
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Adaptive radiation of Australian and New Zealand Microseris (Asteraceae)

Vijverberg, C.A.

Publication date
2001

Link to publication

Citation for published version (APA):
Vijverberg, C. A. (2001). Adaptive radiation of Australian and New Zealand Microseris
(Asteraceae). [Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/adaptive-radiation-of-australian-and-new-zealand-microseris-asteraceae(7f8e8f16-dc3c-4973-882f-461fefe42b2c).html


ChapterChapter 5 

Morphological,, evolutionary, taxonomie, and conservational aspects 
off  Australian and New Zealand Microseris (Asteraceae) 

Kitt yy Vijverberg, Louis Lie, and Konrad Bachmann 

AustralianAustralian Journal of Botany, submitted 

Abstract Abstract 

Incipientt adaptive radiation is studied in the Australian and New Zealand populations of 
Microseris.Microseris. The plant group has evolved from one or a few diaspores after a unique event of long-
distancee dispersal from western North America. At present they include two species, M. 
lanceolatalanceolata (Walp.) Sch.-Bip. and M. scapigera (Forst.) Sch.-Bip., that each includes two 
morphologicall  and ecological diverged ecotypes. Despite this classification, the morphological 
variationn within and among ecotypes is not uniform, and molecular investigations show evidence 
forr the (recent) occurrence of hybridizations between plants of different ecotypes. The present 
studyy investigates the overall morphological similarities among one to four plants of each of 54 
Australiann and New Zealand Microseris populations, in order to get more insights into the 
delimitationn of species and ecotypes, the placement of populations that were not readily assigned 
too one or another ecotype, and the morphological versus the molecular variation. The results 
confirmm the previously defined ecotypes, and assign all but one of the questionable populations to 
ecotypes.. They show that a complex of characters rather than a few morphological traits are 
involvedd in the adaptive radiation of the taxon. The data confirm our earlier conclusion on the 
basiss of molecular results that ecotype characteristics are maintained or re-established after 
hybridizationn between ecotypes by an efficient selection. Despite (incidental) genetic exchange 
amongg populations of different ecotypes, the process of adaptive radiation is progressing. 

KeyKey words adaptive radiation; Asteraceae; character evolution; conservation; ecotypes; 

Microseris;Microseris; morphology; taxonomy 
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Introductio n n 

Thee comparison of morphological and molecular data sets in plant systematics provides 
interestingg new insights into evolutionary processes and taxonomy (e.g., Sytsma 1990; Jansen 
ett al. 1992; Kadereit 1994; Baldwin et al. 1998). In studies of plant groups that evolved after 
long-distancee dispersal to oceanic islands, such a comparison often showed pronounced 
morphologicall  diversification accompanied by limited molecular variation (Baldwin et al. 
1998).. This pattern is now considered to be characteristic for adaptive radiations, in which in 
spitee of considerable morphological diversification too few molecular mutations have been 
fixedfixed to allow robust phylogenetic reconstruction. The different data sets are useful for 
independentt assessments of patterns of character evolution aimed at detecting homoplasious 
characterss and convergent or parallel evolution (e.g., Jansen et al. 1991a; Wendel and Doyle 
1998).. For instance, the origins of morphological similarities in lineages of the Hawaiian 
silverswordd alliance appeared to be primarily the result of independent intra-island radiations 
markedd by parallel ecological transformations (Baldwin 1997), whereas those in the 
Macaronesiann flora were better explained by the retention of homologous characters and 
dispersall  into similar ecological zones (Francisco-Ortega et al. 1996). The comparison of 
morphologicall  and molecular data sets has also been valuable in the detecting of patterns of 
hybridizationn and introgression, especially via incongruencies between morphological and 
chloroplastt (cp)DNA phylogenetic trees (Rieseberg et al. 1996). Despite these observations, 
stilll  few plant groups exist that are well investigated for both morphological and molecular 
variation,, especially at or below the species level. Additional investigations and comparisons 
off  data sets are necessary to further understand evolutionary processes and the relative value 
off  the different types of data. 

Wee use the Australian and New Zealand Microseris (Asteraceae, Lactuceae), M. 
lanceolatalanceolata (Walp.) Sch.-Bip. and M. scapigera (Forst.) Sch.-Bip., to investigate the process of 
adaptivee radiation. This taxon evolved from one or a few diaspores after a unique event of 
long-distancee dispersal from western North America (Chambers 1955; Vijverberg et al. 1999). 
Thee karyotype and morphology of the plants (Chambers 1955), supported by nuclear 
(n)DNAA data (Van Houten et al. 1993), indicate that they are allotetraploid (2« = Ax = 36) 
perenniall  derivatives of a hybrid between an ancestral annual and a perennial species of the 
genus.. A phylogenetic tree based on cpDNA variation suggests that this hybrid arose before 
orr at the onset of the evolution of the present North American annual Microseris (Wallace and 
Jansenn 1990; Vijverberg et al. 1999). As compared to the well-studied oceanic island flora 
mentionedd above (e.g., Baldwin et al. 1998; Stuessy and Ono 1998), the Australian and New 
Zealandd Microseris represent a continental more than an island radiation, and are in a 
relativelyy early stage of adaptive radiation. The populations of the two species are just at the 
stagee in which geographic and ecological differentiation are becoming sufficiently pronounced 
too overcome gene flow (Sneddon 1977; Vijverberg et al. 2000). This early stage of adaptive 
radiationn has the consequence that the morphological and molecular variation is not yet well-
structuredd and relatively difficult to trace. 
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Afterr their establishment in the Southern hemisphere, the Australian and New Zealand 
MicroserisMicroseris have diverged into four morphologically distinct ecotypes (Sneddon 1977; Gott 
1983;; Vijverberg et al. 1999) and are currently distributed over south(eastern) Australia, 
Tasmania,, and New Zealand. Australia harbors an "alpine" (A; Fig. 1; Tables 1, 2), "murnong" 
(M),, and "fine-pappus" (F) ecotype, and New Zealand a "coastal" (C) ecotype. The "A" and 
"M""  ecotypes are primarily discriminated on the basis of their adventitious roots, that grow 
outt horizontally and can give rise to new shoots in the former and are tuberous in the latter. 
"A""  populations grow in grassy woodlands at altitudes >1000 m, while "M" populations are 
nowadayss found in remnant native grasslands of the lowlands (see also Prober et al. 1998). 
Thee "F" ecotype is characterized by a pappus with >50 hairy instead of 10-20 paleaceous 
parts,, and occurs in only five, mostly small (<200 individuals) populations in boggy lowlands 
off  Victoria. The plants of the "F" ecotype are self-compatible (selfing), while those of the 
otherr two Australian ecotypes are self-incompatible (outcrossing). The "C" ecotype is 
characterizedd by waxy leaves, and grows in a few isolated populations along seashores. This 
ecotypee includes both self-compatible and self-incompatible populations (Table 1). Most 
populationss are relatively easily assigned to one of these four ecotypes, but a number of 
populationss do not fit with all of the diagnostic characters of one of the ecotypes and are here 
referredd to as "nontypical" (nt). These include "nontypical fine-pappus" (Fnt; Table 1) 
populationss from Tasmania and the inland of New Zealand, and "nontypical alpine" (Ant) 
populationss and one "nontypical murnong" (Mnt) from Australia. The morphological 
diversificationn is maintained in a common greenhouse environment, indicating its genetic basis. 
Although,, fertile offspring can be obtained among the individuals of all ecotypes (Sneddon 
1977;; own observation), two species have been recognized (B. V. Sneddon, Victoria 
Universityy of Wellington, New Zealand, unpublished results): M. lanceolata comprising the 
"A""  and "M" ecotypes, and M. scapigera comprising the "F" and "C" ecotypes. 

Thee Australian and New Zealand Microseris are well-investigated for their cp-
(Vijverbergg and Bachmann 1999; Vijverberg et al. 1999) and nDNA variation (Vijverberg et al. 
2000)) using restriction fragment length polymorphisms (RFLPs) and amplified fragment 
lengthh polymorphisms (AFLPs), respectively. Both data sets show littl e overall genetic 
distances,, and a phytogeny reconstruction of the former shows a "hard" basal polytomy, 
representingg the lack of fixation of new mutations (Maddison 1989). The combined results 
indicatee a relatively recent and rapid adaptive radiation of the taxon. The monophyly of the 
Australiann and New Zealand Microseris as well as M. lanceolata is confirmed. The two 
molecularr data sets are generally congruent with each other, and reflect geographical 
distributionn more than morphological entities. They show evidence for the occurrence of 
hybridizationn among plants of different cpDNA- and ecotypes (Vijverberg et al. 2000), 
indicatingg that ecotype characteristics are maintained or re-established by an efficient 
selection.. The results illustrate the precarious balance between geographical isolation and 
selectionn as factors that favor differentiation and hybridization as factor that reduces 
differentiationn at this early stage of adaptive radiation. 

