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Abstract   

Myosotis L., the forget-me-nots, is a genus of about 100 species distributed in the Northern 

and Southern Hemispheres. There are two centres of diversity, Eurasia and New Zealand. 

The New Zealand species are a priority for taxonomic revision, as they comprise many 

threatened species and taxonomically indeterminate entities. This thesis includes a 

taxonomic revision of the native New Zealand Myosotis pygmaea subgroup, followed by an 

exploration of the genetic effects of rarity, and implications for conservation management. 

Species delimitation follows the general lineage model, in which multiple lines of evidence 

are analysed to identify evolutionary lineages. The morphological data collected from 

herbarium specimens and live plants grown in a common garden were used to delineate 

the M. pygmaea group and identify several groups within it that nearly matched the 

current taxonomy. High levels of plasticity were also uncovered. Microsatellite loci were 

developed as polymorphic markers for the M. pygmaea group for species delimitation and 

conservation genetics. Over 500 individuals were genotyped, mostly focusing on the M. 

pygmaea group but including several outgroup species for comparison. Several genetic 

clusters were identified showing morphological or geographic patterns. Considering both 

the genetic and morphological data, as well as novel ecological niche modelling, there is 

evidence for three main lineages within the M. pygmaea group which are formally 

recognised as M. antarctica, M. brevis and M. glauca. M. antarctica is further subdivided 

into two subspecies based on allopatry and morphology, namely subsp. antarctica and 

subsp. traillii (formerly M. drucei + M. antarctica and M. pygmaea, respectively). 

Using this new taxonomic framework to explore genetic variation relative to rarity shows 

very little difference among species. This is most likely due to the confounding effect of 

high levels of self-fertilization and low dispersal, which means that the majority of genetic 

variation within these species is partitioned between, rather than within populations. The 

implication for conservation is that each population is equally important in terms of their 

contribution to the genetic diversity of each species. This thesis represents a major 

increase in our knowledge of the evolution, systematics, taxonomy, rarity and 

conservation of New Zealand native forget-me-nots.  

  



 iv 

Acknowledgments 

A large number of people and institutions have helped me to complete this thesis, thank 

you all. Most importantly my supervisors, Vaughan Symonds, Heidi Meudt and Jen Tate, 

thanks for your unwavering support and helpful input throughout all stages of the PhD 

process.  

In the field: For collecting samples for me, or accompanying me in to the hills thanks to: 

Graeme Atkins, Lesley Bagnall, John Barkla, Jesse Bythell, Jan Clayton-Green, Liz and Chris 

Conner, Shannel Courtney, Peter de Lange, Charlie Devonish, Micheline Evans, Alex Fergus, 

Teresa Herleth, Rowan Hindmarsh-Walls, Cathy Jones, Carlos Lehnebach, Graeme Low, 

Heidi Meudt, Colin Ogle, Kay Pilkington, Mark, Meg and Sam Prebble, Brian Rance, Geoff 

Rogers, Neill and Barbara Simpson, Tony Silbury, Nick Singers, Mike Thorsen and Hugh 

Wilson. For helping with permits, location information, or assisting with access thanks to 

Castle Hill Station, Joy Comrie, Jacob Dexter, Paul Jansen, Graeme La Cock, Darren Peters, 

Viv McGlynn, Kiersten McKinley, New Zealand’s Aluminium Smelter, Rodney Russ, Te iwi o 

Ngātiwai, Bev and Allan Potts, Ryonier Forests, Catherine Warren, Tama Wipaki and the 

Aorangi Awarua Trust and many additional Department of Conservation staff around the 

country. For help funding the fieldwork stage thanks to the Royal Society of New Zealand 

for a grant from the Hutton Fund, the Australasian Systematic Society for a Hansjörg 

Eichler Research Grant, Project Tongariro for a Memorial Award, and the Enderby Trust 

for a scholarship to join the Forgotten Islands of the South Pacific cruise with Heritage 

Expeditions. 

In the lab: For helping me feel at home in the lab thanks to the LoST lab crew of Prashant 

Joshi, Rebecca Bloomer, Kay Pilkington, Cindy Skema, Tina Sehrish, Megan Van Ettan, Sofie 

Pearson and Mohamed Owis. For helping me run various analyses and connect with the 

Massey computer cluster thanks to Mac Campbell, Gillian Gibb, Elizabeth Daly, Mary 

Morgan-Richards and Steve Trewick. For sharing scripts to run Structure in parallel 

thanks to Kevin Emerson. For helping look after my plants in the common garden 

experiment thanks to Prashant Joshi, Rebecca Bloomer and Vaughan Symonds.  

