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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.  
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Chapter 1 General Introduction 
 

This thesis is concerned with questions regarding species delimitation and rarity, and how 

these concepts relate to conservation. Each chapter within this thesis contains its own 

introduction to the literature uniquely relevant to it; therefore this general introduction 

serves as a broader overview of species delimitation and rarity, and an explanation of the 

thesis structure itself. It begins with a brief discussion of what is a species and how species 

delimitation can be undertaken in an integrative way. This is followed by an introduction 

to some of the concepts of rarity, which is then related to the New Zealand situation and 

the study group of this thesis, the New Zealand native Myosotis pygmaea species group. 

Finally, the study group is introduced in more detail, along with the specific topics 

addressed in each chapter. 

Species delimitation  

What is a species? 

The debate over how to define and delimit species is longstanding and ongoing (de 

Queiroz 2007). The species is one of the fundamental units of biology, and an 

understanding of species limits is essential, e.g., for the effective conservation 

management of endangered species. However, there is still a great deal of debate around 

how species should be defined, and once defined how they should be delimited. The 

sometimes heated discussion has yielded upwards of 20 species “concepts” (de Queiroz 

2007) that when applied individually can result in different numbers of species, or even 

different species, being delimited. For example, the criterion of one or more fixed 

character state differences—the basis of one of the phylogenetic species concepts—

commonly leads to the recognition of more species than the criterion of intrinsic 

reproductive barriers which is the basis of the biological species concept (Cracraft 1997). 

Some of the influential species concepts include the biological species concept (Mayr 

1942), the ecological species concept (van Valen 1976), and the phylogenetic species 

concept (e.g., Hennig 1966; Rosen 1979). The biological species concept states that species 

are groups of interbreeding populations that are reproductively isolated from other such 

groups (Mayr 1970). This is one of the most intuitive species concepts, but it becomes 

difficult to apply to species that are able to self-reproduce, and if applied rigidly would 
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lead to fewer species being recognised, particularly among plant species, where 

hybridisation is common (Rieseberg and Willis 2007). The ecological species concept 

takes into account the niche or adaptive zone that organisms inhabit, and when applied 

meticulously it has been used to name a cell line as a new species (van Valen and Maiorana 

1991). There are several different phylogenetic species concepts, some of which rely on 

monophyly (e.g., Rosen 1979) while others focus on fixed character differences (e.g., Baum 

and Shaw 1995). 

  

Figure 1.1 Speciation of two lineages through time, modified from de Queiroz (2007). 
Lines indicate where different properties might be acquired, such as morphological 
distinctiveness, ecological distinctiveness, reciprocal monophyly, reproductive 
incompatibility, etc. Properties are not necessarily acquired in the same rate or order 
during different speciation events. 

With so many different existing concepts that have different strengths and weaknesses 

and different ways of defining and delimiting species, it has more recently been asked 

whether there are any common elements that could bring them together. This has led to 

the general lineage concept (also known as the unified species concept) of de Queiroz 

(2007). In the general lineage concept, species can be thought of as separately evolving 

metapopulation lineages, and what used to be considered “species concepts” can be seen 

as different methods that can be used to help decide at which point to make the cut-off 

between populations and species (Figure 1.1). As evolution and speciation are ongoing 

processes, it can be difficult to determine when this cut-off point should be drawn. 
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Therefore, the general lineage concept emphasises combining data from many different 

sources for the purpose of lineage discovery. Older and more divergent species can usually 

be easily recognised by considering any of the different species concepts and criteria. 

However, difficulties arise during the early stages of lineage divergence, when lineages 

may have diverged and formed new species, but may not have acquired all of the different 

properties on which species concepts are based (de Queiroz 2007). A pragmatic way to 

approach the question of species delimitation is to start with the null hypothesis that two 

individuals comprise the same species, and then aim to falsify this null hypothesis by one 

or more sources of evidence (the more the better). Therefore if one piece of evidence does 

not falsify the null hypothesis, it is not proof that there is only one species present, it 

simply indicates that that particular piece of evidence is not informative, yet others might 

be. 