Despitee the classification of Australian and New Zealand Microseris into ecotypes and 
speciess (Tables 1, 2; Sneddon 1977; Gott 1983; Vijverberg et al. 1999; B. V. Sneddon, 
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Tabl ee 1. Diagnostic characters, location and altitude of origins, and DNA types of (a.) ecotypes, 
andd (b.) populations of "nontypical" form of an ecotype, of Microseris scapigera and M 
lanceolatalanceolata investigated. 

Ecotypes" " 

"Coastal" " 
C C 

"Fine-pappus" " 
F F 

"Alpine" " 
A A 

"Murnong" " 
M M 

Waxyy leaves 
Scale-lesss pappusb 

Shootss on roots 
Tuberouss rootsb 

Self-fertility y 
Flowerr head diameter (circa; cm) 
Acheness filled with embryo (%) 
Pappuss part number (circa) 

Location n 
Altitude e 

Chloroplastt DNA typed 

Nuclearr DNA type' 

+/-c c 

3 3 
100 0 
15 5 

NZ Z 
<200 0 

Msc-2 Msc-2 
NZ Z 

+ + 
2 2 
60 0 
60 0 

AUS S 
<200 0 

Msc-l Msc-l 
» » 

--
5 5 

100 0 
18 8 

AUS S 
>1200 0 

Mn-(2)/3 3 
AUS S 

--
4 4 

100 0 
12 2 

AUS S 
<750 0 

Mln-2/3 Mln-2/3 
AUS S 

b. . 

Waxyy leaves 
Scale-lesss pappus" 
Shootss on roots 
Tuberouss roots" 
Self-fertility y 
Flowerr head diameter (circa; cm) ) 
Acheness filled with embryo (%) 
Pappuss part number (circa) 

Location n 
Altitude e 

Chloroplastt DNA type" 
Nuclearr DNA type* 

F6nt, , 
FlOnt t 

_ _ 
+ + 

--
--
+ + 
2 2 
75 5 
60 0 

TAS S 
750 0 

Msc-l l 
"F" " 

Populationss of "nontypical" form of an 

F7nt t 

. . 

--
--
+ + 
2 2 

100 0 
40 0 

TAS S 
1200 0 

Msc-\ Msc-\ 
AUS/("F") ) 

F8nt t 

--
+ + 

--
--
+ + 
2 2 

100 0 
40 0 

NZ NZ 
750 0 

Msc-3 Msc-3 
NZ Z 

F9nt t 

--

--
--
--
3 3 

100 0 
12 2 

NZ NZ 
1500 0 

Msc-2 Msc-2 

NZ Z 

Alntt to 
A4nt t 

--

--

--
--
5 5 

100 0 
18 8 

AUS S 
1000 0 

Mln-l Mln-l 

"Mln-\" "Mln-\" 

ecotype* * 

A8nt t 

--

--
--
+ + 

--
5 5 

100 0 
18 8 

AUS S 
1500 0 

Mn-3 3 

AUS S 

M20nt t 

--

--
--

--
5 5 

100 0 
12 2 

AUS S 
<200 0 

Mn-1 1 
"Mn-1" " 

**  Descriptions follow Sneddon (1977), Gott (1983), and own observations. 
bb Diagnostic characters are implemented in Tables 3-6 and text of this manuscript as follows: waxy leaves is 

splittedd into leaf structure and leaf thickness, scale-less pappus is a score of scale width, and shoots on roots 
andd tuberous roots are two scores of adventitious roots. 

cc Populations C1 and C2 are self-compatible (Table 2), and C3 and C4 are self-incompatible. 
dd Chloroplast DNA types are based on RFLPs in the variable regions of the genome (Vijverberg and Bachmann 

1999;; Vijverberg et al. 1999). 
**  Nuclear DNA types are based on AFLP patterns (Vijverberg et al. 2000): NZ = New Zealand, "F" = "fine-

pappus",, "Mln-\" = cpDNA type Mn-1, and AUS = Australia. 
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Fig.. 1. Diagnostic characters of previously defined ecotypes (see Table 1). a. "coastal": waxy 
leavess and downright leaf rosette habitus; b. "fine-pappus": relatively large number of capillary 
pappuss parts; c. "alpine": shoot-forming adventitious roots; d. "murnong": tuberous roots. 

unpublishedd results), the morphological variation is not uniform. The ecotypes are defined 

mainlyy on the basis of a few diagnostic characters (Fig. 1; Table 1; see above), and a number of 

"nt""  populations lack these characters or show intermediate states of them between ecotypes. 

Apartt from incongruencies in the diagnostic characters, variation within and among ecotypes 

existss for other morphological characters, e.g., general habit, leaf structure, ovary length, floret 

stripee color (own observation). The delimitation of the two species based on morphology has 

alsoo been subject to alterations (Sneddon 1977 versus recent revision). These ambiguities, and 

thee need to investigate obvious discrepancies between morphological vs. molecular 

differentiationn (Vijverberg et al. 2000), suggested a close examination of the morphological 

variationn within the Australian and New Zealand Microseris. Here, we examine this 

morphologicall  variation among one to four plants of each of 54 Microseris populations from 

Australia,, Tasmania, and New Zealand that were also used in our molecular studies. We 

statisticallyy re-define the ecotypes and species on the basis of the overall morphological 

similaritiess and re-consider the characters that are diagnostic for ecotypes. We discuss the 

resultss in the context of the conclusions drawn in our molecular studies, and in the way in 

whichh the diagnostic characters may remain associated in the face of genetic exchange within 

thee taxon. Finally, we make some remarks with respect to the taxonomy of the Australian and 

Neww Zealand Microseris and their need for conservation. 
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Tablee 2. New Zealand and Australian Microseris popuh 

Population n 
number* * 

State" " 

M.M. scapigera (Msc) 

"coastal" " 
CI I 
C2 2 
C3 3 
C4 4 

"fine-papp p 
Fl l 
F2 2 
F3 3 
F4 4 
F5 5 
F6nt t 
F7nt t 
F8nt t 
F9nt t 
FlOnt t 

NZn n 
NZn n 
NZs s 
NZs s 

us" " 
VIC C 
VIC C 
VIC C 
VIC C 
VIC C 
TAS S 
TAS S 
NZs s 
NZn n 
TAS S 

M.M. lanceolata (M!n) 

"alpine" " 
Ai m m 
A2nt t 
A3nt t 
A4nt t 
A5 5 
A6 6 
A7 7 
A8nt t 
A10 0 

"murnong g 
Ml l 
M2 2 
M3 3 
M4 4 
M5 5 
M6 M6 
M7 7 
M8 8 
M9 9 
M10 0 
Mi l l 
M12 2 
M13 3 
MI 4 4 

NSWn n 
NSWn n 
NSWn n 
NSW W 
NSW W 
VIC C 
VIC C 
VIC C 
NSW W 

' ' 
NSWn n 
NSWn n 
NSW W 
NSW W 
NSW W 
NSW W 
NSW W 
NSW W 
NSW W 
NSW W 
NSW W 
NSW W 
NSW W 
VIC C 

Placee of origin* 

Castlee Point 
Redd Rocks/Wellington 
Wardd Beach 
Isolationn Creek 

Beveridge e 
Upfleld/Melboume e 
Derrimutt Grassland Reserve 
Lakee Goldsmith Reserve 
Blythvale/Streatham m 
Iriss River 
Mountt Ben Lomond 
Glentannerr Station 
Tongariroo National Park 
Cradlee Mountain/Middlesex plains 

Armidale e 
Armidale e 
Armidale e 
Thomass Lagoon 
Mountt Franklin/Brindabella Range 
Mountt Buffalo 
Fallss Creek 
Mountt Skene 
Mountt Kosciusko 

Bundarra a 
Wallabadah h 
Stuartt Town 
Euchareena a 
Molong g 
Garra a 
Toogong g 
Canowindra a 
Woodstock k 
Monteagle e 
Muttama a 
Bookham m 
Captainss Flat 
Chii  Item 

itionss examined. 

Latitude e 
S S 

40°54' ' 
~41°17' ' 
41°5I' ' 

-44°° 12' 

37°28' ' 
~37°45' ' 
37°45' ' 
37°35' ' 
37°40' ' 

-41°40' ' 
~42°10' ' 
~43°29' ' 
39°08' ' 

~41°40' ' 

30°30' ' 
30°30' ' 

~30°30' ' 
30°33' ' 
35°29' ' 
36°44' ' 
36°52' ' 
37°25' ' 
36°28' ' 

30°22' ' 
3t°33' ' 
32°48' ' 
32°57r r 

33°05' ' 
33°06' ' 
33°21' ' 
33033, , 
33°45' ' 
34°12' ' 
34°49' ' 
34°51' ' 
35°35' ' 
36° ir r 

Longitude e 
E E 

176°15' ' 
174°47' ' 
174°10' ' 
170oH' ' 

145°00' ' 
144°58' ' 
144o40' ' 
143°20' ' 
143°40' ' 
145°55' ' 
146°10' ' 
171°56' ' 
175°42' ' 
I45°55' ' 

151°39' ' 
151°38' ' 
15I°38' ' 
151°33' ' 
148°46' ' 
146°49' ' 
147°17' ' 
146°24' ' 
148°17' ' 

150°15' ' 
150°50' ' 
149°05' ' 
149°06' ' 
148°51' ' 
148°46' ' 
148°38' ' 
148°40' ' 
148°51' ' 
148°20' ' 
148°08' ' 
148°37' ' 
149°27' ' 
146°36' ' 
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Tablee 2. Continued. 

