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argued in favour of analysing data sets separately, on the grounds that these might
reflect different phylogenetic histories and/ or evolve differently. After separate
phylogeny estimates are produced, consensus methods are used to identify points of
agreement. A third approach is that of conditional combinability (Bull et al. 1993; de
Queiroz 1993) in which data sets are tested for significant conflicting phylogenetic
signal (e.g. Rodrigo et al. 1993; Huelsenbeck et al. 1996, Mason-Gamer and Kellogg
1996) prior to combination. Separate analysis of individual data sets and the
evaluation of conflict among them has gained popularity (e.g. Baum et al. 1998,
Munro and Linder 1998) because apart from its bearing on the question of data set
combinability, such a protocol is heuristically valuable in assessing the relative
contribution of each data set to nodal resolution in the combined analysis (Nixon and
Carpenter 1996; Gatesy 1999). In assessing the phylogenetic relationships of
Ehrharteae, therefore, the present study analyses conflict among the three data sets

used, prior to their combination.

In spite of recent objections to the use of morphological data in phylogenetic analysis
(Hedges and Maxson 1996; Givnish and Sytsma 1997a, b), this study combines
morphological data with two molecular data sets to construct a phylogenetic
hypothesis for Ehrharteae. In practice, the combined use of morphological and
molecular data in phylogenetic inference often shows remarkable complementarity
(e.g. Lafay et al. 1995; Pennington 1896; Eldenas and Linder, in press) and some
authors (e.g. Donoghue and Sanderson 1992; Lee 1997) have emphasised the
potential value of morphological characters in phylogeny estimation. Givnish and
Sytsma (1997a, b), however, recently argued against the use of morphological data
in phylogeny estimation, on the grounds that morphological characters are prone to
high levels of homoplasy, and are therefore less reliable for this purpose. In contrast
to a total evidence approach, they favoured, instead, studies using molecular data
only. In support of their arguments Givnish and Sytsma (1997a) demonstrated
significantly lower consistency indices (Cl's) for phylogenies based on morphological
data than those based on molecular data, something which Sanderson and
Donoghue (1989) had earlier failed to do. However, the assumption that the data set
having the lowest homoplasy, by dint of its strong phylogenetic signal, best estimates
the true organismal phylogeny is flawed. The genealogical histories of individual
genes may differ markedly within a single set of organisms (Doyle 1992; Mason-

Gamer and Kellogg 1996), indicating that individual gene phylogenies, no matter how
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Thus, the evolution of individual characters may validly be studied using a phylogeny
estimated on the basis of a matrix including those characters. Ultimately, the
decision to drop certain classes of characters from phylogenetic analysis represents
a loss of information and may produce less robust phylogenetic hypotheses (Hopkins
and Luckow 1995; Luckow and Bruneau 1997). De Queiroz (1996) has pointed out
that analyses of character evolution are biased both by including or excluding
characters and suggested that no single approach is uniformly superior. Although
specific characters (those under study) may often be justifiably excluded, the
exclusion of entire data partitions (e.g. morphological data) simply because they
include such characters cannot (de Queiroz 1996). Thus, the inclusion of
morphological data in the phylogenetic analysis presented here is fully justified.
Nonetheless, because the growth form traits investigated in the following chapter are
both few in number and, in most instances, show some intergradation among states,
they are excluded from phylogenetic analysis. Thus the final morphological data set

relies largely on variation in spikelet morphology and leaf anatomy.

Questions addressed

Besides providing a baseline for the comparative study of growth form and life
history evolution (Chapters 3 and 4), the phylogenetic hypothesis developed in the
present chapter is here used to evaluate (i) the phylogenetic status of genera in
Ehrharteae, and (ji) the appropriateness of establishing formal taxonomic entities
within Ehrharta s. s., as proposed by Gibbs Russell and Ellis (1987). In particular,
two principal questions are addressed. First, are the genera Ehrharta s. s.,
Microlaena, Tetrarrhena and Petriella monophyletic, such that their continued
recognition is justified? If not is an alternative generic division possible, or is the
single-genus scenario advocated by Willemse (1982) preferable? Second, is
Ehrharta s. s. divisible into a series of monophyletic infrageneric taxa, whose

recognition is of practical value?
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Materials and methods

Data collection

Molecular data

Plant s les and DN ractio

Total DNAs of 27 species (one coilection per
ehrharteoid genera (Table 2.4) were extracte
dried leaf material following the protocol of D¢

species) representing all four
d from 50-100 mg amounts of silica-
vyle and Doyle (1987). Material of most

species was collected in the field, except for IFaf material of the two New Zealand

species which was kindly provided by the Manaaki Whenua Landcare Research

Garden. Total isolated DNA of M. stipoides w.

Gardens, Kew. Except for these species all D

as kindly provided by the Royal Botanic

NA samples are represented by

specimens housed at the Bolus Herbarium (Bbi_), University of Cape Town.

DNA amplification and sequencing

Chloroplast trn DNA |

i

The polymerase chain reaction (PCR), using ﬂhe primers designed by Taberlet et al.

(1991), was used to amplify the trnT-L and trnL

-F intergenic spacers as well as the

trnL intron from the chloroplast genome. All p imers used were synthesised by the

oligonucleotide synthesis unit at the Departm

i

nt of Biochemistry at the University of

Cape Town. A pilot study using four species of Ehrharta thought to represent a

phylogenetically diverse ingroup sample indicated that the trnT-L intergenic spacer

and the trnL intron were insufficiently variable to resoive relationships in the broader

study group, and these were therefore not san
intergenic spacer showed some variation, hew
prepared for all 28 species listed in Table 2.4 |
al. (1991). All of these yielded successful sequ

PCR was performed on a Hybaid PCR Sprint™

tube (two reactions per sample) was prepared

npled more widely. The trnl.-F
ever, and amplification products were
ising the ¢ and f primers of Taberlet et

encing results.

¥ thermal cycler. Each 100ul reaction

on ice as follows: 77.5ul of sterile

water, 10.0pl of 10X Taq polymerase buffer (Bioline), 2.0pl of 50mM MgCl,, 4ul of

5mM dNTP, 1ul of each primer (50uM), 0.5ul (

template (1/10 stock concentration.) Reaction
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TABLE 2.4. List of molecular vouchers, collection localities, and corresponding sequences

obtained.

Species Voucher Caltection locality Sequences

Ehrharta barbinodis Nees Verboom 103 Spekiakel Pass, W of Springbok, S. Africa  ITS1, tmL-F

E. brevifolia Schrad. Verboom 116 Hondeklip Bay, S. Africa ITS1, tmL-F

E. calycina J. E. Sm. Verboom 258 Weltevreden Farm, Paardeberg, S. Africa ITS1, trnl-F

E. capensis Thunb. Verboom 147 Weltevreden Farm, Paardeberg, S. Africa trnl-F

E. delicatula Stapf Verboom 99 Eselsfontein, W of Springbok, S. Africa iT81, tmL-F

E. dura Nees Verboom 183 Bergfontein Farm, Langeberg, S. Africa trnL-F

E. ebumea Gibbs Russell Verboom 97 Nieuwoudtville Reserve, Nieuwoudtville, 1TS81, trL-F
S. Africa

E. erecta Lam. Verboom 84 Devil's Peak Estate, Cape Peninsula, S. IT81, tmL-F
Africa

E. longiflora J. E. Sm. Verboom 81 Clanwilliam, S. Africa ITS1, tmL-F

£. longigluma C. E. Hubb. Linder 6698 Katse Pass, Lesotho ITS1, iml-F

E. melicoides Thunb. Verboom 155 Gydo Pass, N of Ceres, S. Africa ITS1, tnL-F

E. ottonis Kunth Verboom 176 Camps Bay, Cape Peninsula, S. Africa ITS1, trnL-F

E. pusilla Nees Verboom 111 Near Wallekraal, E of Hondeklip Bay, S. frnl-F
Africa

E. ramosa Thunb. Verboom 256 Table Mt., Cape Peninsula, S. Africa ITS1, trnL-F

E. rehmannii Stapf Verboom 257 Wemmershoek Dam, 8 of Paarl, S. Africa trnl-F

E. rupestris Nees Verboom 180 Boesmansbos Wilderness Area, ITS1, trnL-F
Langeberg, S. Africa

E. setacea Nees Verboom 179 Boesmansbos Wilderness Area, ITS1, trbL-F
Langeberg, S. Africa

E. thunbergii Gibbs Russeil Verboom 92 Near Pakhuis Pass, E of Clanwilliam, S. ITS1, trnl-F
Alfrica

E. triandra Nees Verboom 101 Spektakel Pass, W of Springbok, S. Africa  ITS1, tmL-F

E. villosa Schult. f. Verboom 166 Bloubergstrand, N of Cape Town, S. Africa  tmL-F

Microlaena avenacea (Raoul) MWLRG Unknown ITSA, trnL-F

Hook. f. 69/922

M. stipoides (Labill.) R. Br. RBGK 1973- Unknown tml-F

15875°

Tetrarrhena acuminata R. Br. Verboom 245 Grampians National Park, Victoria, ITS1, tnL-F
Australia

T. distichophylla (Labill.} R. Br. Verboom 243 Grampians National Park, Victoria, ITS1, trmb-F
Australia

7. juncea R. Br. Verboom 247 Grampians National Park, Victoria, ITS1, tmL-F
Australia

T. laevis R. Br. Verboom 232 Greenmount Forest Reserve, Darlington, ITS1, tmbL-F
WA, Australia

T. turfosa N. G. Waish Verboom 248 Grampians National Park, Victoria, ITS1, trnl-F
Australia

Zotovia colensoi (Hook. 1.} MWLRG Unknown ITS1, trnL-F

Edgar et Connor 107/90°

"MWLRG=Manaaki Whenua Landcare Research Garden
®PRBGK=Royal Botanic Gardens, Kew
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drops of mineral oil to prevent evaporation during cycling, and preheated for three

minutes at 95°C prior to cycling. The therma

cycler program was run for 35 cycles,

each consisting of 45 seconds at 94°C, 45 seconds at 52°C, and 2 minutes at 72°C.

Cycling was followed by a final extension step of 8 minutes at 72°C. Each batch of

reaction tubes was accompanied by two negative control reactions to check for

contamination.

Prior to purification, amplification products wére checked by electrophoresis on 1%

agarose minigels (to which ethidium bromide:

had been added for visualization

purposes) in 1x TAE buffer. About 5-10ul of each reaction product was checked in

this way, this being sufficient to allow produci
Gel electrophoresis was also used to purify P
precipitation and re-elution in 10-15ul TE, rea
reactions based on a single sample being pot
on 1% agarose gels at low voltage (typically §

containing the desired product was excised u

DNA was extracted from the excised gel slice
kit (Amersham), using sterile water to elute th

each sample was determined using a Pharme

Nuclear ITS DNA

visualization over an UVA light source.
CR products. Following cold ethanol
ction products (the products of multiple
bled) were resolved electrophoretically
50V) for 2-3 hours, after which the band
sing a clean scalpel blade. Product
using a Nucleon GX™ gel purification
e DNA. Final DNA concentration in

icia GeneQuant™ RNA/DNA calculator.

As for the trn spacers, PCR was used to amplify the ITS1 spacer of the nuclear

ribosomal genome. Primers ITS5 (White et al

1998) were generally used in amplifications, €

which were amplified using primers ITSL (Hsi

region was successfully amplified and sequen

1990) and primer ITS2c (Hsiao et al.
xcept in E. setacea and E. rupestris
20 et al. 1994) and ITS2c. The ITS1
ced for 22 species listed in Table 2.4,

PCR was performed on a Techne thermal cydiling system (PC-5 pump unit, CH-5

chiller and PHC-2 heating block). Typically, eailch 50ul reaction tube (three reactions

per sample) was prepared on ice as follows: 317.75p~l of sterile water, 5.0ul of 10X

|

Taq polymerase buffer (Biotaq), 1.0pl of SOmM MgCl,, 2ul of 5mM dNTP, 1pl of each
primer (25uM), 0.25ul (2.5 units) of Taq (Biotéq), and 2ul of template (1/10 stock

concentration.) Reaction tubes were sealed w|

minutes at 95°C prior to cycling. The thermal ¢

each consisting of 35 seconds at 93°C, 35 se
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Cycling was followed by a final extension step of 7 minutes at 72°C. In E. setacea
and E. rupestris this amplification protocol yielded a product that separated into
muitiple bands.Therefore, the annealing temperature for these species was raised to
60°C and the amount of MgCl, per 50ul reduced to 0.5pl, resulting in a product

yielding a single-band.