What are some of the different lines of evidence to delimit plant species? 

Morphology Morphological characters are the most common characters used for plant 

species delimitation, and historically phenotypic similarity has been the main criterion 

used by taxonomists to group individuals into species. There is a strong correlation 

between phenetically defined groups based on morphological data and reproductively 

independent lineages (Rieseberg et al., 2006), which confirms that morphological data are 

worthwhile to use in species delimitation. Both quantitative and qualitative data can be 

used, with different analyses appropriate for different data types (Stuessy 2009). 

Current taxonomy based on morphological data ideally uses a statistically rigorous 

approach, and a wide range of analyses can be used, from phylogenetic to phenetic, 

including clustering, ordination and statistical tests, to determine if groups are 

significantly different. Examples of analyses include phenetic techniques such as principle 

components analyses (PCA) [e.g., Phormium (Smissen and Heenan 2010)] and 

multidimensional scaling (MDS) [e.g. New Zealand Plantago (Meudt 2012)], mapping 

morphological data onto molecular phylogenies [e.g., Lithospermum (Cohen 2011) and 

Zostera (Les et al., 2002)], and geometric morphometrics (e.g., Viscosi and Cardini 2011).  

Morphological variation is influenced by both environmental and genetic factors (and the 

interaction between them), and it is ideal to distinguish between the two so that 

taxonomic decisions can be based on characters that have a genetic basis. Due to their 

sessile lifestyle and modular construction, plants may be phenotypically plastic; that is, 

they have the capacity to produce new copies of organs (e.g., leaves) with different sizes 

and/or shapes, depending on the environmental stimulus (Price et al., 2003; Stuessy 
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2009). In Chapter 2 of this thesis I test species limits within the Myosotis pygmaea species 

group using statistical analyses of morphological characters measured from herbarium 

specimens. I also undertake a common garden experiment to determine which characters 

reliably distinguish between taxa of interest under common growth conditions to help 

determine the environmental vs. genetic basis of morphological variation in the M. 

pygmaea group.  

Highly polymorphic markers and population genetics The use of highly polymorphic 

markers, such as nuclear microsatellites and amplified fragment length polymorphism 

(AFLP) data for species delimitation has become widespread in the last fifteen years 

(Koopman et al., 2008; Duminil and Michele 2009; Hausdorf and Hennig 2010). 

Microsatellite loci are tandem repeat DNA motifs of 1–6 bp in length. These loci occur at 

high frequency in all eukaryotes examined (Katti et al., 2001). Until recently, the use of 

microsatellite loci was near universal in population genetic studies, especially those 

studying animals, mostly due to their ease of use and power for population genetic 

analyses. Microsatellite loci are typically highly variable, even in organisms that otherwise 

display little DNA-sequence variation (Zwettler et al., 2002; Duminil 2012). Microsatellite 

markers for non-model organisms can now be fairly quickly and easily designed using 

next-generation sequencing data (Zalapa et al., 2012). Microsatellite loci have been used to 

test species limits (Edwards et al., 2009), explore the differences in genetic variation 

between pairs of rare and common congeners (e.g., Takahashi et al., 2011), and to 

investigate the differences in genetic variation between selfing and outcrossing plants 

(e.g., Mable and Adam 2007). Furthermore, as several independent loci are used, they 

should be able to provide a more accurate representation of the genome and limit the 

risks of incomplete lineage sorting, which can confound single-locus analyses.  

The advances of next-generation sequencing, more accurately described as high-

throughput sequencing, have vastly increased the amount of, and speed at which, DNA can 

be sequenced (Schuster 2008). This has resulted in multiple new methods relevant to 

generating data for species delimitation. New methods for developing markers include via 

whole genome skimming (e.g., Dodsworth 2015), sequencing transcriptomes (e.g., 

Mendoza et al., 2015) and Hyb-Seq (e.g., Folk et al., 2015). New methods for sequencing 

single nucleotide-polymorphisms (SNPs) from restriction based techniques such as 

restriction site associated DNA markers (RAD-Seq) and genotyping by sequencing (GBS) 

(e.g., Beck and Semple 2015) are also of relevance to species delimitation, and the ability 

to sequence multiple specimens in the same run is a significant break-through. Although 

these methods do not necessarily produce highly polymorphic markers, the large numbers 
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of markers able to be developed and sequenced, and the number of SNPs identified (often 

in the tens of thousands), means these methods are rivalling and even surpassing 

microsatellites in terms of generating informative data.  

