Cariceae (Metcalf. 1971; 

Reznicek, 1990). Although the= is littk doubt tbat anatomical leaf and culm characters 

are of great value for species circumscriptions (e-g., Le Cohu. 1970; Metcaif, 1971; 

Shcpherd, 1976; Standley, 1990a; chaptei 2). my results indicate that their value for 

cladistic analyses within and between sections may be limited (chapter 2). 

MicromorphoIogicai characters. on the other hand. are entirely congruent with the 

proposed phylogenetic hypothesis. AU of the species pairs identined in this study also 

correspond to those species with the most simüar silica bodies (chapter 2). The Carex 

willdmowii clade, for which only a single reproductive character could be found in this 

analysis, is supporteci in the rnicromorphological analysis by the shared possession of 

highly convex silica platforms. Within section Phyllostuchys. it appears that 

mimmorphological characters are superior to aaatomical characten as indicators of 

relationship. However, as was previously pointed out in chapter 2. not only are silica 

body characters difncult to define. but the silica bodies seen in the section are of a type 

common to many Carices and cypcraceous genera. This suggests that high levels of 

homoplasy cm be expected between higher taxa (Rcttig, 1986), maLing them useless for 

polarizing characters using the outgroup method. Some authors have suggested that silica 

body characters are evolutionaiiy consemed and can be used to circumscribe sections 

comprîsed of closely related species (eg.. Walter, 1975; Tailent and Wujek, 1983; 

Menapace and Wujek, 1987). Severai studies on larger sections have contradicted this 

conclusion (cg., Watcrway, 1990a), although d e r  groups within these sections appear 

to be supporteci. This suggests that micromorphological characters are appropriate 

indicators of relationship between closely related species and sections (Walter, 1975; 



etc.), and between closely relatcd species within large sections (Waterway, 1990a). Given 

the diniculties associated with using these charactcrs dïrectly in cladistic analyses 

(chapter 2) they are pmbably k s t  used as external data sets for evaluating re1ationships 

hypothesized using other Iines of evidtnce. 

CIrorrurfct Euourfion Md BreedUlg Systems 

Evolution within section PhyItostacchys has resdted in the formation of two 

distinct clades: (1) a wide-scaicd clade consisting of Carex kckii. C. saxihunr<uro, and 

C. Intebracteata; and (2) a narrow-scaled clade consisting of C. witIdenowii, C. superata, 

C. barimirha, C. juniperomm, and C. jmnesii. Charmer evolution within these two 

clades follows lines that would appear to suggest that differences in bretding systems 

have evolved beFbveen the wide- and narrow-scaled taxa 

In the wide-scaled clade, the large pistillaîe &es that conceal the pengynia and 

inflorexxnce, the short, tbickened stigmes, highly congesteci inflorescences (c 20 

flowers), and evolutionary trend towards a reduced number of flowers in the 

infiorescence (fig. 27). ail suggest adaptations to an autogamous breeding system. In 

Carex backii and C. sdrnontanu, the evolution of enct stigmas would seem to be a 

M e r  rebement of the autogamous system. Although the infionscences in section 

Phyllostachys are androgynous, the erect stigmas that have evolved in these two species 

often ensure that the stigmatic surfaces of several pistillate flowers either rest up against, 

or are in close proximity to7 the staminate fIowers of the hfionscence (Starr, unpublished 

data). 

On the other hancl, character evolution in the most derived members of the 

narrow-scded clade points to the evolution of mechanisms for increased outcrossing. An 

asynchronous f l o w e ~ g  period and a loss of fusion in the staminate scales of the C. 

willdenowii cornplex, appears to have k n  accompanied by an increasing trend in the 

number of staminate flowers (fig. 27), and the evolution of sexually dimorphic 



inflorescences in Carex basiantha aad C. superata- These two species produce two kinds 

of idiorescence: (1) a stamiaate inflorescence wiîh abormi pistillate flowers that is 

generated only in the spring, and (2) a pistillate inflorescence with a smaii starninate 

portion that is produced ibroughout the growing suixn. Ifthere is differcntial maturation 

in the two types of inflozcscence this could bc a mechanism for promoting outcrossing in 

the spring, whüe the asynchronous production of pistillate inaorescences could favour 

selfing or apmixis during the rest of the suison. 