Population n 
number* * 

M15 5 
M16 6 
M17 7 
M18 8 
M19 9 
M20nt t 
M21 1 
M22 2 
M23 3 
M24 4 
M25 5 
M26 6 
M27 7 
M28 8 
M29 9 
M30 0 
M31 1 

State" " 

VIC C 
VIC C 
VIC C 
NSW W 
VIC C 
VIC C 
VIC C 
VIC C 
VIC C 
VIC C 
VIC C 
VIC C 
VICnw w 
VICnw w 
SA A 
SA A 
SA A 

Placee of origin1 

Dawson n 
Whittlesea a 
Dunmoochin n 
Christmass Hill s 
Anglesea a 
Narraburraa Road/Werribee 
Bannockbum m 
Enfieldd Forest Park/Ballarat 
Weronaa Road/Castle Main 
Streatham m 
Lakee Fyans 
Wartookk State Forest 
Raakk Plain 
Pinkk Lakes 
Rockleigh h 
Kyeemaa Conservation Park 
Parsonss Beach 

Latitude e 
S S 

37°55' ' 
37°31' ' 

~37°35' ' 
37°39' ' 
38°25' ' 
37°55' ' 
38°05' ' 
37°45' ' 
37°05' ' 

~37°40' ' 
37°10' ' 
37°05' ' 

~34°20' ' 
35°03' ' 
34°57' ' 
35°16' ' 
35°38' ' 

Longitude e 
E E 

146°45' ' 
145°10' ' 
145°15' ' 
145°21' ' 
144°11' ' 
144°35' ' 
144°10' ' 
143°45' ' 
144°19' ' 
143°40' ' 
142°40' ' 
142°10' ' 
142°23' ' 
141°45' ' 
139°07' ' 
138°41' ' 
138°28' ' 

Populationn numbers (see Fig. 1, Table 1) follow ecotypes in geographical order, 1 = 
mostt northern population, and "nt" = nontypical form of an ecotype; details of 
collection,, collectors, places of origin, altitudes, and population sizes were previously 
describedd by Vijverberg et al. (1999) and for population A10 and FlOnt by Vijverberg 
ett al. (2000). 
Statess are NZ(n)(s) = New Zealand (northern) (southern) island, NSW(n) = (north) New 
Southh Wales, SA = South Australia, TAS = Tasmania, VlC(nw) = (north-west) 
Victoria. . 

Material ss and Methods 

PlantPlant material 

Acheness were collected from 54 natural populations of Microseris in Australia and New 
Zealandd (Table 2). The sampled populations covered the morphological variation and 
geographicall  and ecological distribution range of the two species, except for south Western 
Australia.. They were numbered according to their ecotypes in geographical order (Tables 1,2; 
Vijverbergg et al. 1999). A total of four "A" , five "Ant", four "C", five "F", five "Fnt", 30 "M" , 
andd one "Mnt" populations were analysed. Achenes were germinated and seedlings planted 
andd raised in a cool greenhouse in Amsterdam between 1992-1996. A collection of plants from 
thee greenhouse was dried and deposited at the National Herbarium of The Netherlands, 
Universityy Leiden branch, under vouchers numbers: Vijverberg 1 to 80. 
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CharacterCharacter measurements 

Measurementss were performed on achenes collected in the field and on plants in the 
greenhousee during the growing season of 1997. For the latter, three offspring plants were 
analysedd of each of one to four field-collected plants per population, when available. 
Dependingg on the characters, measurements were performed per population (Table 3), field-
collectedd plant, offspring, or capitulum. A maximum of three capitula was measured per 
offspring,, and means of these measurements were used in the data set. The final data set was 
constructedd by averaging the measurements relating to each field-collected plant, resulting in 
onee to four operational units (OTUs) per population or a total of 145 OTUs. 

AA total of 25 generative and 11 vegetative characters were examined (Table 3). Fifteen 
off  these characters were continuous, 17 ordinal with between three and eight intervals, and 
fourr binary. The measured characters were the same as those used by Sneddon (1977) in his 
morphologicall  analyses of Microseris scapigera/M. lanceolata, with a few modifications. We 
excludedd achene color, achene curvature, anthocyanine pigmentation, bracteoles, and caudex 
length,, and measured pubescence only for its occurrence on leaves. Most of these characters 
weree difficult to measure and/or irregularly occurring. We added leaf rosette habitus of young 
plants,, flower stripe color and intensity, and phyllary tip adherence to the analyses. The 
formerr three because of their useful inclusion in morphological studies of other Microseris 
speciess (e.g., Bachmann and Battjes 1994). 

DataData analyses 

Alll  characters were treated as "continuous" variables and phenetically analysed in one data 
matrix,, using SPSS 8.0 for Windows. The analyses included a one-way Kolmogorov-Smirnov 
statisticc to test for normality, Pearsons and Spearman correlation coefficients to test for 
correlationss among characters, principal component (PC) and cluster analyses to test for 
groupp membership of OTUs, and univariate analyses (ANOVAs and Mann-Whitney U-tests) 
too test for significant differences between groups, species, or populations of interest. 
Ecotypess and species were re-defined on the basis of the results, with populations that 
showedd strikingly contradict!onary results as compared to the molecular data (Vijverberg et al. 
1999;; Vijverberg et al. 2000) excluded. Discriminant analyses were performed to determine the 
combinationss of characters that produced the greatest separation among the re-defined 
ecotypess and species. Means and ranges of characters were calculated for each of the ecotypes 
andd species, and significant differences and range overlap of characters among them were 
determined. . 

Thee Kolmogorov-Smirnov statistics showed one third of the characters to be normally 
distributedd (p > 0.02; Table 3, indicated by "n"). Ordination statistics are, however, to a large 
extentt robust to violations of the assumption of normal distribution of variables and have been 
appliedd to our data (Sneath and Sokal 1973; Legendre and Legendre 1998). Also, the similar 
Pearsonss vs. Spearman correlation coefficients among OTUs and results of ANOVAs vs. 
Mann-Whitneyy U-tests indicated that the patterns resolved by our analyses were not 
strikinglyy biased by the deviations from normality of characters. These patterns were, 
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Tablee 3. Morphological characters considered. 

Characterr Score or Unit Measured per 

Generative Generative 
Budd length 
Budd obtuseness 
Flowerr head diameter (d)" 
Phyllaryy obtuseness 
Phyllaryy tip adherence 

Phyllaryy number (n) 
Phyllaryy length (n) 
Phyllaryy width (n) 
Florett number (n) 

Florett stripe color 
Florett stripe color intensity (n) 
Corollaa length (n) 
Ligulee width (n) 
Antherr tube length (n) 
Ovaryy length (n) 
Achenee length (n) 
Achenee filled with embryo (d) 
Pappuss part length (n) 
Pappuss part number (d) 
Scalee width (d) 
Self-fertilityy (d) 
Floweringg start time 
Floweringg finish time 
Scalee length (n) 
Scalee width (n) 

1-55 (long-
11 -4 (sharp -

mm m 
1-77 (obtuse 

short) ) 
obtuse) ) 

-- sharp) 
11 -0 (yes - no) 

count t 
mm m 
0.11 mm 
count t 
1-99 (absent 
1-55 (absent 
mm m 
0.11 mm 
0.11 mm 
0.11 mm 
0.11 mm 

% % 
0.11 mm 
count t 
0-55 (small-

-- red)0 

-- intense) 

broad) ) 
11 -0 (yes - no) 
monthh number 
monthh number 
cm m 
0.11 mm 

Population n 
Population n 
Capitulum m 
Capitulum m 
Capitulum m 

Capitulum m 

Capitulum m 
Capitulum m 
Capitulum m 
Capitulum m 
Capitulum m 
Capitulum m 
Capitulum m 
Capitulum m 
Capitulum m 
Fieldd plant 
Fieldd plant 
Fieldd plant 
Fieldd plant 
Fieldd plant 
Population n 
Population n 
Population n 
Capitulum m 
Capitulum m 

Vegetative Vegetative 
Leaff  hairs on upper side 
Leaff  hairs on bottom side 
Leaff  hairs on margins 
Leaff  rosette habitus 
Leaff  tip obtuseness 
Leaff  width 
Leaff  teeth length 
Leaff  structure (d) 
Leaff  thickness (d) 
Fibrouss roots (d) 
Adventitiouss roots (d) 

0-33 (absent - many) 
11 -0 (yes - no) 
1-00 (yes -no) 
0-44 (flat - upright) 
11 -5 (sharp - obtuse) 
11 -3 (narrow - wide) 
1-33 (long- short) 
1-33 (smooth - nerved) 
1-33 (membranous - waxy) 
0-33 (few - many) 
0-55 (shoot - tuberous)' 

Offspring g 
Offspring g 
Offspring g 
Population n 
Population n 
Population n 
Population n 
Population n 
Population n 
Population n 
Population n 

**  Diagnostic (d) characters used for ecotype recognition (see Table 1) are indicated. 
bb Normally (n) distributed character (p > 0.02) are indicated. 
cc Ordinations of floret stripe color and adventitious roots are partly arbitrarily. 
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therefore,, regarded reliable estimators for the morphological differentiation of Australian and 
Neww Zealand Microseris. 