However, there are currently still benefits to using microsatellites rather than next 

generation sequencing data, in that as the marker of choice for the last ~20 years much is 

known about the properties of microsatellite loci, including how they evolve (Ellegren 

2004), how to score them (e.g., software such as GeneMapper, Applied Biosystems) and 

how to analyse and interpret the results (e.g., Oliveira et al., 2006). Furthermore, 

microsatellites still have the advantage over SNPs in that each locus has the potential to 

display more alleles, and they are still the marker of choice for many studies involving 

fine-scale population structure, recent demographic events, and breeding or pedigree 

estimation (Oliveira et al., 2006; Zalapa et al., 2012). An additional benefit to using 

microsatellites vs. high-throughput techniques is that additional samples can be analysed 

efficiently as small numbers of samples can be genotyped at one time (Hodel et al., 2016). 

This can be particularly useful when studying rare, hard-to-find species, of which 

additional populations may be collected unexpectedly.  

Under a population genetics framework, species boundaries can be identified using 

clustering methods that assign individuals to gene pools according to their genotype using 

analysis software such as Structure (Pritchard et al., 2000) and Instruct (Gao et al., 2007). 

Genetically differentiated gene-pools reflect barriers to gene flow, especially when found 

in sympatry (e.g., Duminil 2012). Studies have used microsatellite data as a tool for species 

delimitation in recent plant radiations [e.g., Shoenoplectiella (Cyperaceae) from South 

Korea (Kim et al., 2012), Sphagnum from Australia and New Zealand (Karlin et al., 2008), 

and Conradina (Lamiaceae) from Florida (Edwards et al., 2009)]. The relatively fast 

mutation rate of microsatellites (Jarne and Lagoda 1996) can allow the distinction of 

species in cases where DNA sequencing methods fail. For example, the population genetic 

analyses of microsatellite data showed that individuals and populations clustered together 

in accordance with the traditional morphological boundaries of six Conradina species, 

after species-level phylogenetic analyses based on multiple nuclear and plastid gene 

regions had failed to recover the monophyly of any of them (Edwards et al., 2006; 

Edwards et al., 2008; Edwards et al., 2009).  

Population genetic studies of members of the Boraginaceae have been conducted using 

microsatellite data [Echium (Romeiras et al., 2007)], AFLP data [the New Zealand Myosotis 

petiolata complex (Meudt et al., 2013) and Onosma (Kolarčik et al., 2010)], and RAPD data 
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[Borago (Sales et al., 2008)]. No microsatellites have previously been developed for the 

genus Myosotis. In Chapter 3 of this thesis I report on microsatellite loci developed from 

next-generation sequencing data (e.g., Zalapa et al., 2012). Chapter 3 has already been 

published in the journal Applications in Plant Sciences (see Appendix 1). In Chapter 4 these 

microsatellites are used to explore the population genetic structure of the Myosotis 

pygmaea group and to help delimit species within it.  

Ecological niche modelling Ecological and environmental variables can also be used to help 

delimit species. Botanists frequently record information such as the geology and substrate 

of the area, the habitat type (e.g. forest, tussock, and coastal turf), elevation and aspect and 

use this information to help inform taxonomic decisions. This can be done in more 

rigorous ways such as mapping the underlying geology with species distributions [e.g., 

Pachycladon (Heenan and Mitchell 2003)], or even by ecological and environmental 

modelling.  