While the hypothesis that the wide- and nmw-scaled clades may have difKerent 

breeding systems seems plausibk. isazyme andysis of sect. Phyltostachys does not 

support it (Ford et al.. 1997% 199%). Outcrossing rates iderred h m  F values an highly 

negative iadicaîîng that a i l  the spccies in the section display heterozygous excess. Ford et 

al. (1997b) suggested that processes such as selection, disassortative mating. and long 

distance seeci dispetsal might be responsible for maintaining the high levels of 

heterozygosity seen throughout the section. However, if disassortative mating and/or long 

distance seed dispersal were taking place this would stüi requin a reasonable amount of 

outcrossing to maintain the levels of heterozygosity detected in sect. Phyllostachys. 

Within the narrow-scaled clade such an hypothesis is tenable, but it is not so easily 

applied to the wide-scaled taxa In particular, it is nifficult to understand how a species 

such as Carex lutebracteuta. whose pistiiiate scales completely envelop the entire 

inaorescence of the plant, couid not be eithcr autogamous or apomictic. Given the 

section's pennnid habit, and the fact that apomixis is unknown in Carices (Whitkus, 

1988). this would appear to favour the hypothesis that the species are predominantly 

selfers, and that heterozygous excess in sect. Phyllostachys is maintained by highly 

infkequent outnossing events and selection for heterozygotes (Hamrick, 1989; Mitton, 

1989). If these species are predominantly selfing this may also explain how species such 

as C. backii and C. spxiniontrmcl are maintaining reproductive isolation despite mixed 

populations and a lack of ecological differentiation (Ford 1997a; see below). 



Plyhgeny, Phytogeogruphy, ami SpeSprrLifin 

The historical events of the Pleistocene have often been cited as having had a 

sipnincant effect on the distribution and spcciation of northern Carices (Kreczetovicz , 

1936; Whitkus, 1981; Kukkonen and Toivonen, 1988; Ball, 1990)- Kreczetovicz (1936) 

believed that many sections, such as the Phyllostachys, had arisen d u ~ g  the Pliocene or 

pst-Pliocene epofhs due to the increasad selective prrssuns that wouid have 

accompanied the onset of a glacial period (cooling and xerothermizatio~~). W t k u s  

(198 1) hypathesized that the preference for serai habitats in glaciated anas and close 

morphology of the Carex mactovùuuz aggregate was a consquence of the fact that the 

group had speciated into the open habitats left by the retreating ice (c. 20 000 ybp). 

Similarly, Kukkonen and Toivonen (1988) and Baü (1990). felt that the advancing and 

retreatiag glacial h n t  had promoted rapid speciatian in Carex by spliaing p i e s  mges 

and by creatïng new habitats for novel species to establish. These authors also suggested 

that the unusual cytology of the genus may have been a contributing factor to such a rapid 

speciation process. Unfortunately. these hypotheses were merely speculative, and firm 

evidence for a conneetion between the glacial epoch and speciation in the genus has been 

lacking- If 1 supetimpose phytogeography and past glacial movements upon the 

phylogeny of section Phyllostachys (fig. 27). it seems to indicate that the main 

dichotomies witbia both the nmw-scaled and wide-scaled clades are somehow 

comlated with the historical events of the PIeistocene- 

The membcrs of the C. wiIIdenowü s.1. complex are almost exclusively confhed 

to regions south of the former extent of the ice (see Naczi, RemiceL. and Ford, 1997, for 

distributions). Although the mges of the most derived species in the C. willdenowii 

complex (C. superam and C. bosiantha) never approach the past exteat of the ice, the 

range of the most basal tamn in this complex, C. willdcnowii. closely follows the 

southern edge of the Kansas ice sheet. This is in contrast to C. jamesii, which can be 

found both on and off formerly glaciated lands (see Crins. in press, for distributions), and 



C jun@eronmi, which is distri'buted on glaciated lands or on lands that were heavily 

influenced by giaciation (ie. within kilometers of the icc fiont). Carex jmiperonmt is 

particularly interesting in that it is highiy localizad and restricteâ to two highly disjunct 

areas, where it typicaily gmws in a specialized habitat ( ir .  on alvan; Catiing et al. 

1993). It is possible that C. jms i i  and C. juniperonun may rcpresent a ment  

progenitor-derivative spbcies pair where the movemcnt north by C. j m s i i  after the 

retrait of the ia may have resulted in the speciation of C. junipcro~n into marginal 

habitats. This hypothesis is supported by the cornplete identity of the ITS sequences in 

these two species, and by alloqme data which indicates that C. jun@eronun possesses a 

subset of the allelic diversity present in C. jmesii (Ford et al., 1997b). Divergence time 

esthates based on the average mutation rate for the iTS region in the genus Dendruseris 

(Sang et al. 1994). suggest not oniy tbat C. jun@erorum has speciated within the 1 s t  0.58 

million years, but that speciation as a whole within the nanow-scaled clade has occumd 

within the Iast 1.7 million years (i.e., within the PIeistocene epoch). The present disjunct 

populations of Carex jmiperom may represent the remnants of a wider species range 

that has contracted as succession rcplaced the open habitats left by retreating glaciers. 