Thee correlation coefficients among characters showed no indication to exclude 
characterss from the data set. The highest correlation (r = 0.92) was found for flower head 
diameterr (Table 3) and corolla length, but these characters were different on the basis of "the 
measuree of opening of flower heads". Second highest correlations (0.81 < r < 0.85) were found 
betweenn self-fertility and fibrous roots, scale width and adventitious roots, leaf hairs on upper 
andd bottom sides, leaf structure and fibrous roots, and fibrous and adventitious roots. These 
correlationss were regarded to be not high enough to exclude characters from the analyses, and 
mostt of them involved characters that were likely to be developmentally independent from 
eachh other. All characters showed significant correlations (r > 0.2; p < 0.01) to a high number 
off  13 to 32 other characters. 

Thee principal component analyses (PCAs) were performed on standardized data [(Xi -
Xmean)/standardd deviation; Sneath and Sokal 1973]. Pearsons correlation coefficients were 
generatedd among these data and used to extract the first four principal components. The 
variationn explained by the components was calculated and the correlation of variables with 
themm determined. Missing values were replaced by means of the relevant populations or 
ecotypes,, except for OTUs for which more than two measurements were missing and no other 
OTUss of the same populations were available. These are the eight OTUs of populations 
A3nt,, A7, F2, M2, Ml 1, Ml2, and M21. In these cases, missing values were listwise 
excludedd during the extraction of the components, and replaced by means of the relevant 
ecotypess (Table 1) when the positions of the OTUs in the PC A plots were estimated. Results 
off  the PCAs, excluding the eight OTUs, were depicted as scatter plots with the OTUs 
projectedd on the first and second and third and fourth components, respectively, with ecotype 
assignmentss indicated. 

Forr cluster analyses, the data were centered around zero and ranged between zero and 
onee via Gower (1966) transformation [(Xi-Xmin)/(Xmax-Xmin)]. Manhattan as well as 
squaredd Euclidean distances among OTUs were calculated, the former because of their value 
forr data sets that contain both metric and ordinate data (Sneath and Sokal 1973), and the latter 
becausee it is most widely used for interval data. The OTUs were grouped via the unweighted 
pair-groupp method (UPGMA) and visualized in a dendrogram. The representation of the 
groupss was tested for significance by calculating the cophenetic correlation coefficients 
betweenn the in- and output distance matrices of the dendrogram, using NTSYS-PC (Rohlf 
1993).. Missing values were treated as described for the PCA (see former paragraph). 

Discriminantt analyses were performed with ecotypes or species defined (not shown), 
usingg standardized data (see PCA), excluding the OTUs with missing values (see PCA), and 
includingg the variables simultaneously. The canonical discriminant function(s) were extracted, 
andd the correlations of pooled within-group variables to these functions determined. The 
positionss of OTUs and group centroids were calculated, and the Wilks lambda statistic was 
usedd to test for significant differences among the centroids. For the populations that were left 
excludedd from the re-defined ecotypes and species, the probabilities of group memberships 
weree determined. 
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Results s 

GroupGroup membership ofOTUs 

Thee results of the PC and cluster analyses of the data set of averaged morphological character 
measurementss for field-collected plants, including 137 OTUs and 36 characters, are shown in 
Figuress 2, 3 and Table 4. In the PC A, seven eigenvalues >1 were extracted, and the first four 
componentss explained 33.7%, 18.2%, 11.1%, and 5.6% of the variation, respectively, or a 
totall  of 68.6%. In the phenetic tree (Fig. 3), Manhattan distances <7 were ignored, the 
copheneticc correlation (r) was 0.91 (t = 20.6; p = 1.0), and the results were supported by the 
analysiss using squared Euclidean distances (not shown). The results of both analyses largely 
supportedd the ecotypes as formerly defined (Table 1) as well as confirmed the two species 
delimitedd by Sneddon (unpublished results). Discrepancies concerned the placement of "nt" 
populationss that were now included in the ecotype groups. In addition, populations F7nt 
fromm Tasmania and F9nt from New Zealand clustered more with the New Zealand "C" 
ecotype,, and population M20nt from Australia was more similar to the "A" ecotype. In the 
PCA,, the "A" and "M" ecotypes were not separated along the first axis, but their 
diversificationn was supported by the second and higher axes and by the Manhattan distances. 

Thee results of the univariate analyses (not shown) generally supported the ecotype 
membershipp of the "nt" populations, and populations that were less well-grouped in the 
plotss or in the phenetic tree, as shown in Figures 2 and 3. They also confirmed the lack of 
agreementt in the diagnostic characters (Table 1) between the "nt" populations and their most 
similarr ecotype by significant values. Exceptions to this were the Tasmanian "Fnt" 
populationss F6nt and FlOnt, that showed homogeneities to the "F" ecotype, concerning 
populationss F1 to F5 from Victoria, for all morphological characters measured. The other 
Tasmaniann population, F7nt, differed from the "F" ecotype in half of the characters, while it 
differedd from the "C" ecotype in about one third of them, including its smaller flower head 
diameterss and higher pappus part numbers. The New Zealand population F8nt had a smaller 
habitt than members of the "F" ecotype and differed significantly from them by its shorter and 
entirelyy filled achenes and shorter and less pappus parts. F9nt, also from New Zealand, was 
previouslyy incorrectly classified as "Fnt", because it has small scales on its pappus parts and 
iss self-incompatible (Table 1). F9nt differed from the "C" ecotype, concerning populations CI 
too C4 from New Zealand, in the leaves, which were thinner and less smooth. Population C4 
clusteredd near or with the "A" ecotype in some analyses, but differed significantly from it in 
onee third of the characters, particularly the vegetative ones. C4 differed from the "C" ecotype 
inn its smaller flower head diameters and longer achenes. Apart from differences in the 
adventitiouss root characteristics (Table 1), the "A(nt)" populations Alnt to A10 and "Mnt" 
populationn M20nt were largely similar. Alnt to A4nt and M20nt differed from A5 to A10 in 
thee leaf structure, that was smoother in the former, and M20nt showed similarities to the "M" 
ecotypee in achene characteristics. Within the "M" ecotype, populations M27 and M28 from 
thee salt lakes of northwestern Victoria were most deviating, showing differences in a number 
off  vegetative characters in which they were more similar to the "A" ecotype. Further details of 
thee population measurements are available from the first author. 
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Thee cpDNA variation (Vijverberg and Bachmann 1999; Vijverberg et al. 1999; Table 1) 
wass congruent to the morphological diversification in the recognition of the two species. 
Withinn M. scapigera, discrepancies were found with respect to populations F7nt, that 
containedd the same cpDNA type as Fl to F5, Font, and FlOnt (Table 1), and F8nt, that 
showedd a unique cpDNA type. In M, lanceolata, the cpDNA distribution did not well-reflect 
thee morphological variation. Two of the three Mrc-cpDNA types were present in populations 
off  both the "A" and "M" ecotypes (Table 1), while the third one occurred in the "Ant" 
populationss Alnt to A4nt and "Mnt" population M20nt. 

Thee AFLP pattern (Vijverberg et al. 2000) was incongruent to the morphological 
variation,, also, for populations F7nt and F8nt. F7nt was on the basis of the AFLPs most 
similarr to "M" and "A" populations from Victoria, and F8nt was highly similar to the other 
Neww Zealand populations, concerning the "C" ecotype. The former was interpreted as 
evidencee for the involvement of F7nt in interspecific hybridization, and the latter indicated the 
maintenancee or re-establishment of "F" characteristics in F8nt. Within M. lanceolata, the 
nuclearr genetic structure was generally littl e diverged, although, a cluster containing 
populationss Alnt to A4nt and M20nt (Table 1), and some support for a cluster that 
containedd A5, A7, and A10, were recognized. Populations A6 and A8nt were on the basis of 
thee AFLPs most similar to the "M" ecotype. A6 was also polymorphic for cpDNA types 
Mln-2Mln-2 and Mln-3, and illustrated the occurrence of hybridization between individuals of the 
"A""  and "M" ecotype most clearly (Vijverberg et al. 2000). According to the univariate 
analyses,, A6 represented the "A" ecotype in all morphological characters measured, while it 
differedd significantly from the "M" ecotype in its adventitious roots (Table 1) and leaf 
structure. . 