Ecological niche models use associations between environmental variables and known 

species’ occurrence localities to define the abiotic conditions within which the species can 

survive (Elith et al., 2006). Although species distribution modelling is not yet commonly 

used to delimit species, it has been found to be useful when delimiting recently evolved 

species, and to delimit cryptic species (Raxworthy et al., 2007; Reeves and Richards 2011).  

Niche modelling can provide evidence for geographical isolation between populations, and 

therefore can suggest these populations are separately evolving lineages when gene flow 

is considered unlikely for the intervening unsuitable region (Raxworthy et al., 2007).  

One of the challenges of using ecological niche modelling is getting good quality abiotic 

data to use in the model. Data for New Zealand is available in the form of WorldClim 

bioclimatic variables (http://www.worldclim.org/current)(Hijmans et al., 2005), which 

are available in a maximum of a 30 arc-second quadrat resolution (~1 km grid squares at 

the equator). There are additional layers developed for Land Environments New Zealand 

(LENZ) (https://lris.scinfo.org.nz/)(Leathwick et al., 2002), and these are available at a 

higher resolution (25 x 25 m2 grid) . The LENZ layers have been used for ecological 

modelling, for example to reconstruct distributions of stick insects during the last glacial 

maximum (Buckley et al., 2010). Botanists have attempted to use the LENZ database to 

model ecological niches for Ranunculus (Lehnebach 2008) and for Veronica (Pufal 2010) 

but have found the abiotic data to be of limited use due to the relatively coarse scale at 

which it is available. Nevertheless, ecological niche modelling using LENZ may be useful 

for explicitly testing whether Myosotis species have distinctive ecological niches. This is 
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because as currently circumscribed they appear to have very restricted geographical 

ranges and/or occupy very specific habitats (Given 1981; Stanley et al., 1998; Rogers and 

Walker 2002). For example, the tag-named entity M. “Volcanic Plateau” is primarily 

considered a separate entity based on its differing ecology (Table 2.1). Chapter 5 of this 

thesis uses ecological niche modelling to compare between the habitat requirements of 

species and tag-named entities within the M. pygmaea group. 

Importance of combining lines of evidence  

The general lineage concept (de Queiroz 2007) emphasises the importance of combining 

lines of evidence for species delimitation. Evaluating multiple criteria not only increases 

our ability to detect recently separated lineages, but also can provide stronger support for 

lineage separation when they are in agreement (e.g., Ornelas-García et al., 2008; Reeves 

and Richards 2011). The process by which lineages are translated into taxonomic rank, i.e. 

how the decision is made as to whether a lineage is best recognised as a species or 

subspecies, is often not explicitly stated in taxonomic treatments, and can appear to be 

somewhat arbitrary. If there is good evidence that lineages are reproductively isolated, i.e. 

morphological or genetic data separates two lineages with sympatric ranges, then species 

rank is generally warranted (Steussy 2009). The rank of subspecies is probably more 

appropriate in situations where minor morphological or molecular differentiation is not 

obviously linked to reproductive isolation, i.e., because the lineages are allopatric (Stuessy 

2009). This concept of subspecies was also identified in a meta-analyses exploring the use 

of subspecies in taxonomic treatments, which found that the rank of subspecies was most 

often used for lineages united by morphological and either evolutionary or ecogeographic 

data (Hamilton and Reichard 1992). Combining lines of evidence has loosely been termed 

“integrative taxonomy” by some, but Yeates et al., (2011) suggest it is better termed 

“iterative” taxonomy, and the term integrative be reserved for those studies that truly 

combine or concatenate multiple sources of data. One of the key requirements for true 

integration is usually that the data from different sources (e.g., morphological and 

molecular) be collected from the same individuals. In Chapters 4 and 5 of this thesis both 

iterative and integrative methods are explored, taking into account the morphological, 

molecular and ecological niche datasets generated to explore species delimitation of the 

Myosotis pygmaea group. 
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Rarity 

The biology of rarity – what does it mean to be a rare plant? 