In the herbarium: Thanks to the Museum of New Zealand Te Papa Tongarewa for hosting 

me. To the Te Papa Botany team for day to day support, lunch time conversations and all 

of the birthday celebrations thanks to Pat Brownsey, Heidi Meudt, Carlos Lehnebach, Leon 

Perrie, Ant Kusabs, Julia Wilson-Davey, Peter Beveridge, Barbara Polly, and Phil Garnock-

Jones. For facilitating the transfer of many herbarium specimens thanks to AK, CHR, OTA 



 v 

and most of all Ant Kusabs at WELT and Jen Tate at MPN.  For funding a course on 

morphometrics thanks to the Wellington Botanical Society for an Arnold and Ruth Dench 

NZ Botanical Award. 

In general: For proof reading all of the chapters for me with enthusiasm thanks to Fiona 

Hodge. For funding thanks to Massey University for the Vice-Chancellor's Doctoral 

Scholarship, the Massey University Institute of Fundamental Science for post-scholarship 

funding, the Eastbourne Bays Community trust for the Eastbourne Freemason’s 

Scholarship, Zonta Manawatū for their Scholarship for Women in Science and Technology 

– funded by Graduate Women Manawatū, and Universities New Zealand for the Claude 

McCarthy Fellowship. 

At home: for being my home base at different times over the years (aka thanks for all of 

the cups of tea) thanks to Alex Fergus, Bronwyn Haines, Emmie Ellis, Ella Hayman, Dean 

Clarke, Anna Costley, Frances Moore, Rob Odlin, Amy Shears, Joe McCarter and Liz 

Willoughby-Martin. Most of all thanks to my parents, Mark Prebble and Lesley Bagnall 

who first took me tramping and gave me the names for plants; and my siblings, honorary 

siblings and niblings for the adventures, love and support along the way thanks to Joe, 

Priya, Nayan, Sam, Em, Meg, Amelia, Charlotte and Tim. 

This thesis is dedicated to my brother Sam (1982–2014) who when I told him what I was 

researching said, “Is pressing flowers work now?  Is that what they're teaching you in your 

so-called 'university,' hmm?”  

Yes, it was work, but it was also fun, due to all of the people listed above who helped me 

along the way, but most of all due to my lovely family and friends. So for helping me all of 

the times, thanks, you’re the best. 

  



 vi 

  



 vii 

Table of contents 

List of Figures .......................................................................................................................... x 

List of Tables ........................................................................................................................... xi 

List of Appendices .............................................................................................................. xiii 

Chapter 1 General Introduction ........................................................................................ 1 

Species delimitation ....................................................................................................................... 1 
What is a species? ........................................................................................................................................ 1 
What are some of the different lines of evidence to delimit plant species? ........................ 3 
Importance of combining lines of evidence ...................................................................................... 7 

Rarity .................................................................................................................................................... 8 
The biology of rarity – what does it mean to be a rare plant? ................................................... 8 
What is rarity? ............................................................................................................................................... 8 
Why are some plant species rare and some common? ................................................................ 9 
Rare-common differences ..................................................................................................................... 11 
Is it bad to be a rare plant? Rarity and extinction risk .............................................................. 13 
Breeding system and rarity .................................................................................................................. 14 
The New Zealand situation ................................................................................................................... 14 
Rarity and New Zealand Myosotis ...................................................................................................... 17 

Myosotis ............................................................................................................................................. 17 
Thesis Structure ............................................................................................................................. 19 
References ........................................................................................................................................ 21 

Chapter 2 Delimiting the New Zealand native Myosotis pygmaea species 

group and identifying lineages within it using morphological data from 

herbarium specimens and living plants ...................................................................... 31 

Abstract ............................................................................................................................................. 31 
Introduction..................................................................................................................................... 32 
Materials and Methods ................................................................................................................ 35 

Morphological data from herbarium specimens ......................................................................... 35 
Morphological data from common garden grown plants ........................................................ 36 
Data analyses for living and herbarium specimens .................................................................... 38 

Results ............................................................................................................................................... 39 
Herbarium morphological data .......................................................................................................... 39 
Common garden germination and growth, and morphological data .................................. 41 



 viii

Comparison of herbarium and common garden data ............................................................... 42 
Discussion ........................................................................................................................................ 43 

Comparing and integrating herbarium and growth room data ............................................ 43 
Delimiting the M. pygmaea species group ...................................................................................... 44 
Delimiting morphological species within the pygmy forget-me-nots ................................ 45 
Summary and Conclusions.................................................................................................................... 52 