Thee ecotypes and species, as re-defined on the basis of overall morphological 
similaritiess (Figs 2, 3; univariate analyses), are indicated in Figure 3. Populations F7nt from 
Tasmaniaa and F8nt from New Zealand were excluded from this re-definition (both for 
ecotypes;; F7nt also for species) due to striking incongruencies found between the 
morphologicall  and molecular results (see former two paragraphs). Populations F6nt and FlOnt 
weree included in the re-defined "F" ecotype, F9nt was shifted to the "C" ecotype, the "A(nt)" 
populationss and M20nt were combined into the "A" ecotype, and M20nt was excluded from 
thee "M" ecotype. The classification of the "A" and "M" ecotypes were not entirely 
supportedd by the molecular data (see former two paragraphs). Although excluded from the re-
definedd ecotypes, the memberships of F7nt to the "C" and F8nt to the "F" ecotypes were 
supportedd by a discriminant analysis. 

Fig.. 2. Scatter plots, showing the results of the PCA of the averaged morphological data set for 
field-collectedfield-collected plants, including 137 OTUs and 36 characters, with the OTUs indicated by the 
previouslyy defined ecotypes (Fig.1; Table 1). 
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Tablee 4. Structured matrix of correlations of variables with the first four principal components. 

Principall  components 

1 22 3 4 
Characterss / Explained variation 33.7% 18.2% 11.1% 5.6% 

Flowerr head diameter (d)' 
Self-fertilityy (d) 
Scalee width (d) 
Corollaa length 
Pappuss part number (d) 
Florett stripe color 
Ligulee width 
Leaff  structure (d,v)c 

Achenee filled with embryo (d) 
Adventitiouss roots (d,v) 
Scapee length 
Antherr tube length 
Florett stripe color intensity 
Fibrouss roots (d,v) 
Leaff  thickness (d,v) 
Florett number 
Leaff  teeth length (v) 
Budd length 
Floweringg start time 
Floweringg finish time 
Leaff  width (v) 
Leaff  tip obtuseness (v) 
Leaff  rosette habitus (v) 
Budd obtuseness 
Leaff  hairs on margins (v) 
Phyllaryy width 
Phyllaryy number 
Phyllaryy length 
Ovaryy length 
Achenee length 
Scapee width 
Pappuss part length 
Leaff  hairs on upper side (v) 
Leaff  hairs on bottom side (v) 
Phyllaryy tip adherence 
Phyllaryy obtuseness 

0.94b b 

-0.93 3 
0.90 0 
0.88 8 

-0.88 8 
-0.84 4 
0.82 2 
0.81 1 
0.81 1 
0.79 9 
0.75 5 
0.73 3 

-0.72 2 
-0.70 0 
-0.64 4 
0.59 9 
0.55 5 
0.15 5 
0.06 6 

-0.36 6 
0.43 3 
0.20 0 

-0.13 3 
0.24 4 
0.18 8 
0.40 0 
0.34 4 
0.23 3 

-0.09 9 
-0.41 1 
-0.07 7 
0.46 6 
0.42 2 
0.32 2 
0.02 2 
0.28 8 

0.13 3 
0.08 8 

-0.16 6 
-0.06 6 
-0.04 4 
0.25 5 
0.27 7 
0.11 1 
0.25 5 

-0.53 3 
-0.10 0 
0.43 3 
0.20 0 
0.44 4 
0.50 0 
0.44 4 
0.49 9 
0.83 3 
0.79 9 
0.73 3 
0.63 3 
0.62 2 

-0.58 8 
0.53 3 

-0.50 0 
0.46 6 
0.46 6 

-0.36 6 
-0.36 6 
-0.01 1 
0.33 3 

-0.20 0 
-0.33 3 
-0.32 2 
0.44 4 

-0.41 1 

0.14 4 
0.08 8 

-0.17 7 
0.31 1 
0.36 6 
0.10 0 
0.10 0 
0.12 2 

-0.42 2 
-0.14 4 
0.29 9 
0.04 4 
0.21 1 

-0.31 1 
-0.09 9 
0.03 3 
0.41 1 

-0.09 9 
0.13 3 

-0.04 4 
0.20 0 

-0.18 8 
0.47 7 
0.04 4 

-0.24 4 
0.37 7 
0.02 2 
0.73 3 
0.71 1 
0.71 1 
0.56 6 
0.49 9 

-0.43 3 
-0.42 2 
0.22 2 
0.27 7 

-0.06 6 
-0.10 0 
-0.05 5 
-0.06 6 
0.13 3 

-0.02 2 
-0.02 2 
0.31 1 

-0.07 7 
-0.08 8 
-0.02 2 
0.12 2 
0.03 3 

-0.32 2 
-0.17 7 
-0.28 8 
0.07 7 
0.19 9 
0.17 7 
0.22 2 

-0.16 6 
-0.25 5 
0.51 1 
0.32 2 
0.24 4 

-0.23 3 
0.01 1 

-0.29 9 
-0.17 7 
0.24 4 

-0.24 4 
0.21 1 
0.18 8 
0.24 4 
0.63 3 

-0.47 7 

**  Diagnostic (d) characters used for ecotype recognition (see Table 1) are indicated. 
bb Correlations >0.50, >0.45, >0.40, and >0.35 are indicated in bold for the 1st, 2nd, 3rd, and 4th components, 

respectively. . 
Vegetativee (v) characters are indicated. 
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Fig.. 3 UPGMA dendrogram, showing the Manhattan distances among Microseris scapigera and 
M.M. lanceolata populations investigated (Table 2), based on the averaged morphological data set 
forr field-collected plants, including 145 OTUs and 36 characters. Re-defined ecotypes are 
indicatedd on the right hand side. 

GroupGroup characteristics 

Thee structured matrix of correlations of variables with the principal axes (Table 4), showed all 

ninee diagnostic characters (Table 1; Table 4, indicated by Md") to be important on the first axis. 

135 5 



ChapterChapter 5 

AA similar result was found for the pooled within re-defined (see Fig. 3) -ecotypes and -species 
correlationss between the variables and first discriminant function (not shown). The first axis 
andd function primarily separated the two species. Other characters that were important for 
thee separation of species were corolla length, ligule width, floret stripe color and intensity, and 
scapee length, while most important were self-fertility, fibrous and adventitious roots, leaf 
structure,, scale width, and flower head diameter. The further separation into ecotypes, 
primarilyy along the second axis (Fig. 2) and second and third function (not shown), was 
supportedd by bud characteristics, flowering start and finish time, leaf characteristics except 
thosee concerning hairs, adventitious roots, pappus part numbers, and percentages achene filled 
withh the embryo. These characters concerned mainly vegetative ones (Table 4, indicated by 
"v")) as well as three diagnostic ones. The phyllary and leaf hair characteristics were 
unimportantt in the separation of species and ecotypes. 

Means,, ranges, significant differences, and diagnostic value, of each of the 36 
characters,, for each of the re-defined ecotypes and species (Fig. 3), are presented in Table 5. 
Thee order of characters follows the structure given by the discriminant analyses with the two 
speciess (first 14 characters) or four ecotypes defined. Most characters differed significantly 
amongg species and/or ecotypes (Table 5, homogeneities are indicated in superscript), however, 
manyy of them showed range-overlap, making them not useful for diagnostic purposes. Only 
threee of the characters lacked range-overlap between species, i.e., fibrous and adventitious 
rootss and leaf structure. In addition, scale width and leaf thickness showed minor range-
overlapp between species, and another nine characters were diagnostic for one or both species 
onlyy at their extremes (Table 5). The "F" ecotype was most different from the other ecotypes 
andd responsible for the extreme values of Microseris scapigera. This ecotype was unique in 
itss high pappus part numbers (Tables 1, 5), capillary or only slightly scaly pappus, small 
flowerr head diameters, and achenes that were only partly filled with the embryo. The "C" 
ecotypee was recognized by its relatively many fibrous roots and its flat or down-turned leaf 
rosettee habitus (Fig. 1). This ecotype never showed phyllary tip adherence and hairs on leaf 
edges,, but these characteristics were also often absent in the other three ecotypes. Due to the 
inclusionn of F9nt in the "C" ecotype, the waxiness of leaves was no longer diagnostic (Table 
1).. The discrimination between the "A" and "M" ecotypes lacked a strong statistic support 
and,, due to the inclusion of the "Ant" and "Mnt" populations within the former, the 
adventitiouss root characteristics (Table 1, "shoots" vs. "tubers") were lost as clear diagnostic 
characters.. Considering only the Australian Microseris, the "A" ecotype can be recognized by 
itss relatively late flowering time, short and obtuse buds, and intermediate pappus part 
numbers.. Also the "F" ecotype showed additional unique features, excluding the New Zealand 
populationss (Table 5). The characters that were strictly diagnostic for species or ecotypes are 
summarizedd in Table 6. 
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Tablee 5. Means, ranges, and diagnostic value of morphological characters measured on 
Microseris,Microseris, for the two species and four ecotypes defined in this study. Homogeneities (p >0.01) 
amongg species or ecotypes are indicated in superscript as ns = nonsignificant, and vs. ecotypes A, 
C,, or F, respectively. 