The implications of a species being rare has been the topic of extensive discussion among 

biologists, particularly the relationship between rarity, extinction risk and conservation 

effort. Rare species are of interest to conservationists, as rare plants are generally 

considered to be more at risk of extinction than common species. However, there is a 

growing understanding that not all rare species have the same evolutionary history, the 

same causes of rarity or the same risk of extinction (Rabinowitz 1981). Species that are 

rare due to human-influenced factors such as habitat loss or the introduction of invasive 

species may require more conservation effort than those that are naturally uncommon 

e.g., the Naturally Uncommon category in the New Zealand Threat Classification System 

(NZTCS) (Townsend et al., 2008), Figure 1.2. Further research into the nature and causes 

of rarity, along with the implications of different kinds of rarity, is of great relevance to the 

field of conservation. The importance of rare plants to ecological functioning has recently 

been highlighted (Leitão et al., 2016), reinforcing the importance of rare plants as a key 

part of healthy ecosystems. 

What is rarity? 

The question of whether a plant species is or is not rare appears at first to be a simple 

matter; it is merely a question of how uncommon the plant species is (Given 1981). But 

what does uncommon mean? Rarity depends on the scale, space, and time considered. 

Plants can be rare in one country but common in another (Harper 1981). Furthermore, 

rare species can be geographically widespread but infrequent throughout their 

distribution, or be locally abundant in a very narrow geographic range. Abundance may 

vary in geological or evolutionary time in that relictual species that were once widespread 

and are now limited in distribution, or new species that are recent in origin and have yet 

to reach their potential to become geographically widespread (Stebbins 1980). In practice, 

definitions of biological species rarity tend to depend on the purpose for measuring the 

rarity, which makes it even more important for researchers to clearly communicate their 

measures of rarity (Reilly 2010).  

Rabinowitz (1981) distinguished three aspects of the situation of a species: geographic 

range, habitat specificity, and local population size (Table 1.1). Stebbins (1980) 

emphasised that the nature and occurrence of rare species is not a simple problem that 

can be solved by applying one or few general principles. Each example of a rare species 
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must be considered with respect to the environment in which it grows, the population 

genetic structure and amount of genetic variability, and its reproductive system as well as 

the past history of the populations to understand its current distribution. 

Table 1.1 The seven forms of rarity, adapted from Rabinowitz (1981), numbers as 
assigned by Reilly (2010). Numbers 1–4 correspond to rarer and more threatened species, 
5–7 are less rare and less threatened, and 8 is common. 

Geographic 
range 

Large Small 

Habitat 
specificity 

Wide Narrow Wide Narrow 

Local 
population 
size: Large, 
dominant 
somewhere 

8. Locally 
abundant over 
a large range 
in several 
habitats 
(Common) 

7. Locally 
abundant 
over a large 
range in a 
specific 
habitat 

5. Locally 
abundant in 
several habitats 
but restricted 
geographically 

3. Locally 
abundant in a 
specific habitat 
but restricted 
geographically 

Local 
population 
size: Small, 
non-dominant 

6. Constantly 
sparse over a 
large range 
and in several 
habitats 

4. Constantly 
sparse in a 
specific 
habitat but 
over a large 
range 

2. Constantly 
sparse and 
geographically 
restricted in 
several habitats 

1. Constantly 
sparse and 
geographically 
restricted in a 
specific habitat 

 

In her PhD thesis, Reilly (2010) proposed a quantitative approach for defining rarity that 

included local abundance, geographic range size, habitat preference, frequency, and 

occupancy. Following Rabinowitz (1981), Reilly (2010) states that rarity is three-

dimensional, consisting of abundance, range, and habitat volume. In Chapter 5 of this 

thesis the rarity types of the M. pygmaea group species are assessed following Rabinowitz 

(1981) and Reilly (2010). 

Why are some plant species rare and some common?  