Within the wide-scaled taxa, the dichotomy that separates C. ~Qximontarzu aad C. 

buckii h m  C. btebracteata also appears to be associateci with the glacial events of the 

Pleistocene (fig. 27). While C. saxhontanu and C. buckii are predominantly found on 

areas that were formerly glaciated, the most basal taxon in this clade, C. latebracteata, is 

confinecl to a known glacial rrfiigium (ir, the southeastem United States). 

Within Carex, the occumnce of closely reiated sympaaic m i e s  appean to be a 

fairly cornmon phenornenon (Bail, 1990). The close species pair of Curez backii and 

Carex saXimontan4 appears to represent just such an example. Little ecological 

diffemntiation appcars to have occurrcd between these two taxa Both species prefer the 

naturally disnirbed slopes of moist conifemus or deciduous forests, and both are laiown 

to occur in close proximity (e.g.. Hudson. 1977; Starr. unpublished data), and even in 



mixed populations (cg.. C. s4mnontm. Ford 9501 & Sfil[L WLN; C. backii, Ford 9502 

& WIN, Trasbank, Manitoba). The s p i e s  range of C. buckii significaatly 

ovetlaps that of Carex sOXijtU)nrart~, although populatioas of C. backii occur less 

fnquently in the west thm they do in the east. Ntvcrtheless, both isozyme (Ford et al., 

1997a) and ITS sequena data suggest bat these species arc reproductively isolated, as 

does th& marked anatomical and morphologicai dinerences. If the events of the glacial 

pMod had an effect on speciation, an hypothcsis smilar to that of Kdckonen and 

Toivonen (1988) would best explain a l l  available data. In such an hypothesis, the 

hgmentation of an amestrai population with ice movements would k accompanied by 

the fixation of few characters and the derivation of reproductive barriers. No ecological 

differentiation would have occurred and the present sympatric distribution would only be 

of recent ongin. This would explain why the two are disthguished by unique deles ai 

only one locus (DIA-1), have such a high genetic identity (I=û.854), and yet do not 

produce intermediates within mixed popuiations (Ford et al., 1997a). 

The same hypothesis was used by Baii (1990) to explah how the numerous wind- 

poilhatecl, more or less sympanic species of Carex section Zuxiiflorae may have evolved 

in eastem North America Like sect. Phyllostuchys, the species in this section are very 

closely relateci (Manhart, 19û4), poody differentiated ecologicaliy, and sympatric across 

large portions of their ranges. Based mainly on their low chromosome counts, BaU(1990) 

hypothesized that C. pupurijiera Mackenzie and C. mmJurrtii Bryson. two n m w  

endemics to the southem Appalachian region, were relictual species that could be close to 

the ancestors of the section. 

Naczi (1990) also detected the same type of evolutionary trends in his 

phylogenetic anaiysis of Carex section Griseae (Naczi, 1992). Seved of the species 

belonging to the most basai clade in the section are either n m w  endemics, such as C. 

asynchrona Naczi and C. brysonii Naczi, or had srnail, often disjunct geographic ranges, 

such as Carex ouachitom Kral, Manhart, & Bryson. Five of the six species found within 



the basal clade were either restrîcted to the southeastern United States or northeastem 

Mexico, while the skth was found within tbis region but was not nstricted to i t  Naczi 

(1992) thus concluded that the most basai taxa within section Griseue were relicts, and 

that the section had an origin sowwhm in the southeastem United States. 

The evolutionary pattern displaycd by all thne of these sections appears to be the 

same. The most primitive members are narrowly distri'buted reiicts locateà within regions 

that are known to bc glacial refiigia, they are vay closdy relate4 and they are poorly 

differentiated ecoiogically. Chromosome evolution within sections Griseae and 

Phyiiostachys does not appear to foUow simple agmatoploidy, possibly indicating that the 

cytoiogical fiexi'bility of Carices may have played a part in theû evolution (see below). 