Ampiification products were checked electrophoretically as described above, before
being pooled for each sample and purified directly using a Qiaquick™ PCR
purification kit (Qiaex), using sterile water (pH 8.0) to elute the DNA. Final DNA

concentration in each sample was determined as above.

All sequencing was done by the core sequencing facility at the Department of
Chemical Pathology at the University of Cape Town, using an ABI 373 Stretch DNA
sequencer (P E Biosystems). Trn primers e and f were used to sequence the trnL-F

intergenic spacer, and primers ITS5 and ITS2c the ITS1 region.

Sequence alignment

Sequences of four non-ehrharteoid species, plus an ITS1 sequence for M. stipoides,
were obtained from Genbank (Table 2.5) and used as a reference for sequence
alignment. Sequencing products were visualized using Chromas version 1.43 (C.
McCarthy, Griffith University), while sequence alignment and editing was performed
by eye using DAPSA version 4.04 (Harley 1997). Following initial alignment and
editing, all sites that showed any variation among species were checked to verify
that such variation was unambiguously supported. All nucleotide ambiguities were
conservatively coded as uncertain (IUPAC code ‘N’). Because two regions in the

ITS1 sequence appeared hypervariable and could not be meaningfully aligned

TABLE 2.5. List of genbank sequences included in analyses, along with source details.
The first four are outgroups, the last an ingroup.

Species Sequence  Authors Publication Genbank
accession

Aegilops triuncialis trbL-F Gielly and Taberlet Mol. Biol. Evol. 11: X75712
769-777 (1994)

Aegilops umbellulata ITS1 Wang et al. Unpublished AF149197

Leersia hexandra ITS1 Hsiao et al. Unpublished AF019793

Oryza safiva trnl-F Hiratsuka et al. Mol. Gen. Genet. X15901
217: 185-194 (1989)

Microlaena stipoides 1TS1 Hsiao et al. Unpublished AF019791
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between the ingroup and outgroup taxa (nor among outgroup taxa), these were also
coded as uncertain for the outgroups. Aligned trnL-F (contained between the e and f
spécers of Taberlet et al. [1991]) and ITS1 (contained between the ITS1 and ITS2
primers of White et al. [1990]). spacer sequences are, respectively, 416bp and
385bp long. The two hypervariable regions of the ITS1 sequence that could not be
outgroup-aligned comprise a total of 163bp (positions 51-135 and 189-266, counting
from the 5" end of the ITSL primer).

Morphological and anatomical data
Study material

The morphology of all species included in the tribe Ehrharteae (except 7. oreophila
D. |. Morris and Z. acicularis Edgar and Connor of which no material was seen) plus
that of two oryzoid species (Leersia hexandra and Oryza sativa) was examined from
fresh, pickled and herbarium material, the latter provided by the following herbaria:
BOL, L, PRE, NSW, WELT. Almost all of the South African and Australian species
were seen growing in their natural habitats. R| P. Ellis kindly granted permission to
make use of his extensive collection of leaf anatomical preparations (and
photographs thereof) representing most species of Ehrharta, and this was
supplemented with anatomical preparations o;tained from field-collected material
that had been fixed in FAA (24 hours) and stored in 70% ethanol, or from herbarium

material rehydrated in soapy water.

Preparation and observation

Spikelet morphology was observed both direcfly, through dissection under low
power, or by examining, under higher power, dissections of whole spikelets mounted
in a solution of fuchsin in water and glycerin. Where appropriate, measurements
were made using either a metal ruler with O.Sqimm gradations or an eyepiece graticule

precise to the nearest 0.1mm.

Transverse sections and abaxial epidermal scrapes were prepared from the mid-
portions of basal leaves. Sections were prepared by hand, using a razor blade,
under a dissecting microscope, while epiderm%l scrapes were made according to the

method of Metcalfe (1960). All anatomical preparations were stained in a combined
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safranin-Alcian blue stain (Tolivia and Tolivia 1987), dehydrated though an alcohol

series and mounted in Canada balsam.

Character treatment and coding

Molecular data

Substitutions at all sites were equally weighted, as were all categories of nucleotide
substitution. Where alignment gaps (indels) occurred, these were treated as missing
data in the nucleotide matrix, and their absence/ presence then coded in a separate
binary matrix. This method of coding indels has been advocated by Baldwin et al.
(1995) on the grounds that it avoids the danger of overscoring that results from
treating indels as a fifth character, and has been employed in several studies (e.g.
Baum et al. 1994; Wojciechowski et al. 1999). Inclusion of indel information in the
present analysis was permitted by relatively low alignment ambiguity, homology
being inferred only on the basis of identity in respect of both indel length and
position. In some species, the absence/ presence of certain indels could not be
determined because they were completely overlapped by a larger deletion/ non-

insertion. In these cases, an uncertain coding was used.

Morphological and anatomical data

As far as possible characters were coded using the ‘conventional’ approach sensu
Hawkins (2000). Conventional coding treats character states as alternative forms
(transformational homologues) of the same thing (i.e. the character) (Platnick 1979)
and in so doing maximises the logical independence of characters (Hawkins et
al.1997; Hawkins 2000). In addition, because conventional coding assigns character
states explicity to reflect hypotheses of primary homology (cf. unspecified homologue
coding), the effectiveness of secondary homology testing is maximised. Presence/
absence coding may be problematic because shared absences are assumed to be
homologous in spite of minimal evidence. However, the inclusion of a small number
of presence/ absence characters was unavoidable. Inapplicable data coding’
(Hawkins 2000), in which taxa that lack a specific feature are coded as unknown with
respect to variation in that feature, was used only if the multiple ‘presence’ states
were considered homologous relative to the absence state (e.g. characters. 938-
941). The presence/ absence was then coded separately. Where this was not the

case, simple multistate coding was employed (e.g. character 927).
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FIGURE 2.2. Value ranges and means (dots) of the ratio of lower glume length to spikelet (excluding glumes) length ratic (character 923)
observed in 35 ehrharleoid species. Species are arranged in order of increasing mean value. The histogram on the right reflects the
number of species’ ranges overlapping at any given value of this ratio. Arrows and horizontal stippled lines indicate two points of minimum
overlap or near-gaps used to break this character into discrete states.



Stevens (1991) pointed out the underlying quantitative basis of many morphological
characters, and highlighted problems with coding ambiguity in both implicitly and
explicitly quantitative characters. While a number of studies have produced schemes
for coding continuous data in a discrete manner (e.g. Archie 1985; Baum 1988,
Thiele 1993; Strait et al. 1996), some authors argue that complete gaps are the only
real justification for state distinction (Pimentel and Riggins 1987; Stevens 1991),
while Chappill (1989) has argued for restricted use of continuous data. Unfortunately,
the probability of detecting absolute breaks in quantitative character variation
decreases as the study group increases so that it may only be realistic to look for
near-gaps. Using a similar logic to that of Linder and Mann (1998), | used a graphical
technique to identify near-gaps as points of minimum overlap among the value
ranges of different species (Fig. 2.2). These were then used to delimit states in three
quantitative characters (characters 922, 923, 935: see Appendix 1). Given a choice
between recognising three or four states (e.g. character 923) this study favoured the
former to minimise the implicit weighting introduced by increased state number (e.g.
see Thiele 1993). In addition to the three expliciﬂy quantitative characters used, five
additional characters having an implicit quantitative basis (characters 930, 937, 940,
949, 951) were included but, because the states in these were judged sufficiently

distinctive, their delimitation was not rigorously examined.

All multistate characters were treated as unordered (non-additive analysis: Fitch
1971) to minimise the influence of potentially false assumptions regarding character
evolution. Although such an assumption is implicit even in non-additive coding
(Mickevitch and Weller 1990), the latter is ‘a less restrictive statement because all
possible character state trees are equally probable’ (Hauser and Presch 1991).
Thus, in the absence of an explicitly defensible hypothesis of character evolution,
non-additive coding was consistently preferred. Ordered coding is commonly
preferred for discretely-coded multistate characters having an underlying continuous
basis (e.g. characters 922, 923,935). However, such ordering was not consistently
supported when changes in these characters were traced onto the cladogram

produced by treating them as unordered.

Thirty-one morphological and eight leaf anatomical characters were included in the
final character list (Appendix 1). The vast majority (30) of morphological characters
used describe variation in the reproductive structures, particularly the lemmas, which
are structurally diverse in Ehrharta s. s. (Gibbs Russell and Ellis 1987). Although all
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characters used by Gibbs Russell and Ellis (19

87) to construct their scheme of

species groups were considered as cladistic L:haracters, many were not included in

the data set because they were quantitaﬁve é

nd could not be justifiably divided into

discrete states. Epidermal wax characters were ignored because their description by

Ellis was considered too vague, while the inc@nsistent presence of arm cells in E.
setacea (Ellis 1987a; Ellis and Gibbs Russe|i§1987) renders this character

cladistically uninformative.

i
i

Phylogenetic analysis

Data set analysi

Three data sets are used in this study: (i) trnL

(including leaf anatomy). Both molecular data

-F, (ii) ITS1, and (iii) morphology

sets include both nucleoctide

substitution and indel variation components. Data sets were analysed both

individually and in two combined (total eviden

ingroup taxa for which data were available for

ce) analyses, one including only

at least two of the three data sets

(combined-most), and one including all ingroup taxa (combined-all). All analyses
were performed using PAUP version 3.1.1 (Swofford 1993). The NEXUS file used in

the analyses is included in Appendix 2. The m
separately in Appendix 3.

Two outgroups were included in each analysis
data, Aegilops (trnL-F and ITS1 data from diffe
composite oryzoid (trnL-F data from Oryza sa
Table 2.5) were used. Composite terminals ha
success (e.g. Mishler et al. 1994; Chase et al.
analysis assumes terminal monophyly (Binind:
composite terminal requires that its constituen
relative to the remaining species included in a
the two Aegilops species relative to (Oryzeae
the monophyly of Oryzeae has been repeated

orphological data are also presented

. For analyses involving molecular

srent species: Table 2.5) and a

fiva, ITS1 data from Leersia hexandra:
ve been used elsewhere with some
1995). However, because cladistic
3-Emonds et al. 1998), the use of a

t species form a monophyletic entity
given study. Since the monophyly of
+ Ehrharteae) is beyond question, and
ly demonstrated (Kellogg and Watson

1993; Clark et al. 1995; Duvall and Morton 1996; Soreng and Davis 1998) the use of

both composite Aegilops and oryzoid terminals

Spikelet specialization in Ehrharteae/ Oryzeae

spikelet parts between this group and other gr:
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outgroups, O. sativa and L. hexandra, were, therefore, included in the morphological

analysis, at the expense of a more distant outgroup.

All searches for optimum length trees were heuristic. In each instance, an initial
shallow search, with 10,000 random addition sequences, NNI branch swapping and
MULPARS not in effect, was conducted to account for the possibility of multiple
islands of parsimony (Olmstead et al. 1993; Olmstead and Palmer 1994). The set of
trees identified by this procedure was then subjected to more thorough branch
swapping (TBR algorithm, MULPARS in effect) in the absence of a MAXTREES limit.

Branch support

Branch support was estimated using the character bootstrap (Felsenstein 1985a), as
implemented in PAUP 3.1.1, and Bremer (1988, 1994) support. The latter was
calculated in PAUP 3.1.1 using converse constraints, which were generated using
Autodecay version 3.0 (T. Eriksson and N. Wikstrém, distributed by the authors).
Despite several objections to the use of bootstrapping in phylogenetic systematics on
statistical, interpretational and philosophical grounds {Carpenter 1992; Hillis and Bull
1993; Kluge and Wolf 1993; Sanderson 1995), the bootstrap continues to be widely
used to estimate nodal support. In practice, bootstrap support is often correlated with
other support measures (e.g. see Linder 1991a) and its use, alongside the Bremer

support index, is thus empirically justified.