-M.-M. scap 

Numberr of individuals: 

Self-fertilityy mean: 

(d)11 ranfe: 

Fibrouss roots 
(d,v)' ' 

Leaff  structure 
(d,v) ) 

Scalee width (d) 

Adventitious s 
rootss (d,v) 

Flowerr head dia-
meterr (mm; d) 

Corollaa length 
(mm) ) 

Florett stripe color 

Leaff  thickness (d,v) 

Pappuss part number 

(d) ) 

Scapee length (cm) 

Achenee filled with 
embryoo (%; d) 

Ligulee width 
(mm) ) 

Florett stripe color 
intensity y 

0.8 8 
0-- 1 

0.8 8 
11 -3 

1.2 2 
11 - 1 

1.5 5 
0 -3 3 

0.0 0.0 
0 -0 0 

24.6 6 
15-45 5 

17.5 5 
14-26 6 

7.1 1 
5 -9 9 

2.3 3 
2 -3 3 

41.5 5 
10-66 6 

25.4 4 
16-36 6 

72.2 2 
40-- 100 

3.6 6 
2.66 -5.7 

4.2 2 
11 -5 

igera igera 
"C" " 
11 1 

0.4 4 

0-- 1 

2.8 8 
2 -3 3 

1.0 0 
11 - 1 

2.6 6 
2 -3 3 

0.0 0 
0 -0 0 

34.2 2 
25-45 5 

19.3 3 
14-26 6 

6.1 1 
5 -9 9 

2.8 8 
2 -3 3 

14.6 6 
10-- 19 

26.3 3 
17-34 4 

100 0 
100-- 100 

4.5 5 
3.4-5.7 7 

3.6 6 
11 -5 

- p . . 

20 0 

1.0 0 
11 - 1 

1.2 2 
11 -2 

1.0C C 

II  - 1 

1.0 0 
0-- 1 

0.0C C 

0 -0 0 

19.7 7 
15-23 3 

16.7C C 

14-- 19 

7.6 6 
5 -9 9 

2 2 
2 -2 2 

56.5 5 
42-65 5 

25.8C C 

19-36 6 

55.6 6 
40-85 5 

3.1 1 
2.66 - 3.8 

4.6 6 
3 -5 5 

\-M.\-M. lanceolata 

0.0 0.0 
0 -0 0 

0.0 0.0 
0 -0 0 

2.1 1 
2 -3 3 

3.9 9 
3 -5 5 

4.4 4 
11 -5 

43.4 4 
28-56 6 

25.7 7 
20-34 4 

3.3 3 
11 - 6(7) 

1.2 2 
11 -2 

12.5 5 
9-21 1 

45.5 5 
27-74 4 

100 0 
100-- 100 

4.8 8 

"A " " 
23 3 

0.0C C 

0 -0 0 

0.0 0 
0 -0 0 

2.5 5 
2 -3 3 

3.4 4 
3 -4 4 

1.9 9 
11 -4 

45.8 8 

1 1 
"M " " 
88 8 

0.0A A 

0 -0 0 

0.0A A 

0 -0 0 

2.0 0 
2 -2 2 

4.0 0 
3 -5 5 

5.0 0 
5 -5 5 

42.7A A 

(33)b400 - 56 28 - 55 

25.9 9 
211 -32 

4.2 2 
2 -6 6 

1.5 5 
11 -2 

18.6 6 
(11)15-21 1 

46.1 1 
29-59 9 

100c c 

25.7A A 

20-34 4 

3.0 0 
11 - 6(7) 

1.1 1 
11 -2 

10.9 9 
9 -20 0 

45.3A A 

27-74 4 

100CA A 

100-- 100 100- 100 

5.2 2 4.7C C 

Diagnostic c 
value e 

11 = Msc 

MscMsc vs. Mln 
(CC vs. F) 

MscMsc vs. Mln 

F;; < 3 = Msc 
>33 = Mln 

MscMsc vs. Mln 
AA vs. M 

<255 = Msc = F 
>> 45 = Mln 

<200 = Msc 
>266 = Mln 

>77 = Msc 
<55 = Mln 

>2>2 = Msc 
<22 = Mln 

>255 = Msc = F 

<255 = Msc 
>400 = Mln 

<900 = Msc = F 

(3.0)3.88 - 6.7 4.4 - 6.0(3.0)3.8 - 5.9 c 

2.4 4 
11 -5 

3.0C C 

11 -5 
2.3 3 
11 -5 ) ) 
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Tablee 5. Continued. 

Floweringg start 
time e 

Leaff  teeth length 

(v) ) 

Achenee length 
(mm) ) 

Phyllaryy tip 
adherence e 

Floweringg finish 
time e 

Leaff  rosette 
habituss (v) 

Budd length 

Antherr tube 
lengthh (mm) 

Leaff  hears on 
upperr side (v) 

Leaff  hears on 
bottomm side (v) 

Scapee width 
(mm) ) 

Budd obtuseness 

Leaff  tip obtuse-
nesss (v) 

Leaff  width (v) 

Florett number 

Phyllaryy width 
(mm) ) 

3.6 6 
2 -6 6 

1.2 2 
11 -3 

8.5 5 
4.0-- 12.9 

0.1 1 
0-- 1 

8.0 0 
7-- 10 

2.7 7 
0 -4 4 

2.3 3 
11 -5 

2.9 9 
1.4-- 4.8 

0.2 2 
0-- 1 

0.1 1 
0-- 1 

2.1 1 
1.11 - 3.2 

2.6 6 
2 -4 4 

1.9 9 
11 -5 

1.4 4 
11 -3 

31.5 5 
14-64 4 

3.2 2 
2.33 - 5.! 

4.5 5 
4 - 6 6 

1.5 5 
11 -2 

5.7 7 
4.00 - 8.2 

0.0 0 
0 -0 0 

8.8 8 
8 -9 9 

0.8 8 
0-- 1 

3.9 9 
33 -5 

4.0 0 
3.22 -4.8 

0.5 5 
0-- 1 

0.1 1 
0-- 1 

2.0 0 
1.33 - 3.2 

3.5 5 
33 -4 

3.5 5 
2 -5 5 

2.2 2 
11 -3 

45.3 3 
32-64 4 

3.8 8 
2.77 - 5.1 

3.1 1 
22 -4 

l . l r r 

11 -3 

10.3 3 
7.33 - 12.9 

0.1c c 

0-- 1 

7.6 6 
7-- 10 

3.7 7 
2 -4 4 

1.5 5 
11 -2 

2.2 2 
1.4-3.1 1 

0.1f f 

0-- 1 

0.1c c 

0-- 1 

2.2C C 

1.66 -3.0 

2.1 1 
2 - 3 3 

1.0 0 
11 - 1 

1.0 0 
11 - 1 

24.4 4 
15-29 9 

2.9 9 
2.55 - 3.6 

3.5ns s 

2 -7 7 

2.0 0 
11 -3 

6.9 9 
4.88 - 10.2 

o.rs s 

0-- 1 

6.8 8 
6-- 10 

2.8ns s 

2 -3 3 

2.5ns s 

11 -5 

4.1 1 
2.99 - 5.9 

1.2 2 
0-1(3) ) 

0.4 4 
0-- 1 

2.0ns s 

1.33 - 3.8 

2.9n5 5 

11 -4 

2.rs s 

11 -5 

2.0 0 
11 -3 

41.2 2 
24-70 0 

3.5 5 
2.55 - 5.2 

5.5 5 
4 -7 7 

3.0 0 
3 -3 3 

8.4 4 

3.0F F 

2 -4 4 

1.8C C 

11 -3 

6.5C C 

5.22 - 10.2 4.8 -9.2 

0.5' ' 
0-- 1 

8.6C C 

8-- 10 

2.8CF F 

2 -3 3 

4.2C C 

4 -5 5 

4.9 9 

0.11 CF 

0-- 1 

6.4 4 
6 -7 7 

2.8 8 
2 -3 3 

2.0F F 

11 -4 

3.8C C 

(3.3)4.22 - 5.92.9 - 4.7 

0.4CF F 

0-- 1 

0.1CF F 

0-- 1 

2.2CF F 

1.55 -2.8 

4.0C C 

4 -4 4 

2.88 c 

11 -5 

2.7C C 

11 -3 

45.5C C 

24-70 0 

3.9C C 

3.0-5.2 2 

1.4 4 
0-1(3) ) 

0.4C C 

0-- 1 

1 9 C A A 

1.33 -2.7 

2.6F F 

11 -4 

2.0 0 
11 -4 

1.8C C 

11 -3 

40.1CA A 

255 -61 

3.4C C 

2.55 -4.6 

>44 = C, A 
<44 = F, M 

) ) 

>10.55 = Msc = F 

11 * C 

) ) 

C C 

>44 = C, A 
<33 = F, M 

<2.88 = Msc = F 
>4.88 = Mln = A 

(-) ) 

(-) ) 

(-) ) 

(-) ) 

) ) 

) ) 

<200 = Msc = F 

) ) 
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Tablee 5. Continued. 