References ....................................................................................................................................... 76 

Chapter 3 Microsatellite markers for the New Zealand native Myosotis 

pygmaea species group (Boraginaceae) amplify across species ........................ 81 

Abstract ............................................................................................................................................. 81 
Introduction .................................................................................................................................... 82 
Methods and Results .................................................................................................................... 82 
Conclusions...................................................................................................................................... 84 
References ....................................................................................................................................... 91 

Chapter 4 How many pygmy forget-me-not species are there?  Testing the 

morphology-based taxonomy of the New Zealand native Myosotis pygmaea 

species group with population genetic data .............................................................. 93 

Abstract ............................................................................................................................................. 93 
Introduction .................................................................................................................................... 94 
Methods ............................................................................................................................................ 97 

Sampling ....................................................................................................................................................... 97 
DNA extraction and genotyping ......................................................................................................... 97 
Datasets ........................................................................................................................................................ 97 
Determining genetic structure and differentiation .................................................................... 98 
Coding null alleles..................................................................................................................................... 99 
Assessing population genetic variation .........................................................................................100 
Integrating microsatellite and morphological data ..................................................................100 

Results ............................................................................................................................................. 101 
Delimiting the Myosotis pygmaea group .......................................................................................101 
Lineages within the M. pygmaea group .........................................................................................102 
Comparison of two genetic distance calculations .....................................................................103 
Coding null alleles...................................................................................................................................103 
Genetic variation .....................................................................................................................................104 
Integrating morphological and microsatellite data ..................................................................104 

Discussion ...................................................................................................................................... 105 



 ix 

Iterative vs. integrative taxonomy .................................................................................................. 105 
Delimiting the M. pygmaea group ................................................................................................... 106 
Comments on the M. pygmaea group as a whole ...................................................................... 107 
Lineages within the M. pygmaea group ........................................................................................ 108 
Summary and conclusions ................................................................................................................. 112 

References ..................................................................................................................................... 125 

Chapter 5 Taxonomic revision of the New Zealand native pygmy forget-me-

nots (Myosotis; Boraginaceae) based on morphological, genetic and 

ecological niche modelling data ................................................................................... 133 

Abstract .......................................................................................................................................... 133 
Introduction.................................................................................................................................. 134 
Methods .......................................................................................................................................... 137 

Ecological niche modelling ................................................................................................................ 137 
Integration of morphological, molecular and niche modelling data ................................ 139 
Taxonomic treatment ........................................................................................................................... 140 
Determining threat status and rarity type .................................................................................. 141 
Assessing genetic structure and variation .................................................................................. 142 

Results ............................................................................................................................................ 143 
Ecological niche modelling ................................................................................................................ 143 
Integrated analyses ............................................................................................................................... 144 
Assessing threat status and rarity type ........................................................................................ 145 
Assessing genetic structure and variation .................................................................................. 146 

Discussion...................................................................................................................................... 146 
Modelling the niches of pygmy forget-me-nots......................................................................... 146 
Using ecological niche modelling data for species delimitation ......................................... 148 
Threat status, rarity type, and genetic variation present in the pygmy forget-me-nots: 

implications for conservation ........................................................................................................... 149 
Summary and conclusions ................................................................................................................. 151 

Taxonomic treatment ................................................................................................................ 152 
Key ............................................................................................................................................................... 153 

References ..................................................................................................................................... 189 

Chapter 6 general conclusions and future directions .......................................... 197 

Aims of the thesis ........................................................................................................................ 197 
Future directions ........................................................................................................................ 201 

Chromosome counts ............................................................................................................................. 201 



 x 

Sequencing microsatellite loci...........................................................................................................201 
Comparisons between different types of rarity and different breeding systems ........202 

Concluding remarks ................................................................................................................... 203 
References ..................................................................................................................................... 206 

List of Figures 
Figure 1.1 Speciation of two lineages through time, modified from de Queiroz (2007).. ..... 2 
Figure 1.2 Flow chart showing the categories of the New Zealand Threat Classification 

System, reproduced from the manual of the NZTCS (Townsend et al., 2008). ......................... 15 
Figure 2.1 Photographs of M. pygmaea group species and potentially affiliated entities .. 54 
Figure 2.2 Non-metric multidimensional scaling (nMDS) plots of individuals of the 