Bootstrap analyses were varied according to the properties of different data sets. For
both the ITS1 data and the combined-most data, 200 bootstrap replicates were
analysed using the following parameters: simple addition sequence, TBR branch
swapping, MULPARS in effect, MAXTREES=500. In contrast to the foregoing data
sets, the intrinsic resolution contained in both the trnL-F and morphological data sets
was foo low to permit bootstrap analyses with MULPARS in effect to run to
completion within a realistic time-frame. Therefore, for these data sets 100
(morphology) or 200 (trnL-F) bootstrap replicates were analysed using the following
parameters: 100 random addition sequences, TBR branch swapping, MULPARS not
in effect. Experience with the data sets used in this study indicates that while
searches performed with the MULPARS option not in effect were unable to locate
multiple trees, they were generally effective at finding trees of optimum length. Since
each bootstrap replicate requires at least a representative set of trees, the use of

multiple random addition sequences per replicate was intended to circumvent this
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limitation. Searches to determine Bremer suy?aport values used the following

parameters: 10 random addition sequen

er converse constraint tree, TBR

ces |
branch swapping, MULPARS in effect, MAXi REES=500.

i

Topoloagical confli

Topological conflict among trees generated from the three individual data sets (i.e.

trnL-F, ITS1 and morphology) was tested using Wilcoxon signed rank (WSR) tests in
the manner applied by Templeton (1983), Mason-Gamer and Kellogg (1996), Baum
(1998) and Munro and Linder (1998). Given potentially significant topological conflict
between two data sets, this test determines whether either data set, when
reanalysed under a constraint that accommodates the topological conflict presented
by the other data set, produces a set of changes in the lengths of individual
characters whose directionality is greater than expected by chance alone. Because
the constraint trees used in the method may be based on entire conflicting topologies

or individual points of conflict, this method has the benefit (as do the test of Rodrigo

et al [1993], and the T-PTP test of Faith [1991

conflict. Here the test was applied as follows.

1) of being able to localise points of

First, points of conflict were identified

by visual inspection of the strict consensus trees derived for each of the three data

sets. Conflict between a pair of branches was
worthy of further testing only if both competing
bootstrap percentage of 75 or more and/ or a
Constraint trees were designed to represent p
in concert, since this provides greater insight i
conflict. Because the set of species coded for
designing constraint trees, some species, spe
‘constraining’ data set, could not be reliably pl:

placed in such a way that they would minimise

produced (i.e. reducing the probability of detec

considered potentially significant and

j branches were supported by a

Bremer support of 2 or more.

oints of conflict individually, rather than
nto the localisation of inter-data set
each data set was not identical, in
cifically those not accounted for by the
aced. Such species were generally

the amount of character change

ting conflict). An alternative approach

would be to omit taxa of uncertain placement from the constraint trees and then use

backbone constraints. This would, however, pr

generated by the method employed here. Con

heuristically using the following parameters: 1(

branch swapping, and MULPARS not in effect

constrained searches produced multiple optim

test requires comparison between fully resolve

‘oduce the same results as those
strained searches were performed
)00 random addition sequences, TBR
Because both unconstrained and
um length trees and the Templeton

d, fundamental trees, ten replicate
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TABLE 2.6. Statistics describing the data sets used in cladistic analysis, and the
resulting trees. The percentage of data that are missing or ambiguous (coded ‘N’ or
“?") in each data partition is provided, along with the number of informative characters.
The number and length of trees produced by analysis of each data set is indicated, as
are their consistency (C. 1.) and retention indices (R. 1.}, calculated with
autapomorphies excluded.

Data set Percent  No. No. trees  Length C. L R. L
data ‘N’ inform.
or'? chars,
trnL-F 71 40 12,537 65 0.80 0.90
iTS1 10.5 76 4 171 0.74 0.88
morphology 8.7 39 15,666 92 0.52 0.85
combined-most 15.3 150 3 364 0.66 0.83
combined-all 307 151 84 412 0.69 0.84

comparisons between randomly selected tree pairs were made to test the effect of

each constraint. Significance was determined using two-tailed probabilities.

Combined analysis: character support

In order to determine which data sets were most responsible for the retrieval of
specific branches (nodes) in the consensus tree based on analysis of the combined-
most data, the retrieval of each of these nodes by the separate data set analyses
was noted. Further, the effects on node retrieval of sequentially removing each data
set from the combined-most analysis were also examined. Finally, characters were
optimised onto the combined topology using an ACCTRAN optimisation, in order to
identify clade-specific synapomorphies.

Results

Analysis of individual data sets

"

Strict consensus topologies based on analysis of the individual data sets are
provided in Fig. 2.3, along with relevant branch support information. Tree statistics
are listed in Table 2.6.

Morphology

Relative to the two oryzoid outgroups included, analysis of the morphology data set

provides strong support for the monophyly of Ehrharteae in terms of high bootstrap
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FIGURE 2.3. Strict consensus topologies based on the (a) morphology, (b) trnL-F, and (c) ITS1 data sets. Numbers above and below each
branch are, respectively, bootstrap percentages (not indicated if less than 50%) and Bremer support vaiues.



and Bremer support (Fig. 2.3a). Within Ehrharteae, resolution is poor. The largest
clade contains the bulk of African species historically included in Ehrharta s. s. While
branch support for this clade is weak, the exclusion of E. setacea leaves a core
clade for which support is substantial. Within this latter clade, relationships are
largely unresolved. Exceptions are (E. delicatula + E. triandra), (E. calycina + E.
brevifolia + E. pusilla), (E. ramosa + E. rehmannii), and (E. barbinodis + E. viflosa +
E. thunbergii), of which the first three are reasonably to well supported. The second
largest clade resolved within Ehrharteae has moderate branch support and contains
four Tetrarrhena species: T. acuminata, T. distichophylia, T. juncea and T. turfosa.
Except for sister relationships between the two species of Zotovia and between E.
dura and E. microlaena, further basal resolution is lacking, so that four species of
Microlaena (M. avenacea, M. polynoda, M. stipoides and M. tasmanica), T. laevis
and two species of Ehrharta (E. rupestris, and the poorly known E. avenacea from

Réunion) are unplaced.

tml-F

As with the morphological data, relative to the outgroups included (one oryzoid and
one pooid), analysis of the trnL-F data strongly supports the monophyly of
Ehrharteae (Fig. 2.3b). The core clade of African Ehrharta s. s. species retrieved by
the morphological data is also resolved but only with moderate branch support. As
with morphology, resolution within this clade is poor and weakly supported, except
for the branch subtending (E. calycina + E. brevifolia + E. pusilla), which receives
100% bootstrap support. (E. capensis + E. ottonis) and (E. ramosa + E. rehmannii)
are also moderately supported and occupy basal positions within the core clade. The
Tetrarrhena clade (containing T. acuminata, T. distichophylla, T. juncea and T.
turfosa) resolved by morphology is likewise retrieved but receives much greater
branch support from the trnL-F data. In addition, this group forms a strongly
supported trichotomy with M. stipoides and T. laevis. The only remaining resolution is
a strongly supported sister relationship between E. dura and E. rupestris which, due
to asymmetric sampling, does not represent conflict with the sister relationship

between the former species and E. microlaena suggested by morphology.

Exclusion of indel information from the analysis of the trnL-F data results in the
collapse of five nodes (those subtending the E. ramosa-E. eburnea, E.ramosa-E.

rehmannii, E. eburnea-E. erecta, E. erecta-E. calycina and E. barbinodis-
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FIGURE 2.4. Schematic comparisons among topologies based on separate data set
analyses. Branches supported either by a bootstrap percentage of 75% or more and/ or a
Bremer support of 2 or more are indicated by a double line or solid bar. Solid bars indicate
cases of reciprocal conflict among such ‘supportedj nodes, while double lines indicate zero
conflict. Numbers above conflicting nodes correspond to constraint trees imposed on
conflicting data sets by Templeton tests (see text). Species codes: ACU=T. acuminata,
AVE=M. avenacea, BAR=E. barbinodis, BRE=E. brevifolia, CAL=E. calycina, CAP=E.
capensis, COL=Z. colensoi, DIS=T. distichophylla, EBU=E. eburnea, ERE=E. erecta, DEL=E.
delicatula, DUR=E. dura, JUN=T. juncea, LAE=T. laevis, LFL=E. longiflora, LGL=E.
longigluma, MEL=E. melicoides, OTT=E. oftonis, PUS=E. pusilla, RAM=E. ramosa, REH=E.
rehmannii, RUP=E. rupestris, SET=E. sefacea, STI=M. stipoides, THU=E. thunbergii, TRI=E.
triandra, TUR=T. turfosa, VIL=E. villosa. |

]
i
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E.thunbergii clades), indicating that indel information is a comparatively important
component of this data set. Thus, although the numbers of indels supporting each of
these nodes is small (usually one) and associated with low bootstrap support, indel
exclusion has a noticeable effect on tree resolution. This seems to be due to the low
intrinsic homoplasy of the trnL-F data set, which facilitates the expression of

individua! characters.

[TS1

The ITS1 data provide greater resolution than both the morphology and trnL-F data
sets (Fig. 2.3c). The monophyly of Ehrharteae is again supported, albeit weakly. A
monophyletic clade of African Ehrharfa s. s. species is again retrieved but differs
from that retrieved by the morphology and trnL-F data sets by the inclusion of E.
rupestris in its core, as sister to E. melicoides. In contrast, the other data sets leave
this species in an unresolved position at the base of Ehrharteae. The relatively basal
positions of E. sefacea, E. ramosa and E. oftonis at or near the base of the Ehrharta
s. s. clade concur with resuits produced from the other data sets. Within the Ehrharta
s. s. clade, a lack of resolution is apparent (as before) except that the branches
subtending (E. rupestris + E. melicoides), (E. longigluma + E. delicatula + E. triandra)
and (E. calycina + E. thunbergii + E. barbinodis) have reasonable to good support.
The Ehrharta s. s. clade is resolved as sister to a well-supported clade containing Z.
colensoi and M. avenacea, and the whole is sister to a weakly supported clade
containing all five Tefrarrhena species. An embedded, strongly supported clade of
four Tetrarrhena species is identical to that retrieved by the other data sets. In
contrast to trnL-F, ITS1 identifies M. stipoides as sister to the remaining Ehrharteae.
The possibility that this arrangement reflects rooting error is, however, increased by
the small number of sites that are both informative and alignable between the

ingroup and the outgroups.

In contrast to the trnL-F data set, the effect of excluding indel information from
analysis of the ITS1 data is minimal, resulting in the loss of just two nodes (those

subtending the T. laevis-Tacuminata and T. distichophylla-T. turfosa clades).

Topological conflict among data sets

Schematic comparisons among the consensus topologies produced by separate

analyses of the three data sets are provided in Fig. 2.4. When only resolution with
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TABLE 2.7. Results of the Templeton test of topological
conflict. Constraints are as indicated in Fig. 2.4. For each
constraint, the results of ten constrained-unconstrained
comparison replicates are summarised and the two-tailed
WSR probabilities listed. Statistical significance at the
o=0.05 level is indicated with aniasterisk. In six such
compatrisons, for example, trees produced under constraint
1 show character length increas?s and decreases of three
and one step respectively, resulting in a net tree length
increase of two steps. Although this net increase is identical
for the remaining four comparisons, in these it is achieved
through a gain of four steps and a loss of two. Under each
character length change scenaricp (for constraint 1),
however, the observed length increase is non-significant.

Constraint gains losses freq. prob.
1 3 1 6/10  P>0.5
4 2 410  P>05
2 9 2 8/10  P>0.05
10 3 2110 P>0.1
3 2 0 410  N/A
3 1 6/10  P>05
4 8 0 10/10  P<0.05 *
5 5 0 10110 P>0.05
6 3 1 10/10  P>0.5
7 3 1 10/10  P>0.5
8 5 0 10110 P>0.05
9 10 3 110  P>0.1
9 2 7110 P>0.05
8 1 2/10  P<0.05 *
10 12 4 110  P>0.05
1 3 310  P>0.05
10 2 2/110  P>0.05
9 1 3/10  P<0.05 *
8 0 110  P<0.05 *
11 10 6 110 P>0.2
9 5 | 310 P>02
8 4 2/10  P>0.2
7 3 2/10  P>0.2
6 2 1110  P>0.2
5 1 110 P>0.2
12 10 6 210 P>0.2
8 4 1710  P>02
6 2 3/10 P>0.2
5 1 310 P>0.2
4 0 1110 P>0.2
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TABLE 2.8. Individual dafa set support for nodes (numbers as
per Fig. 2.5a) retrieved by the combined-most analysis.
Columns 2-4 indicate whether each node is supported
(bootstrap and Bremer support provided}, unsupported (*-') or
contradicted ('X’) by individual data set analyses. A question-
mark indicates a lack of pertinent information. The
susceptibility of each node to the removal of individual data

sets is indicated in column 5.

Node TrnL-F ITS81 Morph. | Data set removal
no. Support  support  support | collapses node

1 97/5 65/1 ?