Future phylogenetic studies shouid tcy to determine whether the evolutionary patterns 

descnkd here are testrictecl to these thrae sections or whether they rnight represent a 

wider evolutionary trend in the genus. It is intensting to note that Crins (1990) also found 

that the most primitive members of section L i m e  were those that had the most 

restricted contemporary ranges. 

Taxonomù Irnplicafions 

The results of this analysis support not only the clade comprising C. backii and C. 

smhwntnno (4 synapomorphies, 71% bootstrap), but also the separation of these taxa 

into two distinct p i e s .  Taxonomists such as Gleason and Cronquist (1991) and Boivin 

(1992), have treated C. sdinontana as a variety of C. backii, while othen such as Taylor 

(1983). have failed even to recognize the morphological disthctiveness of these two 

species. The present study reveais at least two molecular autapomorphies in C. 

suximontmra [246.429], and one in C. backii [434] that are unique to al1 the populations 

sampled for these species including a mUed population from Manitoba (C. sarinontana 

Ford 9501 & W, C. backir'm 9502 & &Q WIN). Several consistent 

morphological characters such as the much shoner perigynium (< 4.5 mm), the srnail 



contracted beaks (c 1 mm), and the tight investment of the achene by the perigynium are 

usefui characters that distinguïsh Carex saxùnontena h m  Carex buckii (see Crins, in 

press). The most convincing evidence for their separation, however, cornes h m  anatomy 

(chapter 2). A glaucous indument, a revolute leaf. hyaüae margins. and papiliation on 

both the adaxiai and abaxial surfaces of the leaf and on the en& epidermis of the culm. 

are a i i  characteristics tbat C. s d m n t o n a  does not share with C. backii. This evidence, in 

combination with the allozymt divergence demonstratcd by Ford et al. (1997a). clearly 

supports the recognition of two distinct species. 

The resuits of the phylogenetic analysis do not support Hermann's (1954) rankllig 

of C. superata as a variety of C. williienowii sL The topology of the cladogram suggests 

that at least one speciation event separates C. willdenowii h m  C. superara and C. 

basimtha. This conclusion is concordant with the recent rnorphologicai and molecular 

evidence presented by Naczi, Remicek, and Ford (1997), and by Ford et al. (1997~) 

which suggests that C. wiIldenowii s.l is a complex of three distinct species. These two 

studies have found thaî the t h e  members of the complex (i.e., C. wüldenowii, C. 

superata, and C. bmhtha), can be separated not ody by distinct morphological traits, 

but also by unique alleles at multiple loci. This conclusion is also strongly supported by 

the anatomical and micromorphological survey of the section (chapter 2). The distinctive 

conical satellite bodies of C. wilIdemwii and the roughened silica platforms of C. 

bmicu~tha, cleariy distinguish these taxa h m  cach other and the rcst of the section. 

Characters such as the short, highly scIerified culms of C. superata, and weakly sclerifïed 

margins of the stems of C. ban'mthu, are M e r  evidence that Carex willdenowii s.1. is a 

complex of thne distinct species. 

The other t h e  species in section Phyllosachys (C. htebructeuta, C. 

juniperonm, C. j~~esîif) are also disthguished by a numkr of morphological, 

anatomical, and micromorphological differences, however, only C. btebracteata 

possesses species-specüic molecular autapomorphies. 



Climmosome Evoturion 

The genus Carex is remadrable for its long imd nearly continuous aneuploid 

series. Chromosome numûers in the genus range fbm u=6 to n=56, and every aumber 

h m  ni12 to ni43 is found in at least one species (Wahl 1940). The way in which this 

aneuploid series evolved, however, is quite controversial. At least some of the obsewed 

aneuploidy in Cura can be amiuttd to the effats of polypîoidy (Hciibom, 1932; 

Tanaka, 1940; Wahl 1940; Davics, 1956; Lirve, Love, and Raymond, 1957; FauIlrner, 

1972); however, severai authors bave recognuad that chromosome size decnases with 

inneasing number, and they have thus suggested that an increase in chromosome 

number, via fkagmentation (i-a, agmatoploidy), accompanies speciation (e.g., Davies 

1956; Nishikawa, Furuta. and Ishitobi, 19&); Whitkus, 1987). This is supported by the 

fact that iike many mernbers of the Speraceae (e.g., Ekocharis pa lu~ns ;  Hakansson 

1954,1958), the genus Carex passesses polycentric chromosoms with diffuse 

centmmeres (Grant 1981) which allow clwmosomal hgments to act like independent 

chromosomes during meiosis. 