Ovaryy length 
(mm) ) 

Leaff  hears on 
edges(v) ) 

Phyllaryy length 
(mm) ) 

Phyllary y 
obtuseness s 

Phyllaryy number 

Pappuss part 
lengthh (mm) 

2.5 5 
1.55 -3.4 

0.3 3 
0-- 1 

14.9 9 
9-- 19 

3.4 4 
11 -6 

10.2 2 
8-- 14 

9.6 6 
5.9-- 12.9 

2.0 0 
1.55 -2.4 

0 0 
0 -0 0 

12.8 8 
9-- 17 

2.5 5 
11 -6 

11.2 2 
8-- 14 

8.2 2 

2.8 8 
1.9-3.4 4 

0.4 4 
0-- 1 

16.2 2 
111 - !9 

3.9C C 

2 -5 5 

9.7C C 

8-- 11 

10.5 5 
5.9-- 11.2 8.8- 12.9 

2.4ns s 

1.8-3.5 5 

0.6 6 
0-- 1 

15.9ns s 

11-22 2 

4.5 5 
11 -7 

11.3 3 
7-- 14 

11.7 7 
7.8-- 15.2 

2.21 1 

1.9-3.0 0 

0.3CF F 

0-- 1 

15.1CF F 

14-- 18 

3.4C C 

11 -4 

12.4C C 

9-- 14 

11.9 9 

2.4A A 

1.8-3.5 5 

0.7F F 

0-- 1 

16.1F'A A 

11-22 2 

4.8 8 
11 -7 

11.0C C 

7-- 14 

11.6FA A 

10.6-- 13.57.8- 15.: 

) ) 

11 * c 

(-) ) 

(-) ) 

(-) ) 

""  Diagnostic (d) characters used for ecotype recognition (see Table 1) and vegetative (v) characters are indicated. 
bb Numbers in brackets are extreme values measured. 
cc No (-) or only littl e ) diagnostic value. 

Discussion n 

MorphologicalMorphological diversification in the early stage of adaptive radiation 

Thee Australian and New Zealand Microseris are investigated for their adaptive radiation. 
Adaptivee radiation is defined, among others, as the evolution of ecological and phenotypic 
diversityy within a rapidly multiplying lineage (Schluter 2000). It involves the differentiation of 
aa single ancestor into an array of species that inhabit a variety of environments and that differ 
inn the morphological and physiological traits used to exploit those environments. One of the 
characteristicss of adaptive radiated plant taxa is that they often show pronounced 
morphologicall  diversification (Baldwin et al 1998; Stuessy and Ono 1998). The Australian and 
Neww Zealand Microseris fulfi l the different characteristics of adaptive radiation. They are 
supposedd to have evolved after a single introduction into the Southern hemisphere, and 
presentlyy show obvious morphological diversification. Four ecotypes are recognized (Table 
1),, and these are likely to be correlated to different environments, e.g., dry or wet lowlands, 
highlands,, and coastal areas. Characterss that are diagnostic for the ecotypes (Fig. 1; Table 1) 
cann be interpreted as adaptations used to exploit those different environments, e.g., tuberous 
rootss to overcome summer drought in the lowlands of Australia (Gott 1983; "M") , 
horizontallyy outgrowing roots that can give rise to new shoots to resist winter-frozen 
mountainn slopes ("A") , and waxy leaves to avoid evaporation along sea shores ("C"). Despite 
thiss clear differentiation into ecotypes, the morphological variation within the taxon is not 
uniform.. A number of populations exist that disagree in the diagnostic characters with each of 
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thee four ecotypes ("nontypicals"; nt; Tables 1, 2), and the only two species recognized (sensu 
Sneddon)) were not easily delimited (see Taxonomy, below). In addition, molecular 
investigationss showed evidence for the (recent) occurrence of hybridization among 
populationss of different ecotypes (Vijverberg et al. 1999; Vijverberg et al. 2000), and artificial 
crossess confirmed, that fertile offspring could be obtained among populations of all four 
ecotypess (Sneddon 1977; own observations). The Australian and New Zealand Microseris 
illustrate,, therefore, an early stage of adaptive radiation, in which reproductive isolation has 
nott yet come to an end. In the present study, we determined the overall morphological 
diversificationn of the plant group into more detail, in order to obtain more insights into the 
earlyy stage of adaptive radiation, in the face of (recent) genetic exchange among ecotypes. 

Thee results of the morphological investigations confirm the four ecotypes as 
previouslyy defined (Table 1), but differ in that they include the "nt" populations within the 
ecotypee groups (Figs 2, 3). Excluding the nine diagnostic characters (Fig. 1; Table 1) from the 
analysess results in similar ecotype groups (not shown). These results indicate, (1) that most 
otherr morphological characters measured are more uniform among the "nontypical" and 
"typical""  populations of an ecotype than the diagnostic ones and (2) that other than the 
diagnosticc characters are also important in ecotype recognition. These other characters are 
likelyy to be less differentiated among ecotypes, because they were not recognized as 
diagnosticc at first sight, and part of them might be correlated to the diagnostic characters, e.g., 
scapee width to flower head diameter. The correlations of variables to the PC axes (Table 4) 
andd discriminant functions (not shown) also indicate, that more than the diagnostic characters 
contributee to the recognition of species and ecotypes. The results show that a complex of 
characterss rather than a few morphological traits are involved in the adaptive radiation of 
Australiann and New Zealand Microseris. 

Thee molecular studies (Vijverberg et al. 1999; Vijverberg et al. 2000) suggest that 
adaptationn and selection play a role in the character evolution of Australian and New Zealand 
Microseris.Microseris. They show that the genetic distribution does not parallel a significant separation 
off  plants per ecotype. Evidence for the maintenance or re-establishment of ecotype 
characteristicss was found after dispersal to another environment, e.g., for populations Alnt to 
A4ntt vs. M20nt (Tables 1, 2), and after genetic exchange with members of another ecotype, 
e.g.,, for populations F8nt x "C" and A6 x "M". The present study confirms these results, and 
indicatess adaptation/selection not only for a number of the diagnostic characters (Table 1), but 
alsoo for some other characters measured. These include, adventitious root and achene 
characteristicss in populations Alnt to A4nt and M20nt, the "A" specific adventitious root 
andd leaf characteristics in population A6, and the "F" morphology in general, excluding some 
diagnosticc achene traits, in population F8nt. The importance of adaptation and selection in 
characterr evolution is also supported by likely adaptive interpretations for a number of these 
characters,, some of them proposed in the first paragraph of this Discussion. Similar results are 
oftenn reported in studies of adaptive radiation in other plant taxa (e.g., Baldwin et al. 1998; 
Stuessyy and Ono 1998). The reason why the morphological differentiation is not well 
reflectedd in the genetic distribution is unknown. Possibly, only a few genes underlie the 
ecotypee characteristics (Gottlieb 1984; Kadereit 1994) or nonhomologuous genetic bases for 
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Tablee 6. Diagnostic characters for species and ecotypes. 

Character r 

Fibrouss roots 
Adventitiouss roots 
Leaff  structure 

"C C 

M.M. scapigera 

feww to many 
absent t 
smooth h 

"F" " 

M.M. lanceolata 

reduced d 
elongatedd  shoots or tuberous roots 

nervedd to rigulose 

"A""  "M" 

"coastal" " 
Fibrouss roots many few reduced strongly reduced 
Leaff  rosette habitus flat to downright upright upright upright 

"fine-pappus" " 
Scalee width medium capillary or small broad scales broad scales 
Flowerr head diameter (cm) 3 2 5 4 
Pappuss part number (circa) 15 >40 19 11 
Acheness filled with embryo (%) 100 <90 100 100 

"alpine""  and "murnong" 
Adventitiouss roots - - elongated  shoots tubers 

too slightly tuberous 

similarr adaptations are involved. The fact that the genetic differentiation is not well-expressed 

inn the morphology illustrates that change events like random genetic drift and the influx of 

DNAA from another ecotype are less important in the character evolution of Australian and 

Neww Zealand Microseris. 