2 - 82/2 - ‘ mor, ITS

3 . 91/2 80/1  mor

4 - 98/8 - ITS, trn

5 - 99/6 X | ITS, trn

6 100/6 ? - tm

7 54/2 X?(99/6) 92/3 mor, trn

8 70/1 ? 96/1

9 - X3(94/4) - mor, trn

10 75/2 ? - trn

11 <50/1 X2(86/2) - mor, irn, ITS

12 X X - mor, trn, ITS

13 X X - mor, trn, ITS

14 X X - mor, trn, ITS

15 - X - mor, trn

18 100/5 X 92/3

17 61/1 <50/1 56/1

18 62/1 ? 811

19 X X - mor, ITS

20 X X - mor, ITS

21 6211 66/1 93/2

22 90/3 X - trn

23 - <50/1 - ITS

24 88/2 86/3 68/1

25 - - 52/1 mor

26 - 69/1 - ITS

“Nodes 7 and 9 are contradicted by the IT$1 data exclusively
due to the inclusion of E. rupestris in the core of the Ehrharia
s. s. clade, Otherwise, these nodes are supported by the ITS1
data (branch support values in parentheses).
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reasonable branch support is considered (i.e. bootstrap percentage 75 or more and/
or Bremer support 2 or more), three nodes in the trnL-F tree conflict with five nodes
in the ITS1 tree (Fig. 2.4a) and two nodes in the morphology tree with four nodes in
the ITS1 tree (Fig. 2.4b). No supported conflict occurs between the trnL-F and
morphology trees (Fig. 2.4c). These conflicts represent three areas of disagreement
between the ITS1 topology and the others: (1) whereas (E. calycina + E. thunbergii +
E. barbinodis) is favoured by ITS1, the other data sets prefer (E. calycina + E.
brevifolia + E. pusilla);, (2) the basal placement of M. stipoides in Ehrharteae by ITS1
conflicts with its placement at the base of the Tetrarrhena clade by trnL-F; and (3)
where ITS1 includes E. rupesitris in the core of the Ehrharta s. s. clade, this species
is at best placed basally in this group by the other two data sets. The last
disagreement produces three nodal conflicts per comparison. Results of the
Templeton test are listed in Table 2.7, with constraints numbered as in Fig. 2.4.
Generally, a given constraint produced slightly different character length changes
depending on the particular constrained-unconstrained tree pair included in a
comparison replicate: therefore, each possible gain/ loss combination is listed along
with its frequency (out of ten replicates) and WSR probability. Only three constraints
were found to produce significant increases in tree length (Table 2.7). An ITS1-
based constraint (constraint 4) enforcing the monophyly of (E. calycina + E.
thunbergii + E. barbinodis + E. villosa) produced a consistently significant increase of
eight steps when applied to the trnL-F data. The reciprocal constraint, however,
failed to produce significant change. Constraints 9 and 10, both ITS1-based,
produced significant increases in morphological tree length in some constrained-
unconstrained comparison replicates (2/10 and 4/10 respectively), but not in others.

In each instance, the reciprocal constraint failed to produce significant change.

Combined data analyses

Analysis of the combined-most data (excluding all taxa coded for just a single data
set) yielded three optimum length trees (Table 2.6) differing topologically at a single
node (subtending E. calycina, E. brevifolia and E. pusilla). The strict consensus of
these, with branch support indicated, is provided in Fig. 2.5a, and shows strong
bootstrap and Bremer support for the monophyly of Ehrharteae relative to the
outgroups included in the analysis. Although a monophyletic Ehrharteae is resolved

by all three data sets when analysed individually, the trnL-F data appears to provide
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the strongest support for the ingroup node (Table 2.8), which, unsurprisingly, is

robust to data set removal. Unexpectedly, th
morphology results in loss of ingroup (Ehrha
Fig. 2.5b: tree statistics in Table 2.6).

e addition of seven taxa coded only for

rteae) monophyly (combined-all data:

|
Analysis of both the combined-most and combined-all data sets indicate the

. o . |
existence of three principal clades in Ehrharieae: (1) a Tetrarrhena clade, (2) a

Microlaena-Zotovia clade (including E. avena
s. 8. clade. Whereas the combined-most ans

supported resolution of the relationships amo

cea from Réunion), and (3) an Ehrharta

lysis provides a rather weakly-

ngst these clades (Fig. 2.5a: clades (2)

and (3) are sisters, with clade (1) the sister of this pair), this pattern is lost in the

analysis of the combined-all data (Fig. 2.5b).
to be provided principally by ITS1 (Table 2.8:

While support for this resolution seems

node 2), susceptibility of the node to

removal of the morphological data indicates a contribution from the latter.

The Tefrarrhena cla

Strong support for the inclusion of M. stipoides at the base of a clade dominated by

Tetrarrhena species (Fig. 2.5a: node 22) app
trnL-F data set, whose removal collapses this

for a contradictory basal position for M. stipoi
 weak (Fig. 2.3c) and this arrangement is, thet

aars to be provided principally by the

arrangement (Table 2.8). ITS1 support

des in Ehrharteae is comparatively

efore, not favoured by the combined-

most analysis. Analysis of the combined-all data, however, drops M. stipoides into an

unresolved basal position within Ehrharteae (ffig. 2.5b). While the sister relationship

of T. laevis to a clade containing the remainin

g species of Tetrarrhena (node 23)

receives only weak support, primarily from the ITS1 data and to some extent the

trnlL-F data, the inclusion of 7, laevis in the Te

removal (removal of the trnL-F data collapses

removal of the ITS1 data collapses node 23 b

subtending the four remaining Tefrarrhena sp¢

trarrhena clade is robust to data set
node 22 but not node 23, while

ut not node 22). The branch

2cies is highly‘ robust, having high

branch support and being unaffected by data set removal (Fig. 2.5a, Table 2.8: node

24). All three data sets resolve this node indiv:

dually. Relationships within this clade

are, however, weakly supported (Fig. 2.5a) - dode 25 apparently by morphological
data and node 26 by ITS1 data - and are susclgptible to data set removal (Table 2.8).
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The Microlaena-Zotovia clade

The monophyly of (Z. colensoi + M. avenacea: node 3) is strongly supported by
separate analyses of both the ITS1 and morphology data sets (Fig. 2.3a, c) as well
as analysis of the combined-most data set (Fig. 2.5a). Because node 3 appears to
be uncontradicted by the trnL-F data, its susceptibility to removal of the morphology
data set (Table 2.8) is surprising. The strict consensus tree resulting from analysis of
the combined-all data includes three additional species in this clade: Z. thomsonii is
placed as sister to Z. colensoi, while M. tasmanica and E. avenacea form a

trichotomy with M. avenacea (Fig. 2.5b).

The Ehrharta s. s. clade

Both the combined-most and combined-all analyses (Fig. 2.5a, b) support the
monophyly of a clade consisting of all the African species historically included in
Ehrharta s. s., but excluding E. avenacea from Réunion (Fig. 2.5b). Branch support
for this clade is relatively strong, but appears to be provided largely by the ITS1 data,
to whose removal it is susceptible (Table 2.8: node 4). Within this group, node 7 (Fig.
2.5a) defines a strongly supported, embedded clade containing all species except E.
dura (and E. microlaena - its sister species in the combined-all analysis), E. rupestris
and E. setacea. This core clade is also resolved by separate analyses of both the
trnL-F and morphology data sets and, except for the position of E. rupestris, by the
ITS1 analysis as well (Fig. 2.5a, Table 2.8). Both combined analyses identify E.
setacea as basal within the Ehrharta s. s. clade (Figs. 2.5a, b). Support for this
arrangement is reasonable but depends heavily on the ITS1 data (Table 2.8: node
5). Strong ITS1 support for the (anomalous) inclusion of E. rupestris within the
Ehrharta s. s. core clade (Fig. 2.3c) plus massive trnL-F support for a relationship
between this species and E. dura (Fig. 2.3b, Table 2.8: node 6) explain why a more
basal position for E. dura and E. rupestris, favoured by morphology, is not supported
by combined analysis. Analysis of the combined-most data with E. rupestris excluded
(tree not shown) results in the removal of E. dura from the Ehrharta s. s. clade and
its placement as sister to the Microlaena-Zotovia clade (with moderate bootstrap
support of 75%). Exclusion of the trnL-F data has an identical effect on the position
of E. dura. Except for the position of E.dura, the exclusion of E. rupestris leaves the
topology produced by analysis of the combined-most data set unchanged, although

branch support is increased on nodes 7, 8 and 11 (bootstraps 100%, 91% and
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74%,respectively). In addition, the monophyl\y of Ehrharta s. s. (excluding E. dura
and E. rupestris) is more strongly supported (bootstrap 92%). Analysis of the
combined-all data set with either E. rupestris or the trnL-F data excluded, results in a
trichotomy between (E. dura + E. microlaena) and the Microlaena-Zotovia and

Ehrharta s. s. clades.

Within the core Ehrharta s. s. clade, the combined-most data provide good support
for the monophyly of (E. ramosa + E. rehmannii) and that of (E. capensis + E.
ottonis) (Fig. 2.5a). Because ITS1 data were |not obtained for E. rehmannii and E.
capensis, resolution of these relationships necessarily relies on the trnL-F and
morphological data (Table 2.8: nodes 8 and 10). Analysis of the combined-all data
includes E. longifolia and E. bulbosa in the lafter clade. Though receiving just
moderate support in the combined-most ana!;ysis, the basal position of the E. ramosa
and E. capensis clades within the Ehrhartfa s, s. core is independently resolved by
separate analyses of both the trnL-F and ITS{1 data sets, as long as the anomalous
position of E. rupestris implied by the latter is/ignored (Fig. 2.3b, ¢). Both nodes are
susceptible to data set removal (Table 2.8: nodes 9, 11). Except for four nodes
(nodes 16, 17, 18, 21) that have high branch support and are robust to data set
removal, all remaining branches within the Ehrharta s. s. core clade are weakly
supported (bootstrap percentages below 50, Bremer support below 2) and generally
strongly affected by data set removal (Fig. 2.5a). The monophyly of both (E.
barbinodis + E. thunbergii + E. villosa) and (E. delicatula + E. triandra) is supported
by all three data sets (Table 2.8: nodes 17 and 21, respectively). Because ITS1 data
were not obtained for E. villosa, support for the sister relationship of this species and
E. thunberygii relies on the trnL-F and morphology data. High branch support for the
monophyly of (E. calycina + E. brevifolia + E. pusilla) is due exclusively to the trnL-F
and morphology data sets, as this relationship is contradicted by the ITS1 data
(Table 2.8: node 16). That this node is robust to data set removal indicates the

strength of support received from each of these data sets.
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Discussion

Data utility and complementarity

In line with the results of Gielly et al. (1996), this study found noncoding ITS
sequences to be more variable and to provide greater phylogenetic resolution than
noncoding trn intron or spacer sequence variation. Where analysis of the ITS1 data
set yielded just four optimum length trees whose strict consensus resolved 17
internal ingroup nodes across a set of 22 ingroup species, the trnL-F data set yielded
12,537 trees having a strict consensus that resolved just 13 ingroup nodes across a
set of 28 ingroup species. While the ITS2 region was not investigated in this study, a
pilot study revealed that both the trnT-L intergenic spacer and the trnL intron are
substantially less variable than the trnL-F intergenic spacer and unsuitable for
inferring interspecific relationships in Ehrharteae. These patterns match the
expectation of Taberlet et al. (1991) that the trnL intron should evolve more slowly
than the trnL-F intergenic spacer due to the catalytic properties of the former.
However, they contradict the study of Gielly and Taberlet (1994) which found the two
regions to evolve at about the same rate across a range of pooid grasses. The
slower evolutionary rate of these sequences suggests that they may be more useful
for investigating relationships between the ehrharteoid and oryzoid grasses.
Attempts to reliably align entire ITS1 sequences of Ehrharteae against those of two
oryzoids, Leersia hexandra and Potamophila parviflora (Hsiao et al., unpublished
data: Genbank accession nos. AF019792 and AF019793), proved futile due to the
presence of two hypervariable regions. However, these regions were extremely
useful for resolving pattern within Ehrharteae. Given the importance of meaningful
alignment to phylogenetic inference (e.g. Morrison and Ellis 1997; Cerchio and
Tucker 1998), this suggests that ITS1, at least, is unsuitable for the study of oryzoid-

ehrharteoid relationships.