Myosotis pygmaea species group and other bracteate-prostrate species, based on the 

herbarium specimen derived morphological datasets ....................................................................... 55 
Figure 2.3 Non-metric multidimensional scaling (nMDS) plots of Myosotis individuals of 

the “pygmaea group” dataset comprising 103 individuals and 26 characters, based on the 

herbarium specimen derived morphological datasets ....................................................................... 56 
Figure 2.4 Box plots of selected morphological characters showing the Myosotis pygmaea 

group and affiliated species and tag-named entities. .......................................................................... 57 
Figure 2.5 Non-metric multidimensional scaling (nMDS) plots based on the Gower’s 

dissimilarity matrix of the morphological data measured on live cultivated plants from 

individuals of the Myosotis pygmaea species group grown in the common garden ............... 58 
Figure 2.6 Photographs of rosette leaves of Myosotis pygmaea group plants illustrating 

trichome characters .......................................................................................................................................... 59 
Figure 2.7 Photographs of M. pygmaea group plants in the field vs. their offspring growing 

in common garden conditions ...................................................................................................................... 60 
Figure 4.1 Principle coordinates analyses (PCoA) of the Myosotis “bracteate-prostrate” 

microsatellite dataset of 12 loci and 65 populations (552 individuals). ...................................114 
Figure 4.2 Map of New Zealand showing the locations of 54 Myosotis populations included 

in the “pygmy-only” microsatellite dataset of 497 individuals. ....................................................115 
Figure 4.3 Structure runs for selected K values based on the “pygmy-only” Myosotis 

microsatellite dataset of 12 loci and 54 populations (497 individuals). ...................................116 
 Figure 4.4 Structure plot at K = 3 and NeighborNet network of the “pygmy-only” 

microsatellite dataset based on the Kosman and Leonard (2005) distance matrix for 54 

populations (497 individuals) of New Zealand Myosotis.. ...............................................................117 



 xi 

Figure 4.5 Integrated analyses of morphological and molecular data sets of 31 

populations of M. pygmaea group forget-me-not individuals for which data from both data 

sets were available .......................................................................................................................................... 118 
Figure 5.1 Maps displaying all 290 occurrence points used for Myosotis pygmy species 

group niche modelling. .................................................................................................................................. 169 
Figure 5.2 Ecological niche modelling results for pygmy forget-me-nots. ............................ 170 
Figure 5.3 Maps of MaxEnt niche models for pygmy Myosotis in New Zealand and 

southern South America. .............................................................................................................................. 171 
Figure 5.4 Plots displaying omission/commission values and area under the receiving 

operating characteristic curve (AUC) curves for two pygmy forget-me-not entities. ........ 172 
Figure 5.5 PCA of environmental variables, showing high degree of niche overlap between 

species within the pygmy forget-me-not group. ................................................................................ 173 
Figure 5.6 Integrated analysis of morphological, molecular and environmental datasets of 

31 populations of pygmy forget-me-nots.. ............................................................................................ 174 
Figure 5.7 Summary of the morphological (Chapter 2) and molecular (Chapter 4) data 

pertaining to the pygmy forget-me-nots. .............................................................................................. 175 
Figure 5.8 Myosotis brevis. .......................................................................................................................... 176 
Figure 5.9 Myosotis glauca. ........................................................................................................................ 177 
Figure 5.10 Myosotis antarctica subsp. antarctica. Illustration reproduced from Bot. 

Antarct. Voy. I. (Fl. Antarct.) Part I, plate 38 (Hooker 1844). ......................................................... 178 
Figure 5.11 Myosotis antarctica subsp. antarctica.. ......................................................................... 179 
Figure 5.12 Myosotis antarctica subsp. traillii. .................................................................................. 180 

List of Tables 
Table 1.1 The seven forms of rarity, adapted from Rabinowitz (1981)........................................ 9 
Table 2.1 Taxonomic history, distribution, conservation status and important 

morphological characters of each published species in the Myosotis pygmaea species 

group, as well as other tag-named New Zealand Myosotis with a bracteate-prostrate 

growth form. ......................................................................................................................................................... 61 
Table 2.2 Description of morphological characters measured on Myosotis herbarium 

specimens and live plants grown in common garden conditions. ................................................. 65 
Table 2.3 Details of seed germination, survival to adulthood and flowering rates in the 

Myosotis pygmaea species group common garden experiment ...................................................... 68 



 xii 

Table 2.4 Comparison of characters differentiating individuals of several Myosotis tag-

named entities from those of the M. pygmaea species group based on herbarium specimen 

data. .......................................................................................................................................................................... 72 
Table 2.5 Comparison of herbarium specimen data showing differences between 

individuals of selected species and some tag-named Myosotis entities within the M. 