The superimposition of chromosome numben on the cladograms of sections 

Ceratucystr's and Limosae seems to support the hypothesis that chromosome evolution in 

Carex is unidirectional and wending (Crins 1990). However, authors such as Faulkner 

(1972) and Reznicek (1990) have suggested that the same cytological peculiarities that 

allow for the hgmcntation of chromosomes in Gzrex, could ais0 k involved in their 

fusion. Such an hypothesis would explain why a presumably highiy derived, xeromorphic 

section with a reduced inflorescence, such as section Acrocysti's (n=15- 18; Wahl 1940). 

could possess such Low chromosome counts (Reznicek, 1990). A reason as to why fusion 

should occur is given by Stebbins (1974). He believes that the aneuploid series that have 

arisen in many p i e s  adapted to open or semi-arid pioneer habitats are related to the 

genetic linkage of adaptive gene combinations (e.g.. Asnagalui, Crepis). 



As in section GnSC<e (Naczi 1992). chromosome evolution within section 

PhyIlostachys does not aiways appear to folIow simple agrnatoploidy (fig. 27). Within the 

wide-scaled cladc the most primitive mernber of the gtoup, C. htebracteata, possesses a 

haploid chromosome count of n=49 (NacP, unpublished). whereas the predominaatly on- 

ice spccies pair of Carex backii and C. sQXimOntrrmo possesses cowits of n=33 and n=32 

respectively (LBve and Lave, 1981). This may represent an instance where a fixing of 

favourable gene combinations has multcd in a reduction in chromosome numbers with 

speciation into an open habitat (Stebbins. 1974). The use of chromosome number to 

polarize phylogenetic tnes may thus k inappropriate in many sections and could lead to 

a false sense of evolutionary direction. 

Chromosome evolution within the namw-scaled taxa is ambiguous not only due 

to a ladc of counts. but also due to overlapping senes. Naczi (unpublished) reports 

chromosome counts of n=33 and n=39 for Ci jmnesii and C. wiLUenowii nspectively. 

whereas Wahl (1940) reports values of n=35 and n=3 1 for the same species. The great 

disparity between the extreme counts for C. wiLIdemwii has never been rcforded within a 

single species of Carex, but it is approached in C. oligocarpa (n=20-27; Naczi, 1992). 

The clifferences seen in the counts for jomesii, however, are not inconsistent with the 

range in counts given for other species of Carex by previous authors (e-g., Wahl, 1940; 

Faulkner, 1972; Naczi, 1992). Although the numbers for C. willdenowii neeû to be 

confinnecl. overlapping chromosome senes are also seen in section Griseae (Naczi, 

1992). M e r  hiwghting the caution that needs to k exercised when inferring 

evolutionary direction h m  chromosome counts. Even if chmmosomal evolution is 

unidirectional and ascending, the extinction or incomplete samphg of one end of an 

aneuploid senes within a species could lead to a false interpretation of phylogeny due to 

overlapping saies bctween species (cf. C. jamesii and C. wiltdenowii). 



ï ï S  sequenees have k e n  very usdul in nsolving phylogenetic questions within 

sect Phylbstachys. Even though variation within the section was low, the E S  region was 

able to uncover hidden diversity within sect. Phyllostachys that thatad previously been 

identifid using ttaditional methods. Although ITS was not informative enough to resolve 

i n p u p  relatiomhips done, congruent data sets of both molecuiar and morphological 

charactes in combination compensatcd for the variable rates in the evolution of each 

character type @onoghue and Sandersonï 1992). This saidy like several other studies 

between very closely relatai species (e-g., Sang et al., 1% Bain and Jensen, 1995; 

Bayer. Soltis, and Soltis, 1996) has pushed the lower limits of the ï ï S  region's ability to 

resolve relationships. New sequences are needed not only to explore species level 

questions but dso to take advantage of the numemus practical and theoretical benefits of 

molenilar data (e.g., Sytsma, 1990; Donoghue and Sanderson, 1992). 

The evolutionaiy similarities between section Phyflostachys and section Griseae 

suggest that the historical and environmental pressures placed on these sections may have 

been similar. The cladistic analysis of these sections also suggests that chromosome 

evolution within these taxais not unidirectional and ascending. Both sections appear to 

have evolved fiom the soutbem United States* and both possess basal taxa that are either 

n m w  endemies or are found in small disjunct populations within areas that are known 

glacial refiigia* Some of the same evolutionary trends are also seen in Cura section 

W o r a e .  