Compared with the molecular data, analysis of the morphological data provided even
poorer resolution in Ehrharteae, yielding 15,666 equally parsimonious trees with a
strict consensus that resolved just 11 internal ingroup nodes across a set of 35
ingroup species. Possible reasons for the lower resolution associated with the
morphological data include the small number of morphological characters relative to
the number of terminal taxa and higher levels of character homoplasy. The latter

may be due either to the greater number of taxa included in the morphological data
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set (Sanderson and Donoghue 1989) or a higher level of intrinsic homoplasy

(Givnish and Sytsma 1997a).
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resolution and nodal support. Similar complementarity among morphological and
molecular data has been observed elsewhere (e.g. Lafay et al. 1995; Pennington
1996; Eldenas and Linder, in press), although contrary patterns have been reported

(e.g. Barker et al., unpublished).

Monophyly and generic limits in Ehrharteae

Disagreement surrounds the generic taxonomy of Ehrharteae, with some treatments
recognising four genera (Watson and Dallwitz 1992; Edgar and Connor 1898) and
others preferring to lump these into a single expanded Ehrharta (Willemse 1982;
Clayton and Renvoize 1986). Under a monophyly criterion (Funk 1985; Donoghue
and Cantino 1988; Humphries and Chappill 1988; Schrire and Lewis 1996; Van
Welzen 1997; Backlund and Bremer 1998), two questions are central: (i) Are the four
component genera demonstrably monophyletic, and (ii) is Ehrharteae as a whole
monophyletic? An affirmative answer to (i) and a negative answer to (ii) probably
favours multiple genera, while the converse may identify a single genus as the best
option. If the answers to both (i) and (ii) are positive, both options are viable and
other, ancillary criteria come into play. The most important among these are the
maximisation of taxonomic stability, ease of taxon diagnosis and phylogenetic
informativeness (Linder 1991a, Schrire and Lewis 1996; Backlund and Bremer
1998). Finally, it is possible that internal structure in Ehrharteae favours a generic

alignment different from either of the options presented above.

Monophyly of Ehrharteae

Due to limited outgroup sampling (one oryzoid and one pooid), the present study is
not a rigorous test of the monophyly of Ehrharteae. However, relative to the
outgroups included, the topologies produced both by separate analyses of all three
data sets, as well as by the combined-most analysis, are consistent with ehrharteoid
monophyly. The loss of monophyly that results when taxa not coded for the
molecular data sets are added is probably artifactual, resulting from missing data,
and should not, therefore, be interpreted as questioning monophyly. A
comprehensive test of ehrharteoid monophyly is, therefore, still required. Given
evidence for a monophyletic (Oryzeae + Ehrharteae) (Clark et al. 1995; Soreng and
Davis 1998; GPWG, unpublished), such a test should involve a broad and
representative sampling of both the ehrharteoid and oryzoid grasses as well as,
possibly, the Phyllorachideae (GPWG, unpublished). in addition, further
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clade (combined-all data). Because there are too few morphological characters to
contest the trnlL-F data properly and because ITS1 sequence data were not obtained
for E. dura and may be problematic for E. rupestris, the position of E. dura and,

therefore, E. microlaena remains unsatisfactory.

The Tetrarrhena clade

Although M. stipoides is placed at the base of the Tefrarrhena clade by the
combined-most analysis, its position, plus that of M. polynoda, is unresolved by the
combined-all analysis. The inclusion of M. stipoides in a Tetrarrhena clade, while
resolved chiefly on the basis of trnL-F sequence variation, is consistent with the
distribution of four-staminate flowers, which, assuming six stamens to be ancestral
(Clifford 1961; Soreng and Davis 1998), then emerges as a synapomorphy for this
group. Under this interpretation, the occurrence of four stamens in E. dura and E.
microlaena reflects homoplasy. The possession of four stamens by M. polynoda,
probably suggests its inclusion in the Tetrarrhena clade (with which it also shares
one-nerved paleas) but this requires confirmation from molecular data. While two-
and even one-, three- or six-staminate flowers have been observed in M. stipoides,
these are much rarer (Willemse 1982; Edgar and Connor 1998). Nonetheless, the
widespread distribution and morphological variability (including polymorphism in
stamen number) of M. stipoides suggests that this species is potentially paraphyletic
(sensu Crisp and Chandler [1996]) and basal in Ehrharteae, an hypothesis that could

be tested by the inclusion of muitiple accessions.

The Zotovia-Microlaena clade

Largely because DNA-extractable material of some species of Microlaena and
Zotovia was unobtainable, the membership of a monophyletic Microlaena-Zotovia
clade remains somewhat tentative. Three species (Z. thomsonii, M. tasmanica and
E. avenacea) included in the group by analysis of the combined-all data were not
sequenced for either trnL-F or ITS1, and their inclusion is thus entirely morphology-
based and requires molecular corroboration. Morphological characters defining the
clade include the diffusely villous sterile lemma calii as well as the possession of two-
staminate flowers, this representing a reduction from the basic six-staminate
condition. The occurrence of tapering awns in basal members of both the

Tetrarrhena and Ehrharta s. s. clades suggests that this ‘microlaenoid’ attribute is
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plesiomorphic. Within the Microlaena-Zotovia

Microlaena and Zotovia is resolved.

Generic limits

clade the monophyly of both

In identifying, within Ehrharteae, three reasonably well-supported principal clades

that correspond broadly to Ehrharta s. s., Tefrarrhena and (Microlaena + Zotovia)

and are each defined by at least one or two morphological synapomorphies, this
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of development of a rachilla process

within the spikelet, seem most important. While not questioned by the results of the

present study, it is clear that untii the monophyly of Ehrharteae is more thoroughly

tested by a larger set of oryzoid grasses, the recognition of a single, expanded

Ehrharta s. |. is unsatisfactory and the recogrrition of multiple genera arguably

preferable.

Since Zotovia and Microlaena occupy different niches, the segregation of these

genera is favoured by ancillary eco-geographical criteria (cf. Linder and Verboom

1996). Whereas Zotovia is a genus of compact, cushion-forming plants restricted to

moist high-altitude bogs in New Zealand (Connor and Edgar 1986), Microlaena
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Phylogeny and infrageneric classification of Ehrharta s. s.

Three of the seven species groups (Table 2.3) described by Gibbs Russell and Ellis
(1987) are monophyletic, while relatively minor membership changes would make a
further three monophyletic (Fig. 2.5a, b). This indicates broad concordance between
the phylogeny presented here and a traditional perspective of relationships in
Ehrharta s. s. Two unexpected results are, however, the non-basal position of E.
dura and E. microlaena (see above) and the paraphyly of the Setacea group.
Although Gibbs Russell (1987a) and Ellis (1987a) both inferred a close relationship
between E. setacea and E. rupestris on the basis of a suite of morphological and
anatomical characteristics (Table 2.3), the combined analysis presented in this study
strongly supports the paraphyly of the Setacea group. However, inter-data set
conflict regarding the phylogenetic position of E. rupestris, possibly due to a non-
orthologous ITS1 sequence for this species, as well as the lack of ITS1 sequence
data for E. dura renders the inferred relationships among E. rupestris, E. sefacea, E.
dura and E. microlaena somewhat uncomfortable. Nonetheless, the consistent
placement of these species near the base of the Ehrharta s. s. clade by both
separate and combined data set analyses (except for E. rupestris in the ITS1
analysis) supports their generally basal position. This suggests that some of the
features defining the Setacea group may be plesiomorphic. Arm cells (see Ellis
1987a), for example, are interpreted to be plesiomorphic in Ehrharteae by at least
some optimisations done using the phylogeny of grass family as a whole
(GPWG,unpublished). A more detailed analysis of Ehrharteae including
representative accessions of all intraspecific taxa in the Setacea group plus all other

relevant species would go some way to further evaluate these statements.

Strong branch support for the monophyly of the remaining species of Ehrharta s. s.
(excluding E. avenacea) is corroborated by a suite of unequivocal morphological
synapomorphies: corrugated sterile lemmas, collection of the hairs on the sterile
lemma calli into discrete tufts, constriction of the upper sterile lemma base, massive,
lateral, knob-like swellings near the base of the fertile lemma, and a glabrous rachilla
process. While the placement of the E. ramosa and E. capensis clades near the
base of this core group receives just moderate to weak support from combined
analysis, separate analyses based on the trnL-F and ITS1 data sets (ignoring the
anomalous position of E. rupestris by the latter) provide additional support. The basal

position of the E. ramosa clade is further supported by six morphological
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synapomorphies (Fig. 2.5a: node 9), of whic?h three are unequivocal: the presence of
microhairs at the base of the upper sterile arfpd fertile lemmas, and the possession of
brush-like stigmas. Although several internaﬁ branches in the core Ehrharfa s. s.
clade are weakly supported, the clades they define are largely consistent with the
scheme of species groups described by Gibbs Russell and Ellis (1987). The
monophyly of the Ramosa and Villosa groups is, however, well supported. While
neither the Calycina nor Erecta groups are monophyletic, the transfer of just a single
species (E. delicatula) from the former to the latter is required to rectify this.

Similarly, the removal of E. eburnea and E. barbinodis (the latter to the Villosa group)
renders the Capensis group monophyletic with good support. After adjustment fo
monophyly, five of the species groups in Ehrharta s. s., (but not the Erecta and
Setacea groups), can be characterised by at least one unequivocal morphological
synapomorphy drawn from the morphological data set used in this study (Table 2.9).
In addition, both the Villosa and Capensis groups are further characterised by growth
form synapomorphies. The former possesses a restioid habit, in which the leaves are
short-lived and the culms long-lived, with well-developed subepidermal

chlorenchyma (Chapter 3). In contrast, members of the Capensis group are

TABLE 2.9. Unequivocal morphological synapomorphies defining species groups in Ehrharta
s. ., once membership has been modified to make them monophyletic.

Species group Species Unequivocal synapomorphies
included

Dura group E. dura Lower sterile lemma base diffusely villous; Upper sterile
E. microlaena lemma tapering into an awn

Ramosa group E. ramosa Basal ear-like appendages on second sterile lemma
E. rehmannii

Capensis group  E. bulbosa Second sterile lemma base stipitate
E. capensis
E. longifolia
E. ottonis

Calycina group E. brevifolia Second sterile lemma callus glabrous; basal ear-like
E. calycina appendages on second sterile lemma; fertile lemma

E. melicoides  microhairs tightly clustered
E. longigluma
E. pusilla
Villosa group E. barbinodis  Lodicules two-parted
E. thunbergii
E. villosa
Erecta group E. delicatula  none
E. erecta
E. fongiflora
E. triandra
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geophytic, their culm bases being markedly swollen (Chapter 3).The biological
integrity of all six monophyletic species groups is further supported by evidence for

inter-group growth rate differences (Chapter 4).

Despite limited character support for their monophyly, evidence of intrinsic biological
differences among the six monophyletic species groups in Ehrharta argues for their
formal recognition at the infrageneric level. However, three species, E. eburnea, E.
rupestris and E. setacea, cannot be accommodated in any one of these groups, the
last two making up the paraphyletic Setacea group of Gibbs Russell and Ellis (1987).
The decision to accord formal status to the six monophyletic groups therefore
necessitates the recognition of either one paraphyletic and one monotypic taxon, or
three monotypic taxa. Since neither paraphyletic taxa nor monotypic higher taxa are
desirable (Funk 1985; Donoghue and Cantino 1988; Schrire and Lewis 1996;
Backlund and Bremer 1998), the latter because they increase taxonomic redundancy
(Backlund and Bremer 1998), both of these treatments are unsatisfactory. Therefore,
because the relatively small size (23 species) of Ehrharta s. s. does not render the
genus unwieldy, the value of formal subdivision is questionable. | recommend,
instead, that the six monophyletic species groups (Table 2.9) be informally
recognised as such and that users wishing more detailed phylogenetic information

consult this work directly.

2-43






Chapter 3. Adaptive radiation in Ehrharta s. s.:
pattern and explanation

Introduction

Almost two thirds of species included in the grass tribe Ehrharteae are endemic to
the western Cape region of southern Africa. In order to explain the high number of
species in this area, Clayton and Renvoize (1986) invoked an explicit adaptive

radiation scenario, writing:

‘(Ehrharteae) has diverged from the typical oryzoid lifestyle by its
occupation of open hillside habitats. It may be a bambusoid relic which has
survived extinction by retreating to the southern hemisphere, and is now
undergoing a bout of speciation following adaptation to the winter rainfall

regime of the South African Cape.’

The central goal of this chapter and, indeed, this thesis in general is to investigate
this suggestion more thoroughly, paying particular attention to the pattern of
diversification of Ehrharta s. s. and its possible causes. The definition of adaptive
radiation is contentious (e.g. Erwin 1992; Givnish 1997) and | start, therefore, by
clarifying and justifying the use of this term, as well as others that describe related

concepts, in this particular study.