It is possible to distinguish causes of rarity that relate to human influences such as habitat 

loss from those that relate to geological and evolutionary history (“natural” causes, here 

meaning any causes that do not relate to human intervention). It is widely accepted that a 

large number of species are rare due to human-induced factors, and the major drivers of 

contemporary biodiversity loss are considered to be human-influenced land use change 

such as habitat loss and/or fragmentation, and biotic exchange such as invasive 

introduced species (Sala et al., 2000; Didham et al., 2007). Teasing apart natural vs. 

human-influenced causes of rarity has important implications for conservation effort, as 
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people often place a higher priority on conserving species that are rare due to human 

causes (e.g., see the “Naturally Uncommon” category in the NZTCS; Townsend et al. 2008). 

However, understanding the causes of natural rarity also has important implications for 

conservation management as Naturally Uncommon species may easily become threatened 

if their habitat is threatened (de Lange et al., 2010).  

Causes of natural rarity At times natural rarity has been correlated with “old” species 

nearing extinction (Darwin 1859; Fiedler 1986) or with newly formed species (Willis 

1922), but more recently it is accepted that species of any age can be rare (Stebbins 1980; 

Schwartz 1993; Levin 2000). There is some indication that rare species are over-

represented in large taxonomic groups (Schwartz and Simberloff 2001; Lozano and 

Schwartz 2005), possibly due to differential rates of speciation among families leading to 

both high species richness as well as numerous species with relatively small distributions 

(Schwartz and Simberloff 2001). Conversely, in lineages where extinction rates exceed 

speciation rates, the few species that persist may be those with larger distributions 

(Lozano and Schwartz 2005). Binks et al. (2015) argue that it may be possible to 

distinguish between declining vs. expanding scenarios using population genetic data as 

declining species are likely to show evidence of recent bottlenecks whereas expanding 

species will often exhibit star-shaped haplotype networks. On the other hand species that 

have persisted whilst rare may maintain levels of genetic diversity and be less affected by 

inbreeding. Other hypotheses that are sometimes used to explain natural rarity are 

discussed below in turn including poor competitive ability, various restrictions of the 

habitat the species occupies, life history traits such as dispersal method, and reduced 

genetic variation.  

Poor competitive ability Common plants in pairs of rare/common congeners are often 

better competitors (Dawson et al., 2012) and poor competitive ability has been found to 

be linked to rarity (e.g., Eriocaulon kornickianum; Watson et al., 1994). However, in a study 

of the comparative competitive ability of rare and common prairie grasses, Rabinowitz 

(1980) found the paradoxical result that sparse species were nearly uniformly superior 

competitors to the common grasses. She concluded this was due to the sparse grasses 

growing best when sparse, and the common species growing best when common. Lloyd et 

al. (2002) studied the competitive ability of rare and common New Zealand Chionochloa 

and Aceana and found that some common species had better competitive ability than 

some rare species, but that the trend was not universal. Therefore, although rare species 

may have poor competitive ability in some cases, it should not be assumed that this is the 

cause of rarity in all cases. 
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Occupying a specific habitat There are two different ways that specific habitats can be 

limiting; either in space or in time. Numerous rare or endangered species occupy 

temporary types of vegetation that are soon succeeded by other vegetation in which they 

are unable to survive (Given 1981). This can be a difficult strategy to maintain and a 

number of rare native New Zealand seral species are outcompeted by invasive species 

with better competitive ability, including some of New Zealand’s native threatened orchids 

such as Thelymitra aemula (Hatch 1995; Reid 1998).  When habitat is limited by space, 

rather than time, many rare species occur on “ecological islands”, such as living on a 

different substrate type (Stebbins 1980). Lloyd et al. (2002) also raise the idea that plants 

occupying a specific substrate type may be escaping competition, and in doing so, this 

tactic may be linked to poor competitive ability on the original substrate. There are many 

plants in New Zealand that are Naturally Uncommon due to their being restricted to a 

specific habitat type (de Lange et al., 2009), and several Myosotis species fit this category, 

such as M. monroi and M. laeta, which are confined to ultramafic rocks (de Lange et al., 

2010). 