The impact of the Pleistoce~e glaciations upon the distribution of plant species in 

North Amenca has been well documented through the study of poiien records (Pielou, 

1991). This evidence suggests that migration northward after the retreat of ice sheets was 

rapid (Davis, 1976), and it is believed that this played a significant role in the population 

genetics of many species from eastem North Amenca (Lewis and Crawford, 1995). This 

snidy suggests that the powemil effccts that the events of the Pleistocene appear to have 



had on the distribution and genetic diversity of many species (e.g.. Pinur reshosa Aiton, 

Fowler, and Morris, 197R ?b$a plicuta Donn u D. Don in Lambert, Copes. 198 1; 

Polygonellà Micbx. spp., Lewis and Crawford, 1995) may dso have nsulud in 

cladogenesis. The evoIutionary similarities between sections Phyllostachys, Griseue, and 

Laxifloroe may point to a wider evolotionary trend in the genus of =cent speciation 

promoted by PIeistocene glaciation events. 



TABLE 12. Mocphologicai characters and charactet states used in the phylogenetic anaiysis 
of Carex section PhyUostochys. Those characm statcs markcd by zeros are primitive. 
Characters 18,19, and 22 were determined h m  the previous anatomid study of the 
section by Starr (ctiapter 2). 

' Pidiate d e  (margins): pmmintntiy hyaline (O); chlomphyllous (1) 

PSsfiilrite scaie (2nd lowest): not conceaüng(0); concealing paigynia (1) 

PMUlste reak (uppemost): de-iikc (0); lcaGIike (1) 

pistillate flowers (nomber): <=5 (O); usuaily >5 (1) 

Perigyniam (length): scr(.Smm (0); <4.5mm (1) 

Pe- (kalr base): tapering (O); contracted (1) 

Perigphm (inflation): filleci by achene (O); lmse (1) 

S- (lobe): long, filifom (O); short, thickened (1) 

S m  (iobe shape): linear (0); aciiminate (1) 

10. S m  (lobe orientation): reflexed (O); erect (1) 

11. Acheme (carpels): convex (O); concave (1) 

12. Achene (shape): orbicular to eiiiptical (O); abovate to obpyrSorm (1) 

13. Acheme (base): non-swolien (0); round, swolien (1) 

14. Staminste d e  (marpins): free (O); fuseci (1) 

15. Staminate d e  (apex): obtuse to acute (O); truncate (1) 

16. Leaf (width): d m m  (O); >3mm (1) 

17. Leaf (indumtnt): green (O); glaucous (1) 

18. LQd (shape): V-shaped (O); revolute (1); hvolute (2) 

19. Leaf (rnargin): cblorophylious (0); adaxial sclerenchyma (1); hyaline. sclerified (2) 

20. Stem (length): > haif the height of leaves (O); < half the height of leaves (1) 

21. Stem (apex): linear (O); dilated (1) 

22. Stem (scleScation): weaLly sclcrified (O); sclefied (1); highly sclenned (2) 



TABLE 12. Continued. 

23. PseudocaJm @asai sheath): Iight to da& brown (O) reddish brown (1) 

24. Moi.escence: spikes monomorphic (0) seasonaity dimorpbic (1) 

25. Indorescemce (Fiowering pend): synchronoas (0) asynchnous (1) 





TAME 14. Haploid chromosome counts, total flower numbers in the inflorescence, and present distributions of species relative to the 

greatest extent of the Pleistocene ice she+ts in section Phyllo.vtuchys. 

Species Studied Haploid Chromosome Distribution Relative to Fbwer Numbem - - 

Number Pîeistocene Glaciers 
1. C. backii Boott 33a On Ilce 1-3 male; 2-5 fernaka 
2. C. saximntana Mackenzie 32a Predominately On ïce 2-3; 2-6d 

3. C. latebracteata Waterfail 49" Off Ice 2-5 mak; 3- 14 femaled 
4. C. jumesii Schweinitz 33b, 35c Ontoff Ice 3- 13 male; 1-4 f e m d  

5. C. juniperorwn Catling, 

Reznicek, & Crins 

On Ice (59) 7- 15 (-2 1) mak; (29) 

4-9 femaled 

6. C. willdeno wii Willdenow 3 F, 39b Predominately Off Ice 3-29 male; 3-8 (-9) femaiee 

7. C. superuta Naczi, Reznicek, 

& B. A, Ford 

8, C, basiantha S teudel 

Off Ice 7-56 male; 2-4 (-6) femalee 

Off Ice 4-6 1 male; 2-4 (-5) femalee 

a Uve and Wve (1981) 

b Naczi (unpublisheô) 

Wahl (1940) 

d Crins (in press) 

Naczi, Reznicek, and Ford (1997, in press) 





TABLE. 16. Sequence divergence values between species of section Phyllmtachys and tbe outgroup. Percent divergence is given above 

the diagonaî, absolute diffmnces below the diagonal. 