Definition of adaptive radiation

Criteria previously used to define adaptive radiations are: (i) increased rate and
degree of diversification (speciation) within a single lineage (Simpson 1953; Stanley
1979; Guyer and Slowinski 1993; Schluter 1996), (ii) coincident or subsequent
differentiation into diverse ecological roles or lifestyles (Osborne 1910; Simpson
1953; Futuyma 1986; Schiuter 1996; Givnish 1997) and (iii) a critical influence of
evolutionary novelties or key innovations in facilitating diversification (Guyer and
Slowinski 1993). Alternative definitions appear to differ mainly in which of these
criteria they choose to emphasise, with increased speciation rate and differentiation

into diverse ecological roles being most consistently cited. Several authors (e.g.
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Futuyma 1986; Grant 1986; Givnish 1997) have opted, either implicitly or explicitly,
to ignore increased speciation rate as an integral feature of adaptive radiation. Most

explicit among these is Givnish (1997) who criticised the use of the rate criterion on

2

the grounds that, in ignoring evidence for ac
with mere speciation.” In describing a partic
however, ‘radiation’ is clearly more restrictec

introduction of an ‘adaptive’ criterion restrict

aptation, it conflates “‘adaptive radiation’
Hlar pattern of speciation (accelerated),
] in meaning than ‘speciation’. The

5 the term further still.

Consistent with a standard definition of the verb ‘radiate,’ (Concise Oxford

Dictionary, seventh edition: Sykes 1986) this study distinguishes evolutionary
radiation as a pattern in which lineage diverg‘fence events occur rapidly in
succession, so that they appear to 'diverge or spread from a central point’ or
‘disseminate as from a centre.’ The deﬁnitiork of radiation in terms of rapid lineage
divergence is consistent with Simpson’s (19$3) criterion of ‘more or less
simultaneous divergence of numerous lineages from much the same ancestral
adaptive type,” and sudden divergence may even be evident in Osborne’s (1910)

words on the subject: ‘From primitive central types branches will spring off in all

directions.” Reduction in the interval between
expected to result in low phylogenetic signal,
polytomies (or alternatively a concatenation 0
However, this does not imply that all polytomi
since they may also arise due to conflicting cl
well as speciational stochasticity. Nonetheles

relied on polytomies or localised reductions in

successive divergence events is

so that radiations may be reflected as
f very short branches) on a cladogram.
es should be taken to reflect radiations,
haracter evidence (soft polytomies) as
3, a number of modern studies have

branch length to postulate past

radiation events (Hodges and Arnold 1995; B
and Sanderson 1998; Jackman et al. 1999).

aldwin 1997; Hodges 1997; Baldwin

The demonstration of adaptive radiation, in contrast to general radiation, requires

evidence that the radiating lineages be showd to occupy ‘different, also diverging
adaptive zones’ (Simpson 1953), ‘different eca?logical niches’ (Futuyma 1986),
‘different adaptive properties’ (Grant 1986) or fsignificant interspecific divergence in
the kinds of resources exploited and in the mol;rphological and physiological traits
used to exploit these resources’ (Schluter 199?). The mechanisms by which these
differences arise have been studied by Schiuter (1996) and are thought to include
‘resource environment’-induced phenotypic digferentiation, followed by competition-

induced character displacement and, ultimatel*;y, ecological speciation. In

|
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acknowledging the importance of adaptive divergence in adaptive radiation, | support
Givnish (1997) in his criticism of Guyer and Slowinski's (1993) definition based
almost exclusively on accelerated speciation. However, uniike Givnish (1993), |
interpret rapid divergence as a hallmark of radiation in general and, therefore, follow
the classical definition of Simpson (1953) and the more precise definition of Schluter
(1996). The latter defines an adaptive radiation as ‘a proliferation of species within a
single clade accompanied by significant interspecific divergence in the kinds of
resources exploited and in the morphological and physiological traits used to exploit
these resources.’ ‘A proliferation of species’ is here taken to mean a burst of rapid

diversification.

Adaptive radiation, key innovation and the invasion of new
‘adaptive zones’

Simpson (1953) considered the occupation of new ‘adaptive zones’ essential in
stimulating radiation. Thus, he considered the evolution of new ‘adaptive types,’ -
forms having characteristics that facilitate successful invasion of new adaptive zones
- an important step in many (but not all) evolutionary radiations. Following the lead of

Miller (1949), such characteristics have come to be called ‘key innovations’

Hunter (1998) reviewed the utility of the key innovation concept and listed a series of
alternative definitions of the phrase that differ in subtle, yet critical, ways. Principally,
where traditional definitions view key innovations simply as acquired traits that
facilitate the occupation of new adaptive zones (e.g. Simpson 1953; Baum and
Larson 1991), a number of recent authors have opted, instead, to define key
innovations explicitly in terms of a presumed role in accelerating speciation (e.g.
Liem 1973, 1990; Guyer and Slowinski 1993; Heard and Hauser 1995). Occupation
of a new adaptive zone does not, however, guarantee subsequent diversification
(Mayr 1960) since this depends on ‘the extent and diversity of the new territory
(available)’ (Simpson 1953), and it follows, therefore, that these alternative
definitions represent distinct conceptual entities. In addition, key innovations may not
always be necessary to trigger diversification (Mayr 1960) as changes in the physical
environment alone are sometimes probably sufficient to stimulate diversification
through the creation of new ecological openings (Vrba 1985). Indeed, several major
radiations may be attributable to sudden climatic and/ or geological change (e.g.

origin of the Hawaiian archipelago: Funk and Wagner 1995). Importantly, the
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Donoghue 1996). Since the magnitude of the difference depends on the period of
time over which increased diversification has taken place, smaller radiations which
have been produced by accelerated speciation over a short period are unlikely to be
detectable using a sister group comparison. Even in cases where a diversity
imbalance is determined to be significant, however, the results of sister group
comparison may be difficult to interpret. Firstly, the test does not permit distinction
between cases in which diversity difference reflects exceptionally high diversification
(or low extinction) in one of the lineages under comparison, compared with
exceptionally low diversification (or high extinction) in its sister group. Secondly,
simple sister group comparison may incorrectly associate diversity nested within one
of the sister clades under comparison with the sister clade as a whole (Sanderson
and Donoghue 1996).

In an attempt to address the low statistical power of the sister-group method,
Sanderson and Donoghue (1994) devised a likelihood-based method that, in
considering diversity in three related clades (two sister clades, plus their sister clade)
instead of just two, increases statistical power slightly. However, the statistical power
of this test remains low {Sanderson and Donoghue 1996) so that, while it has been
applied with success to at least one recent radiation (Hodges and Arnold 1995), it
may overlook smaller and/ or younger radiations and is likely to be most useful in the
study of major, ancient radiations (e.g. Sanderson and Donoghue 1994). Neither this
method nor the sister group method of Slowinski and Guyer are, therefore, applied in

this study.

Both fossil data and the molecular clock assumption (Kimura 1983) may be used to
estimate the relative timing of speciation events on phylogenetic trees (Sanderson
and Donoghue 1996) and branch length changes can then be used directly to infer
shifts in speciation rate. This is particularly true for recent groups, in which observed
patterns of diversification are most consistent with models that ignore extinction (Hey
1992). Problems with these techniques are, however, that fossil data are often
fragmentary, while assumption of rate homogeneity by a molecular clock is not
always tenable (Sanderson and Donoghue 19986, Omland 1997a). In plants,
however, the ITS region typically shows low rate heterogeneity, and is commonly
used to date divergence events (Baldwin and Sanderson 1998; Baum et al. 1998;
Xiang et al. 1998; Vargas et al. 1999).
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evolution of leaf deciduousness occurred before or at the same time as a transition
to summer-arid habitats and (ii) that the evolution of leaf deciduousness confers a
selective benefit with respect to the survival of seasonal aridity (see method
described by Baum and Larson [1991]). The first of these predictions is relatively
easily investigated through the reconstruction of ancestral leaf characteristics and
habitat preferences, while the second, being a functional argument, requires
experimental evaluation. Although moisture stress experiments potentially provide
the most direct means of assessing relative drought resilience, these are problematic
due to the difficulties involved in maintaining constant moisture stress levels (Kramer
1983; Raynal et al. 1985). In addition, such experiments may confound plant
responses to water stress with those resulting from concomitant nutrient stress
(Raynal et al. 1985). Therefore, the second prediction is here tested indirectly, using
two Ehrharta s. s. species having the unusual but independently-derived combination
of summer-deciduous leaves and perennial culms. Strongly developed subepidermal
chlorenchyma plus the presence of epidermal stomata in the culms of these species
results in an anatomy similar to that observed in Restionaceae (Cutler 1969; Linder
1984, Linder 1991b) and indicates culm photosynthetic capacity (Linder and Ellis
1990). Since both the leaves and culms of E. ramosa and E. thunbergii are
photosynthetic, both represent a potential transpirational water cost, especially
during summer. However, the demonstration of higher tranpiration rates in the leaves
of these species than in the perennating culms would support the suggestion that the
summer-deciduousness of the latter is linked to water conservation, and this is

tested here. Nevertheless, it is worth noting that in Cape plants, generally, the
relative significance of variation in leaf phenology as adaptation to moisture- or
nutrient-stress is often difficult to distinguish (Stock 1988; Stock et al. 1992).

Adaptive divergence

Growth form diversity in Ehrharta s. s. reflects variation in a number of biologically
important attributes (Gibbs Russell and Ellis 1987; Linder 1989; Linder and Ellis
1990) including plant lifespan, plant base morphology, position of innovation buds
(i.e. whether culms are branched), culm photosynthetic capacity, burial and swelling
of the cuim bases to form geophytic structures and leaf lifespan and morphology.
While hypotheses have been advanced to explain the evolution of these traits, both
in Ehrharta s. s. and other Cape grasses (e.g. Linder and Ellis 1990), these are

based largely on anecdotal evidence and remain for the most part untested. Here, |
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attempt to reconstruct the evolution of some|important growth form attributes in

Ehrharta s. s. and to relate these to historical shifts in the selective regime
experienced by the group. Such a procedure is an important first step in the
assessment of adaptive hypotheses (Coddington 1988, 1994; Baum and Larson
1991; Andersen 1995; Larson and Losos 1996). Using the reconstructions thus
produced | test the hypothesis that the generation of growth form diversity in
Ehrharta s. s. is historically coincident with, or follows, the occupation of summer-arid

Chapters 4 and 5 then investigate further th

habitats and thus reflects adaptive and/ or functional growth form diversification.
suggestion that this growth form

diversification reflects ‘divergence in the kinds of resources exploited and in the

morphological and physiological traits used to exploit these resources’ (Schluter
1996).

Materials and methods

Cladistic resolution, branch Iengthﬁs and breakpoint regression

Single exemplar trees, representing the sets‘of fundamental trees produced by
analyses of the individual data sets as well as the combined-most analysis (Chapter

2), were drawn as phylograms using PAUP 3.1.1 (Swofford 1993).

The topology of the combined-most phylogram was used to calculate the nodal

distance (ND) separating each internal node |in the Ehrharta s. s. clade from the

A
—0X B
a Y {—— C
Z
bl L——p

terminal entities, A-D. Internal nodes are labelled X, Y and Z. The letters a

FIGURE 3.1. Hypothetical cladogram desFibing relationships among four
and b represent hypothetical branch lengths.
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basal node of the entire Ehrharta s. s. clade. The ND between a pair of nodes is here
defined as the number of internodes separating them. Thus, in a hypothetical clade
containing species A, B, C and D (Fig. 3.1) the ND's separating internal nodes X
(basal node), Y and Z from the basal node X are, respectively, 0, 1 and 2. Similarly,
the total branch length (TBL) separating each internal node in Ehrharta s. s. from the
basal node of the entire clade was calculated, using branch length data from the
combined-most phylogram. The TBL between a pair of nodes is here defined as the
summed lengths of the branches connecting them. Hence, in Fig. 3.1 the TBL'’s
separating internal nodes X, Y and Z from the basal node X are, respectively, 0, a
and a+b. ND's and TBL’s separating all internal nodes in the Ehrharta s. s. clade
from the basal node were then plotted onto a set of axes (X axis=TBL, Y axis=ND).
Points (representing nodes) were connected in such a way as to reflect the topology
of the cladogram. Because TBL reflects the amount of character change and ND
indicates the amount of cladogenesis, a steep slope on such a plot indicates high
branching rate relative to character change, while a shallow slope reflects the
converse. Slope changes were pinpointed using breakpoint regression, as
implemented in Statistica version 5 (Statsoft 1995). This regression model invokes
multiple linear functions to explain apparent non-linearity of the data, and estimates
the disjunction(s) (breakpoints) between these functions. Only internal nodes of the
combined-most phylogram were included in the breakpoint regression analysis for
two reasons. First, since autapomorphic variation was not coded in the
morphological data matrix, the branches subtending the terminal nodes are
morphologically under-sampled relative to the internal branches and, hence, non-
comparable. Second, because only some of the terminal nodes (taxa) included were
sampled for ITS1, several of the terminal branches will, in addition, be under-
sampled for ITS1 variation. Although exclusion of terminal nodes could potentially
result in slope over-estimation by breakpoint regression analysis, this is unavoidable
given the non-comparability of the terminal branch lengths with the lengths of internal

branches.