Thee different investigations have not resolved the direction of character evolution 

withinn the Australian and New Zealand Microseris. The nDNA (Vijverberg et al. 2000) and 

morphologicall  variation do not allow rooted phylogeny reconstruction, and a cladistic 

treatmentt of the cpDNA variation (Vijverberg et al. 1999) shows a basal polytomy. According 

too the latter, the four ecotypes evolved independently from each other, and possibly more 

thann once, rather than in sequence. Because the direction of character evolution is unknown, it 

cann not be discriminated whether characteristics are maintained or re-established in their 

evolution.. For instance, the "F" morphology found in the New Zealand population F8nt, 

couldd either be plesiomorph (ancestral), parallel (from a common ancestor) or convergent 

(nonhomologuous)) to the Victorian "F" ecotype. It is also unknown whether the "nt" 

populationss are diverging from, or converging to their most similar ecotypes. Thus, the fact 

thatt the "nt" populations disagree in the diagnostic characters (Fig. 1; Table 1) with their most 

similarr ecotypes, while they are uniform for most other morphological characters measured, 

cann be interpreted in several ways. In the case of diverging, for instance, after dispersal to 

anotherr geographic region and/or environment, the results imply that most ecotype specific 

characteristicss are maintained after the divergence, while the diagnostic characters have started 
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too change or adapt. This, in turn, suggests, that particularly the diagnostic characters are 
susceptiblee to change or adaptation. The opposite can be concluded when the "nt" 
populationss are converging to their most similar ecotypes, in which case the diagnostic 
characterss evolve relatively slow as compared to the other ecotype specific characters. 

Inn summary, the results illustrate the different characteristics of adaptive radiation 
clearlyy (see Discussion, first paragraph; Givnishand Sytsma 1997; Baldwin et al. 1998; 
Stuessyy and Ono 1998: Schluter 2000). They confirm the differentiation of the Australian and 
Neww Zealand Microseris into ecotypes, and show, that most of the morphological characters 
measuredd are involved in the adaptive radiation of the taxon. They confirm the relatively large 
rolee of adaptation and selection in the maintenance or re-establishment of ecotype 
characteristics,, whereas genetic differentiation, including genetic exchange among ecotypes, is 
lesss important in the morphological differentiation. Most strikingly, our results show that the 
processs of adaptive radiation and morphological differentiation is progressing, despite 
(incidental)) genetic exchange among plants of different ecotypes. 

Taxonomy Taxonomy 

Thee results of our study illustrate that an unambiguous classification of the Australian and 
Neww Zealand Microseris is not easily possible at this early stage of adaptive radiation. 
Nevertheless,Nevertheless, a certain level of morphological diversification is detected (Figs 2, 3; univariate 
analyses),, and this supports the recognition of two species delimited by Sneddon 
(unpublishedd results) as well as the four ecotypes defined (Fig. 1; Table 1). Due to the 
inclusionn of the "nt" populations in the ecotype groups, strictly diagnostic characters are rare 
(Tablee 6), and the practical assignment of "nt" populations is dependent on expanded overall 
morphologicall  analyses. Difficulties with the classification of Australian and New Zealand 
MicroserisMicroseris are not new. B. V. Sneddon (Victorian University of Wellington, New Zealand, 
personall  communication) recently revised the Australian Microseris for the Flora of Australia 
[Volumess 37 and 38, Asteraceae 1 and 2, in preparation; A. E. Orchard (Ed.), Australian 
Biologicall  Resource Study, Canberra, Australia]. He included a note on the New Zealand 
MicroserisMicroseris in this revision, but a more comprehensive study of the New Zealand material 
datess back to Sneddon (1977). Other work on the Australian Microseris includes the 
descriptionn of the "A" ecotype by M. Gray for the Kosciusko Alpine Flora (B. V. Sneddon, 
personall  communication), and the life-history study of the "M" ecotype by B. Goth (Monash 
University,, Melbourne, Australia, personal communication; Gott 1983), in order to 
investigatee its use as a cultivated aboriginal food plant. The difficulties in the classification 
concernn particularly the placement of the "F" ecotype and the possible subspecies status of 
thee "A" and "M" ecotypes. 

Thee inclusion of the "F" ecotype in Microseris scapigera is not strongly defined by 
eitherr the morphological or the molecular results. Morphologically, the "F" ecotype is most 
divergedd from the other ecotypes (Figs 2, 3; Tables 1, 6) and only slightly more similar to the 
"C""  ecotype than to the accessions of M lanceolata. A basal polytomy in the phylogeny 
reconstructionn of cpDNA mutations (Vijverberg et al. 1999) leaves its inclusion in M. 
scapigera,scapigera, M. lanceolata. or neither unresolved. The AFLP pattern (Vijverberg et al. 2000) 
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showss the "F" ecotype, excluding population F8nt from New Zealand, most similar to the 
Australiann accessions. In Sneddons first revision (1977), M. scapigera was confined to New 
Zealandd and M. lanceolata to Australia, the latter including the "F" ecotype as "race 3" 
togetherr with the "M" (race 1) and "A" (race 2) ecotypes. This revision was primarily based 
onn herbarium specimens, and for floral characteristics and crossing behavior also on a selection 
off  cultivated plants. For the "F" ecotype, only a few herbarium specimens were available, and 
itss inclusion in M. lanceolata was mentioned to be uncertain. In later crossing experiments 
betweenn Victorian "F" plants and plants from New Zealand, a reduced pollen fertility was 
foundd in the Fl generation (B. V. Sneddon, personal communication) indicating that its 
inclusionn in M. scapigera was also ambiguous. In Sneddons recent revision for the Flora of 
AustraliaAustralia (see former paragraph), the "F" ecotype is included in M. scapigera, mainly due to 
differencess in pappus part characteristics and breeding systems with the other Australian 
accessions.. Sneddon noted, however, that these features did not hold for all New Zealand 
memberss of M. scapigera, but that no satisfactory way of splitting up M. scapigera into 
morphologicall  (taxonomical) entities was found. According to the combined results of our 
studies,, the "F" ecotype might deserve an apart status. Possibly, the Australian and New 
Zealandd Microseris should be considered as one species, eventually with a number of 
subspecies,, or M. scapigera should be split up into two species, one including the New 
Zealandd accessions and another one that includes the Victorian and Tasmanian "F" 
populations. . 

Inn contrast to Microseris scapigera, the monophyly of M lanceolata is well-
supportedd by the cpDNA phylogeny (Vijverberg et al. 1999), congruent with the nDNA 
distributionn (Vijverberg et al. 2000), and confirmed by the morphology (Figs 2, 3). Splitting 
M.M. lanceolata into an "A" and "M" subspecies, as was earlier suggested by Sneddon (1977), is 
nott supported by the molecular results and not statistically supported by the morphology. M. 
lanceolatalanceolata is endemic to the Australian mainland, were it grows in a transect, mainly in 
south(eastern)) Australia. Both the "A" and "M" ecotypes have self-incompatible breeding 
systems,, and their morphological differentiation concerns particularly their vegetative parts, 
givingg them the opportunity to interbreed. Molecular results confirm the recent or still 
ongoingg interbreeding among populations of these two ecotypes (Prober et al. 1998; 
Vijverbergg et al. 2000). Although the adventitious roots are clearly differentiated between 
thosee ecotypes (Figs lc, d), the anatomy suggests that the different states are homologous, 
i.e.,, they both show separation of the original xylem into several strands by the development 
off  encircling cambia (Gott 1983; B. Gott, personal communication). In summary, the "A" and 
"M""  ecotypes are too similar to regard them as different subspecies. 

Consewation Consewation 

Sincee European settlement, -150 years ago, native grasslands and accompanying grassland 
floraa have strongly declined in Australia and New Zealand (Specht 1981; Prober et al. 1998). 
Particularlyy the "M" populations that grow in the Australian lowlands are threatened. 
Althoughh still occurring in a relatively large number of populations (Table 2), their habitat is 
stronglyy fragmented, which prevents gene flow among populations. Consequently, the "M" 
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populationss might become subject to inbreeding. The alpine habitats in Australia are not as 
stronglyy disturbed as the "M" habitats, and a number of larger populations (>1000 
individuals)) of the "A" ecotype still exist. The Victorian "F" populations are extremely rare, 
occurringg in three small populations (<200 individuals), one now extinct (F2; Table 2), and 
onee larger (F4) population in boggy lowlands. Together with their habitats, these populations 
aree in urgent need for conservation. Our results show, however, that the Victorian "F" 
populationss are molecularly and morphologically very similar to the Tasmanian "F" 
populationss (Vijverberg et al. 1999; Vijverberg et al. 2000; Figs 2, 3) of which larger 
populationss exist (>200 individuals). Due to their geographic isolation and self-fertility, the 
Victoriann and Tasmanian "F" populations are likely to further diverge from each other in the 
nearr future. Most New Zealand populations included in this study, both of "C" and "F" 
ecotypes,, have very small sizes (<200 individuals) and isolated places of origins. In summary, 
mostt of the Australian and New Zealand Microseris are in urgent need for habitat restoration 
andd conservation. 
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