- -- -- 

Species 1 2 3 4 5 6 7 8 9 10 11 

1. backii O 1 ,4% 4.1% 1,696 1,6% 1,4% 1 -4% 1.4% 12.8% 9.6% 9.1% 

2. saximontana 6 - 4.1% 1,696 1 6% 1 A% 1.4% 1.4% 13,596 SOS% 10,0% 

3. latebracteata 18 18 - 3.2% 3.2% 2.996 2,996 2.m 15,296 12.1% 11.4% 

4. juniperorwn 7 7 14 O 0.096 0.7% 0.7% 0,7% 13.3% 10,W 9.1% 
5. jumesii 7 7 14 O - 0,7% 0,796 0.7% 13,3% 10,096 9,1% 

6. willde~f O wii 6 6 13 3 3 - 0.5% 0.5% 12.6% 10,096 8.7% 

7. superata 6 6 13 3 3 2 - 0.W 12,696 9.6% 9.1% 

8, basiantha 6 6 13 3 3 2 O - 12.6% 9.6% 9.1% 

9. flfifolia 55 58 65 57 57 54 54 54 O 17.6% 17.5% 

10. geyeri 42 46 53 44 44 44 42 42 75 - 7.5% 

I 1. multicaulis 40 44 50 40 40 38 40 40 75 33 - 
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jameeii 
wll ldenowii 
supersta 
baslantha 
Ci lifolia 
geyeri 
multicaulia 



Nmw-scaled 
Ciade 

fig. 23. The single trce topologically identical to ibe 50% rnajority nile tree of 11 most 
parsimonious  me^ found in the pbylogenetic anaiysis onara section Phyllostochys using 
morphologïcal characters. Unambiguous charactes are indicanxi by bars. Character numbers 
are given above bars aud correspond ta those givcn in TABLE 12. Charactcrs with a C1=1 .O 
arc repnsented by solid bars. homoplastic charactes by open bars. Bootstrap (in percent %) 
and decay indices (in parentheses) arc given below the branch. Branches that collapse in the 
strict consensus tree are dotted. Tree statistics are given in the top Ieft hand corner. 



I CI: 0.93 
RI= 0.81 

superata 
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section ] Fïiïjfolùzr 

section 
FVnrîèulmes 

fig. 24. Tôe most resolved of two most parsimonious tms fouad in the phylogenctic anaiysis ofCarex 
section Phylloszachys using molecufar cbaractcrs, Unambiguous ttansversjons arc rcprescnted by rectangles, 
transitions by ellipses. -ans are reprcsented by ] [, and deletions by [ ] (tht number in brackets 
comsponds to tbe number of the indel in fig. 22). Characters wiih a CI4.O am solid, homoplastic 
characters art open. Bootstrap (in percent 96) and decay indices (in parentheses) are given bclow the branch. 
Tree statistics art given in the left-hand corner of the figure. Ch8fac1tf numbcrs are placed above their 
rcspectivc symbols and correspond to those given in figs. 22- Branches that collapse in the strict consensus 
tree are dotted- 



& C. willdenowii 

fig. 25. The single most pcrsimonious irec ohtaincd from ihc phylogcncdc analysis of Carex xcdon Playl1osfachy.r using morphological, anaiornicol, and moleculor characlcrs (outgroup 
no1 shown), The lrce is  182 sieps long, with a CI of 0.86 (0.7Qexctuding uninîormativc choractcrs), nnd nn R I  of O , V .  Trnnsvcrsions arc rcprcsenicd by rectangles, transitions hy cllipscs, 
and rnorphological chnracicrs by dianionds, Inscriions arc rcprcsentcd hy 1 [, rrnd dclciions hy ( 1 (ihc nunibcr in hrackcts corrcspnds ta Ihc numbcr o f  thc indcl in fig. 22). Chnractcrs wiih 
R Cl=( .O nrc salid, homapinstic charncicn arc opcn. Bmsrrap (in percent %) and dccny indiccs (in piircnrhcscs) nrc givcn hclaw lhc brnnch, Cliornctcr numbcrs nrc plnccd R ~ O V C  ihcir 
rcspcciivc synibols and correspond to ihosc givcn in fig. 22 and TABLE 12, Morphologicnl chnrncicrs nrc prcccdcd hy a lowcrcosc m (cg., m14), 