pygmaea species group. ................................................................................................................................... 72 
Table 2.6 Comparison of characters of growth room specimens of Myosotis pygmaea 

species group individuals. .............................................................................................................................. 73 
Table 2.7 Comparison of characters between growth room and herbarium plants of 

Myosotis pygmaea species group individuals ......................................................................................... 74 
Table 2.8 Additional comparisons of herbarium data between individuals of the Myosotis 

pygmaea species group, highlighting three of the characters that found significant 

differences between species in the growth room data. ...................................................................... 75 
Table 3.1 Primer sequences and characteristics of 12 microsatellite loci developed in 

Myosotis drucei. ................................................................................................................................................... 85 
Table 3.2 Summary statistics of microsatellite polymorphism determined by screening 53 

Myosotis drucei samples from four populations; three from the South Island and one from 

the North Island of New Zealand. ................................................................................................................ 86 
Table 3.3 Cross-amplification of 12 novel microsatellite loci in 22 Myosotis species. ......... 87 
Table 3.4 Voucher and location information for all Myosotis populations used in this 

study. ....................................................................................................................................................................... 89 
Table 4.1 Details of the 11 Myosotis microsatellite data partitions. ..........................................119 
Table 4.2 Percentage amplification across 12 microsatellite loci, by Myosotis 

morphological group. .....................................................................................................................................120 
Table 4.3 Frequency statistics by microsatellite locus for 12 markers. Calculated from 58 

populations across the Myosotis pygmaea group and affiliated tag-named entities (the 

“pygmy-plus” dataset) ....................................................................................................................................120 
Table 4.4 Frequency statistics by population for Myosotis pygmaea group collections ....121 
Table 5.1 Environmental layers trialled for niche modelling of the pygmy forget-me-not 

species group. ....................................................................................................................................................181 
Table 5.2 Average AUC value of 5 runs for each species and subspecies of Myosotis 

showing different datasets, different background sampling strategies, and different 

species and subspecies sampled for the ecological niche modelling. .........................................183 
Table 5.3 Niche overlap as calculated using the D statistic (Warren et al. 2008) between 

species and subspecies pairs in the pygmy forget-me-not group. ...............................................183 



 xiii 

Table 5.4 Rarity type, which is assessed using geographic range (based on the extent of 

occupancy), abundance (based on the average population size) and habitat specificity 

(based on the niche breadth and number of occupied habitats) for each species or 

subspecies of pygmy forget-me-not. ....................................................................................................... 184 
Table 5.5 Historical and suggested threat classifications of the pygmy forget-me-not 

group, and the data used to determine the current threat status. .............................................. 185 
Table 5.6 Frequency statistics by pygmy forget-me-not species or subspecies based on 12 

microsatellite loci, only including populations of n > 5.. ................................................................. 187 
Table 6.1 Number of seeds germinated and root tips fixed for chromosome counts of 

pygmy forget-me-nots (Myosotis). ............................................................................................................ 204 
Table 6.2 Collections of outcrossing New Zealand Myosotis. ....................................................... 205 

List of Appendices 
Appendix 1 Reproduction of Chapter 3, as published in Applications in Plant Sciences .. 207 

Appendix 2 Voucher table with information about Myosotis specimens included in the 

morphological analyses (Chapter 2) and microsatellite analyses (Chapter 4)i. ................... 213 

Appendix 3 Non-metric multidimensional scaling (nMDS) plot of combined herbarium 

and growth room data for the Myosotis pygmaea species group. ............................................... 225 

Appendix 4 Structure plot (K = 4) and Neighbornet network based on the Kosman and 

Leonard (2005) distance matrix for the Myosotis “pygmy-plus” microsatellite dataset of 58 

populations (543 individuals). . ................................................................................................................ 226 

Appendix 5 Structure plot (K = 3) and Neighbornet network based on the POSA distance 

matrix for the Myosotis “pygmy-only” microsatellite dataset of 54 populations (497 

individuals). ....................................................................................................................................................... 227 

Appendix 6 Structure plots of multiple datapartitions based on morphological clusters 

recovered in Chapter 2. ................................................................................................................................. 228 

Appendix 7 Structure plots of multiple datapartitions based on clusters recovered in the 

Structure analyses of the “pygmy-only” datasets at K = 3.. ............................................................ 229 

Appendix 8 Herbarium and locality information for all Myosotis voucher specimens used 

in the ecological niche modelling analyses.. ......................................................................................... 230 

  



 xiv 

  