Maximum likelihood analysis

In order to estimate the relative timing of major branching events within Ehrharta s.
s., ITS1 sequences of seven species were analysed in PAUP version 4.0b2 (beta
test version: Swofford 1999) using maximum likelihood with a molecular clock.

Species included were E. sefacea, E. eburnea and a single representative (the
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basal-most one for which ITS1 data were av
group in Ehrharta s. s., except that containin
microlaena. While E. dura and E. microlaena
sequences for these species are unavailable
phylogenetic position posited by ITS1is ind

2

ailable} of each monophyletic species

g E. rupestris, E. dura and E.

could not be included because ITS1

E. rupestris was excluded because its

sagreement with the topology favoured

by combined analysis of all three data sets. Since the seven species sampled

contained representatives of all but one of th

e major clades in Ehrhartas. s., itis

sufficient to estimate the relative timing of major branching events in the group.

Model parameters are known to have a critical influence on likelihood estimates

(Yang et al. 1995) and the data-fit of three m

evaluated using likelihood ratio tests (Felsen

odels was, therefore, comparatively
stein 1981; Yang et al. 1995; Swofford

et al. 1996). The simplest of these, the F81 model (Felsenstein 1981), treats all

substitutions as equally likely , while the HKY
allows for unequal transition and transversior
using maximum likelihood. Rate homogeneity
these models but was considered highly unre
third model based on the HKY85 model but u
to the gamma distribution (shape parameter ¢
model rate variation among sites (Yang 1993
Analyses using all three models were perforn
of a molecular clock, and likelihood ratios use

clock assumption. Topological identity among

a chi-square distribution to evaluate likelihood

For all analyses, proportions of the four bases

in the data set.

Characterisation of vegetative growl

Species were coded for six attributes which de

85 (Hasegawa et al. 1985) model

1 rates, which were here estimated

among sites is assumed by both of
alistic for the ITS1 data. Therefore, a

sing a discrete, four-rate approximation

y estimated by maximum likelihood) to

1996) was employed (HKY+T').

1ed both with and without the constraint
d to evaluate the appropriateness of a
all likelihood trees suggests that use of
ratios is appropriate (Goldman 1993).

s were set as the observed frequencies

h form variation

ascribe observed variation in functional

vegetative morphology (Table 3.1) using data

obtained from three sources: (i) field

observation, (ii) examination of herbarium and field-collected material, and (iii)

|
available literature. The complete attribute mahrix thus produced is included in

Appendix 4.
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TABLE 3.1. Delimitation of states used to reconstruct the evolution of vegetative growth form
attributes in Ehrharta s. s.

Attribute Coding

1. Plant lifespan 0=annual, 1=perennial

2. Culm branching 0=branching, 1=not branching

3. Culm chlorenchyma 0=weakly developed, 1=strongly developed

4. Culm base swelling 0=bulbous, 1=not bulbous

5. Culm base burial O=iess than 5cm below ground, 1=more than 5¢cm below ground
depth

6. Foliage phenology 0=summer-green, 1=summer-deciduous

Plant lifespan

This trait is typically described in taxonomic accounts. Though essentially
developmental, plant lifespan can be reliably inferred from morphology. Typically
annual plants have weak, herbaceous bases, while perennials have woody,
rhizomatous bases. Although a few specimens of E. calycina are annual-like, the
vast majority are clearly perennial and the species is accordingly coded as such. E.
erecta is also coded as perennial, this being the most common state for the species.

However, E. erecta is facultatively annual (Gibbs Russell and Ellis 1987: Table 2).

Culm branching

Whether a species’ cuims are branched or unbranched above ground level is easily
observed using herbanum material and is also often described in taxononomic
accounts. In Ehrharteae, branching culms are typically long-lived and indicate a
suffrutescent habit. In Ehrharta s. s. culm orientation varies from erect to decumbent.
Three species of Ehrharta s. s. (E. erecta and E. rehmannii) as well as two
Tetrarrhena species have both branched and unbranched culms and are thus coded

as polymorphic.

Culm chlorenchyma

The distinction between culms with a weakly and strongly developed photosynthetic
capacity is qualitative. Principally, ‘strongly developed culm chlorenchyma’ is a
condition in which the culms are green, typically have long, exposed internodes
(sheaths relatively short) and contain a well-developed, palisade-like subepidermal

chlorenchyma (Fig. 3.2a). Although culms of most ehrharteoids contain some
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FIGURE 3.2. (a) Transverse section through the perennating, photosynthetic culm of E.
ramosa [Verboom 81] showing the well-developed, palisade-like subepidermal chlorenchyma
(pc). (b)-(e) Transverse sections through the basal portion of the culms of (b) E. ottonis
[Verboom 150], (c) E. barbinodis [Verboom 158], (d) E. calycina [Verboom 156}, (e) E.
delicatula [Verboom 104]. (f) Transverse section through the culm (cu) and leaf bases (If) of E.
melicoides [Verboom 153]. Sections (b)-(f) are stained with an 1,-KI solution (Johansen 1940)

to indicate starch (black). All scale bars are 100um.
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subepidermal chlorenchyma, in most it cannot be considered palisade-like and is

then termed ‘weakly developed’.

Culm base burial

In some species of Ehrharia s. s., the basal portion of the culms are buried below the
soil surface and contain large quantities of starch (Fig. 3.2b-e ; Watson and Dallwitz

1992). Accordingly, culm base burial may be associated with a geophytic strategy.

A metal ruler with 0.5mm gradations was used to measure culm burial depth on
several herbarium specimens of each species, this being the distance between the
culm base (i.e. where it meets the rhizome) and the inferred soil surface level. Soil
residues as well as culm chlorophyll distribution were used to estimate the latter. The
number of specimens per species varied, mostly between 10 and 30, depending on
the degree of intraspecific variation. Where limited material was available sample
sizes were smaller. The same delimitation procedure used to define character states

in Chapter 2 was used to divide this variable into two discrete states (Table 3.1).

Culm base swelling

Swelling of the culm base into a distinctive, hard, globose, bulb-like structure in
Ehrharta s. s. is readily observed in herbarium material. Transverse sections through
these structures indicate that they are major repositories of starch (e.g. Fig. 3.2b),

thus reflecting a well-developed geophytic growth form.

Foliage phenology

Although leaf anatomy may provide clues to leaf lifespan, field observations (Ellis
and Linder 1992) made at different times of the year are ultimately required to
confirm patterns of foliage phenology. Nonetheless, in grasses mesic leaves are soft
and typically persist for just a single growing season, while sclerophylious leaves are
hard and may persist for more than one growing season (Ellis and Linder 1992).
Thus where the latter are typically associated with evergreen species, the former
usually characterize species whose leaves are seasonally deciduous and shrivel
during the dry, non-growing season. Because data describing foliage phenology are
rarely included in taxonomic accounts, this attribute was not coded for the non-

southern African species. For Ehrharta s. s., field observations, anatomical data
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TABLE 3.2. Delimitation of states used to reconstruct the evolution of habitat preferences in
Ehrharta s. s. Variables 1-4 are treated additively (ordered), while variables 5 and 6 are non-
additive (unordered).

Variable Coding

1. Mean annual rainfall 0=0-200mm, 1=200-400mm, 2=400-600mm, 3=600-
800mm, 4=800-1000mm, 5=1000-1200mm, 6=more than
1200mm

2. Median January rainfall 0=0-5mm, 1=5-10mm, 2=10-20mm, 3=20-40mm, 4=40-

60mm, 5=more than 60mm

3. January potential evaporation  0=less than 180mm, 1=180-200mm, 2=200-220mm,
3=220-240mm, 4=240-260mm, 5=260-280mm, 6=280-
300mm, 7=300-320mm, 8=320-340mm, 9=more than

340mm

4. Duration of moisture growing ~ 0=0-25d.yr", 1=25-50d.yr", 2=50-100d.yr"*, 3=100-

season 125d.yr", 4=125-150d.yr", 5=150-175d.yr ", 6=175-
200d.yr', 7=200-225d.yr", 8=more than 225d.yr"’

5. Substrate parent material O=sandstone, 1=granite, 2=shale or dolerite, 3=basic,
quarternary sands

6. Vegetation type 0=forest, 1=fynbos shrubland {sclerophyii heathiand),

=karroid and renoster shrubland, 3=succulent shrubland,
4=grassland, 5=dune thicket

potentially problematic and may be especially severe in topographically complex

areas such as the western Cape region.

The present study takes account of four climatic variables: (i) mean annual rainfall,
(i) median January rainfall, (iii) January potential evaporation and (iv) duration of the
moisture growing season. Mean annual rainfall preferences were estimated for both
South African and non-South African ehrharteoids but preferences with respect to
variables (ii)-(iv) were estimated for the Cape species only. This is because these
latter variables were selected explicitly as measures of the intensity ([ii], [iii]) and
duration ([iv]) of seasonal (summer) drought in the winter-rainfall western Cape
region, so that their coding is meaningful only for species that occur in this area. For
the same reason, two species native to the Cape but widespread in southern Africa
(E. calycina and E. erecta), were coded (with respect to variables [ii]-[iv]) exclusively

in terms of their preferences in the western Cape region.

Source climatic data for South African species were obtained from Schulze (1997),
while mean annual rainfall data for non-South African species were estimated from
the Times Atlas (1993). January evaporation data for the western Cape are provided
as A pan equivalents (Schulze 1997). The moisture growing season is defined as the

period when there is sufficient soil water to sustain crop growth (Schulze 1997). In
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South Africa this is estimated to hold when precipitation exceeds 0.3 times the
potential evaporation (adapted from the FAQ [1978] approach: see Schulze 1997).
The duration of the moisture growing season exhibits considerable variation in the
western Cape and several species of Ehrharta s. s. occur in areas calculated to have
no moisture growing season at all. This indicates that these species are able to
survive in areas too arid for cultivation. Although the four climatic variables used in
this study are fundamentally continuous, they are coded categorically here (Table
3.2) because this is the way the data are presented in Schulze (1997). The

delimitation of states thus exactly reflects the original format of the data.

In order to examine the influence of moisture growing season duration on the timing
of flowering in different species, the months of last flowering in each species (data
obtained from Gibbs Russell [1990]) were plotted against the months representing
the end of the moisture growing season experienced by each species. In order to
avoid the problems introduced by differences in rainfall seasonality within southern

Africa, only species restricted to the western Cape were included in this comparison.

Substrate and vegetation type preferences

Because substrates (soil types) show fine-scale spatial variation, a coarse, map-
based approach similar to that used to estimate climatic preferences is unsuitable for
inferring species’ substrate preferences. Species’ substrate preferences were,
therefore, scored on the basis of direct field observation as well as herbarium
specimen label data and descriptive accounts. These also formed the principal
sources of information for inferring the preferred vegetational association of each
species. In this regard, accounts by Willemse (1982), Connor and Edgar (1986),
Gibbs Russell {(1987a, b, 1990), Gibbs Russeli and Ellis (1988), Walsh (1989),
Wardle (1991) and Edgar and Connor (1998) were particularly helpful. The
categorisation of western Cape vegetation types used here broadly follows the
| classification of Campbell (1985), except that succulent shrubland is distinguished
from karroid and renoster shrubland and dune thicket (strandveld) from forest and
other classes of thicket. Further, forest is here extended to include, in addition to
Afromontane forest, a range of other types (e.g. western thicket [Cowling and
Holmes 1992a], open Eucalyptus forest [Specht 1970] and Nothofagus forest) in

which Ehrharteae are known to occur.
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Reconstruction of ancestral growth form attributes and habitat
preferences

The use of unweighted parsimony to reconstruct ancestral states of any character
assumes: (i) an equal probability of change on all branches, (i} a relatively slow rate
of evolution, and (iii) that gains and losses are equally probable (Omland 1999).
While several authors have recently started to question the general validity of these
assumptions (e.g. Kohn et al. 1996; Omland 1997b, 1999; Schluter 1997;
Cunningham et al. 1998), the development of alternative, more explicitly justifiable
techniques is in its infancy. Like the majority of studies, this study, therefore,
employs parsimony to reconstruct the ancestral states of both growth form attributes

and habitat preferences in Ehrharteae.