fig. 27. The distribution of haploid chromosome counts, contcrnporaiy specics ranps relative to the greatcst entent of the 
Pleistocenc ice shects, and total flower numbers on the most parsimonious trec of rhc combined analysis. Spccies ranges that 
arc prcdominantly on fonncrly glaciatcd lands arc rcprcscnted by solid circlcs, ranges prcdoininantly or complctcly off 
glaciatcd lands by opcn circlcs, and ranges botli on and off icc by hnlf solid circks. Cliromosomc counts arc givcn to the IcR 
of rangc circlcs, total flowcr nurnbcrs to ihc right. 
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Anatomical, micromorphological, and molecular characters support the 

recognition of eight specics within Cura section PhyIlomzcIrys. Numemus anatomical 

characters and several molccular autapomorphies clearly Jeparate the close species pair 

of C. sarimontana and C. backii, although micromorphologically they are alüce. 

Micromorpholo@d and anatomid characm support the recognition of three species 

within the C. willdcnowii oomplex as suggcsted by Naczi, Remicek, and Ford (1997) and 

Ford et al. (1997~). 

Carex section PhyIIostacchyJ is a stmng monophyletic group that is part of an 

evolutionally "reduced clade that includes two sections h m  subgenus Primocarex: 

Filifoae and Finniculms. This clade is separate fiom a larger "compound" clade in the 

genus that comprises sections fkom subgenus Indocarex, Carex, and Primocarex This 

ïndicates that a l l  of the subgenera in Carex as they are presently circumscribed are 

artifid, except for subgenus Vignea. The presence of the reduced section Scitpinae 

(subgenus Primocarex) in the "compound" clade suggests that extreme reduction has 

occurred dong several dinerent liaeages witbin Carex as former authors have 

hypo thesized. 

The ITS region is highly usefbl for circumscribing sections and estimating their 

relationships in Carex* but it is not variable enough to M y  resolve relationships below 

the sectional level. Neveaheless. congruent data sets of bbth molecular and 

morphological ctiaracters. in combination, compensated for the variable rates seen in the 

evolution of each character type to produce a M y  resolved phylogeny. The low levels of 

hfhspecific variation and species-specific mutations furtbcr suggest that with a srnail 

amount of sarnpling, this region can sometimes provide wful characters to help 

circumscribe species in &cal groups below the sectional Ievel. 



Micromorphological characm are generally more conserveci than anatomical 

characters and are probably good iadicators of evolutionary relationship between closely 

related species and sections. The problems with scoring. polarization, and character 

numbers indicate, however, tIiat these characters would be best used for suggesting 

re1ationships and as extermi data sets for assesshg the strcngth of a phylogeny 

consmcted using other more consc~cd chanietas. Relationships inferred fkom 

anatomical les€ and culm characters conflict significantly with morphological and 

molecdar phylogenies, and with trends in micmmorphology. This suggests that the 

contn'bution of these anatomical characters to future phylogenetic reconstmctions in 

Carex may be limiteci. 

Section Phyllostachys cm be didided into two major clades: (1) a wide-scaled 

clade consisting of Carex bockii, C. s ~ n ~ ,  and C. Irrtebructeata; and (2) a narrow- 

scaled clade consisting of C. wilUenowii, CC. superata, C. basiantha. C. juniperonun. and 

C. jizmesii. Trends in cbaracter evolution in the wide-scaled clade point to the refmement 

of an autogamous bnedu>g system, whereas ch;rracter trends in the narrow-scaled clade 

suggest mechanisms to increase outcrossing. However, this pattern is not supported by 

isozyim studies of the section. The direction of chromosome evolution in sect. 

PhylIastachys does not appear to foiiow simpie agmatoploidy suggesting that 

chromosome fusion might have occurnd The role that chromosome number changes 

play in the evolution of Carices is poorly undentood, and it does not provide a diable 

means for inferring evolutionary direction. 

Phytogeographic and glacial evidcnce suggest that speciation in the section may 

have k n  influenced by the events of the Pleistocene. The most basal species in sect. 

PhyZtustuchys is C. htebracteatia, a nanow endernic of the Ouachita Mountains of 

Arkansas and Okkhoma - a known glacial refiigium Similar patterns of evolution within 

sections Phyllostachys, Griseae. and hx@orue may point to the ment diversification of 

al1 three of these taxa under the influence of bistoncal events in the PIeistocene. 
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