Parsimony-based character optimisation procedures cope poorly with polytomies
(Maddison 1989). Therefore, | principally make use of one of the 84 optimum length
trees produced by analysis of the combined-all data (Table 2.6, Fig. 2.5b) to infer
historical shifts in species’ growth form attributes and habitat preferences. The
chosen tree was selected to be topologically compatible with the strict consensus of
the combined-most analysis (Fig. 2.5a). Although the latter is taxonomically less
complete, it is highly resolved and, judged on the greater completeness of data,
more reliable. The set of trees remaining after application of this filter contained
conflict in only four areas: (i) the position of M. polynoda, (ii) resolution of (M.
avenacea + M. diplax + M. tasmanica), (iii) resolution of (E. capensis + E. bulbosa +
E. oftonis + E. longifolia) and (iv) resolution of (E. calycina + E. brevifolia + E.
pusilla). Because topological uncertainties can have a profound influence on
character optimisation and attendant evolutionary interpretation (Losos 1994,
Donoghue and Ackerly 1996) the effects of all alternative resolutions of these four

areas of uncertainty were explored.

Climatic preference variables are fundamentally continuous and so were treated
additively (states ordered), being traced onto the selected tree using Wagner
optimisation (Farris 1970) as implemented in MacClade version 3 (Maddison and
Maddison 1992). In contrast, substrate and vegetation type preferences were treated
non-additively (states unordered) and optimised using Fitch optimisation (Fitch
1971), also using MacClade. Where appropriate the association or dependence of
evolutionary change in one variable with/ on that in another was tested using the

method of Sillén-Tullberg (1993) which is an alternative to the concentrated changes
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test of Maddison (1990). For this purpose, two-tailed Fisher exact tests as
implemented in Statistica version 5 (Statsoft 1995) were employed to check for the

significance of evolutionary associations.

Culm and leaf transpiration and photosynthesis rates

Stomatal water conductance (g,[H,0]) and photosynthetic carbon assimilation rates
of leaves and culms of E. ramosa and E. thunbergii were measured in the field using
a CIRAS-1 differential CO./H,0 infra-red gas analyser (PP systems, Hitchin, U. K.).
Three plants from single populations of each species were sampled in mid-
September 1998 during peak growth. Both sample populations are located on the
Daskiip Pass near Porterville in the western Cape (32°54’S 19°02’E). Cuvette
settings were as follows: CO, concentration 360ppm; air humidity 50%; leaf
temperature 25°C; photosynthetic photon flux density 1000umol.m2.s™. Earlier
laboratory trials on plants of the same species had been performed to confirm that
light saturation occurs below a level of 1000umol.m?s™. Leaf and culm portions
included in the cuvette were removed, their surface area calculated and their dry
mass determined, these figures being used to calculate dry mass- and area-specific

rates,

Results

Phylogram resolution and branch length variation

Strict consensus trees derived from separate analyses of the morphological and
molecular data sets consistently show a lack of resolution at or near the base of a
clade containing the majority of species of Ehrharta s. s. (Fig. 2.3). Species excluded
from this clade by all three data sets are E. sefacea, E. dura and E. microlaena,
while the trnL-F and morphological data sets also exclude E. rupestris. In addition,
both molecular data sets resolve E. ramosa and E. oftonis (and their closest
relatives) as basal to the remainder of this clade (Fig. 2.3b, c). Phylograms of trees
produced by these analyses also typically exhibit branch length reduction within this
clade relative the length of the branch subtending it (Fig.3.3a-c). This pattern is
particularly marked for the ITS1 trees (Fig. 3.3a). Although having a near-fully
resolved strict consensus, phylograms show that the fundamental trees produced by

the combined-most analysis are similar to those produced by individual data set
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analyses in reflecting marked branch length reduction near the base of the E.
ottonis-E.erecta clade (Fig. 3.3d). A similar pattern, though much smaller in scale, is

also observed at the base of the T. acuminata-T. juncea clade.

Substantially improved correlation following natural log transformation of the data
(r=0.98 transformed, compared with r=0.92 untransformed) confirms that the
relationship between the TBL and ND (Fig. 3.4a) separating all internal nodes in the
Ehrharta s. s. clade (combined-most consensus tree) from its basal node is non-
linear. Instead, three separate and more or less linear phases can be subjectively
identified: (i) near the base of the tree a low rate of cladogenesis relative to character
change is indicated by a shallow slope; (ii) inception of a steeper slope near ‘A’
indicates increased cladogenesis relative to character change; and (i) a reduction in
slope near ‘B’ suggests a return to initial conditions. Fig. 3.4b presents the resulis of
a breakpoint regression analysis used to identify the disjunction (breakpoint)
between the functions representing phases (i) and (ii) (i.e. ‘A’), here assumed to be
linear. Because points beyond ‘B’ (ND=7 and 8) appear to describe a third function,
these were omitted from this analysis. The analysis identifies a breakpoint at
ND=3.417, the slope of the line above this point (m=0.195) being 2.7 times that
below (m=0.074). When points having ND<4 and those having ND>5 are subjected
to separate correlation and linear regression analyses the linear functions associated

with these sets of points are identical to those described by breakpoint regression.

These results, therefore, suggest a 2.7-fold increase in the rate of cladogenesis
relative to character change in Ehrharta s. s., the observed breakpoint value locating

this shift on the branch subtending the E. erecta-E.eburnea clade.

Although it is possible that slope estimation by breakpoint regression could be biased
through the exclusion of terminal nodes, inspection of the data used suggests that
the effect of including terminal nodes on the estimation of the position and magnitude
of slope change at ‘A’ would be minimal. In contrast, inferences concerning slope
change at ‘B’ would be substantially affected. Since this study is concerned with the

nature of change at ‘A’, however, these latter effects are of limited relevance.
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Maximum likelihood analysis

All maximum likelihood analyses produced single optimal trees that were
topologically identical and compatible with the topology of the cladogram produced
by the combined-most analysis. The log-likelihoods associated with each analysis
are listed in Table 3.3. Likelihood ratio tests indicate that the HKY85 model provides
a significantly better explanation of ITS1 sequence variation in Ehrharta s. s. than the
F81 model, with or without assumption of a molecular clock (Table 3.3). However,
modification of the HKY85 model to accommodate rate variation among sites (HKY-
I') does not yield significant improvement and the HKY85 model is, therefore,
considered sufficient and optimal. Since all likelihood comparisons testing the
assumption of a molecular clock under different models of evolution indicate no
significant differences (Table 3.3), a molecular clock cannot be rejected. Fig. 3.5a
shows the maximum likelihood tree produced under the HKY85 model, with the

assumption that a molecular clock is operative.

Breakpoint regression analysis of the relationship between the amount of sequence
change and the ND separating all internal nodes in this tree from its basal node,
identifies a 3.6-fold slope increase at ND=3.333 (Fig. 3.5b). Under a clock
assumption sequence change is proportional to time and so this shift can be
interpreted as an increase in time-relative branching rate on the branch subtending
the E. erecta-E. eburnea clade. Although this shift is positionally identical to the

observed slope change in the relationship between TBL and ND calculated for the

TABLE 3.3. Comparison of log-likelihood scores of maximum likelihood trees obtained under
different models of molecular evolution, with {c) and without (nc) assumption of a molecular
clock. Probabilities associated with likelihood ratios are based on a chi-square distribution,
asterisks indicating significance at the ¢=0.05 level.

Model 1 Model 2 -inL, -nl, 2in{l, /L) d.f.  Prob.
F81{nc) HKY85(nc) 672.33147 669.29184 6.07926 1 P<0.025~
HKY85(nc) HKY85-I'(nc) ©669.29184 667.77754 3.02860 1 P>0.05
F81(c) HKY85(c) 676.65046  673.61315  6.07462 1 P<0.025*
HKY85(c) HKY85-T'(c) 673.61315 671.97503 3.27624 1 P>0.05
F81(c) F81(nc) 676.65046  672.33147  8.63798 5 P>0.1

HKY85(c) HKY85(nc)  673.61315  669.29184 864262 5 P>0.1
HKY85-I(c) HKY85-[(nc) 671.97503 667.77754 839498 5 P>0.1
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both alternative resolutions of the E. calycina-E. brevifolia clade the evolution of an annual
habit is equivocal reflecting either two independent jgains (DELTRAN) within this group, or one
gain and one loss (ACCTRAN]).




combined-most data, the magnitude of this increase is slightly greater. Nonetheless,
the amounts of ITS1 sequence change between the basal node of the Ehrharta s. s.
phylogeny and the internal nodes of the tree shown in Fig. 3.5a (i.e. along the spine
of the Ehrharta s. s. tree) correlate strongly with the corresponding amounts of
change in all characters (TBL, combined-most data) (r=0.998, n=6, P<0.0001).

Reconstructed evolution of growth form attributes

Fitch optimisation of growth form attributes (Appendix 4) onto the phylogeny of the
tribe is indicated in Fig. 3.6. The reconstructions suggested by these optimisations
are robust to alternative resolution of both the M. tasmanica and E. bulbosa clades
as well as change in the position of M. polynoda at the base of the tree. The
optimisation of plant lifespan is, however, altered slightly by alternative resolution of

the E. calycina clade.

The plesiomorphic nature of a perennial habit in both Ehrharteae and Ehrharta s. s.
is robustly supported by the reconstruction in Fig. 3.6a which indicates two origins of
annualness in Ehrharta s. s. However, while the reconstruction shown indicates a
single acquisition of annualness within the E. calycina clade, both alternative
resolutions of this clade render optimisation of plant lifespan equivocal, allowing
either for separate gains of annualness for E. brevifolia and E. pusilla under
DELTRAN optimisation, or a secondary loss of annualness under ACCTRAN for E.

calycina.

Like perennial habit, the possession of branching culms is optimised as ancestral in
Ehrharteae and Ehrharta s. s. (Fig. 3.6a) and is lost on four occasions: in M.
stipoides, and at the base of the M. tasmanica-M. avenacea, E. dura-E. microlaena
and E. bulbosa-E. erecta clades, with a single reversal at the base of the E.
barbinodis clade. The basal optimisation of this attribute is not, however, robust,
since the observed reconstruction could easily change with inclusion of an outgroup
having unbranched culms. In addition, the evaluation of culm branching in four
polymorphic species (T. laevis, T. acuminata, E. rehmannii and E. erecta) is
equivocal. If one or all of the first three is/ are coded as having unbranched cuims

the basal optimisation of this character becomes equivocal.

Summer-deciduousness of foliage is interpreted as derived in Ehrharta s. s., evolving

once at the base of the E. ramosa-E. bulbosa clade, with a single reversal in the E.
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FIGURE 3.7 (following pages). Optimisation of habitat variables (Table 3.2, Appendix 5) on a
phylogenetic hypothesis for Ehrharteae (a, f) or Ehrharta s. s. (b-e). For climatic variables (a-
d) the discrete state combinations optimised onto the internal nodes are converted back to the
continuous value ranges that they represent, and branch shading is used to indicate a
transition from less to more seasonally-arid habita?s. In each case, the nodal value ranges
represent the total ranges suggested by all possible resolutions (ACCTRAN or DELTRAN).
Variables traced are as follows: (a) Mean annual rainfall. Circled numbers are node numbers
referred to i ln the text and in Fig. 3.8. Optimised f;ﬂ%al ranges are not circled and are in units of
100mm.yr™". (b) January median rainfall (optimised nodal ranges in mm). (¢) January potential
evaporation (optimised nodal ranges in mm). (d) Duration of the moisture growing season
(optimised nodal ranges in days). (e) Substrate p%ent material. (f) Vegetation association.
Note that both alternative resolutions of the E. calycina-E. brevifolia clade shift the evolution of
a strict association with low annual rainfall (0-400mm) as well as a preference for granitic
substrates to the basal branch of this clade, while fopological rearrangement in the E.
bulbosa-E. capensis clade shifts the evolution of astrict association with low January median
rainfall (10-20mm) to the branch subtendsng the E. i bulbosa-E. erecta clade.
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