Dispersal ability Differences in dispersal ability can sometimes explain the difference in 

ranges between rare and common plants (Stebbins 1980). There are differences in the 

dispersal mechanisms used by New Zealand plant species at a higher risk of extinction 

compared to those more common species (Thorsen et al., 2009). Threatened plants are 

more likely to use the following mechanisms: epizoochory (dispersal by attachment to 

animals), capsulivory (whereby a subfleshy capsule or peduncle could act as a nutritional 

reward for herbivorous species) and “foliage as fruit” (seeds being ingested and dispersed 

incidentally by herbivores). Seed dispersal mechanisms in New Zealand Myosotis are 

difficult to assess, as the hooked hairs often present on their calyces indicate dispersal by 

epizoochory, but in most species the calyx is attached firmly to the rachis (Thorsen et al., 

2009). In prostrate species, such as the Myosotis pygmaea group, seeds are dispersed by 

water splash, wind, or possibly “foliage as fruit” dispersal (Thorsen et al., 2009); with 

evidence for the latter found in the presence of Myosotis seeds in moa coprolites (Wood et 

al., 2012). 

Rare-common differences 

There has been a great deal of research into whether there are overall trends of 

differences between rare and common species, and whether despite the different ways of 

being rare there are in fact common traits shared among rare plants. These studies can 
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generally be categorized into those investigating genetic trends, ecological trends, or 

biological trends as discussed below. 

Genetic differences between rare and common species There is ongoing debate about 

whether rare species have lower levels of genetic variation than more common species, 

and if this is the case, whether it is a cause or a consequence of rarity (Stebbins 1980; 

Gitzendanner and Soltis 2000; Cole 2003). In a comparison of genetic variation as 

evidenced by isozymes between 34 pairs of rare and common congeners (not necessarily 

sister species), rare species did not, on average, have lower genetic diversity than 

widespread species, but there was a slight reduction of genetic diversity in rare species 

relative to their widespread congeners (Gitzendanner and Soltis 2000). This suggests it is 

of great importance to study related pairs of species when considering differences 

between rare and common species, as a significant amount of variation in genetic diversity 

can be linked to phylogenetic history. Cole (2003) also looked at the impact of different 

breeding systems on levels of genetic diversity and found that the combination of small 

population size and self-compatibility can be especially severe for reducing genetic 

variation. This is not surprising given that self-compatible plants generally have lower 

levels of genetic diversity, due to fixation of alleles (Lande 1995). Overall, Cole (2003) 

concluded that the reduced genetic variability in rare vs. common congeners indicates that 

genetic variation is frequently lost in rare species (but note he does not consider if it could 

be a cause of rarity rather than a result).  

Biological and ecological differences between rare and common species Narrow-range 

species differ significantly from congeneric widespread species for a number of ecological 

and biological attributes (Lavergne et al., 2004). With respect to ecology, narrow-range 

species occur in habitats on steeper slopes, with higher rock cover and in lower and more 

open vegetation than their widespread congeners (Lavergne et al., 2004). This could 

potentially be tied into either the “ecological island” hypothesis (Stebbins 1980) whereby 

species are adapted to certain habitats, or the escaping competition hypothesis (Lloyd et 

al. 2002) whereby poor competitors are forced into marginal habitat. With respect to 

biological attributes, narrow-range species are significantly smaller than widespread 

species: even after their smaller stature is accounted for, narrow-range species still have 

fewer and smaller flowers. Narrow-range species also have flowers with less stigma-

anther separation and lower pollen/ovule ratios and produce fewer seeds per plant than 

their widespread congeners. This would appear to suggest that narrow-range species are 

more likely to be self-compatible, a phenomenon that has also been noted for some groups 

within the New Zealand flora, e.g., the speedwell hebes (Garnock-Jones 1976). This is 
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directly in contrast to research on rarity in New Zealand Myosotis however, which found 

that narrow-range endemics are more likely to be outcrossing (Brandon 2001). 

Is it bad to be a rare plant? Rarity and extinction risk 

Darwin considered rarity to be the precursor to extinction, and thought that until the 

reasons for rarity were understood, extinction would not be understood either (Darwin 

1859, Fiedler 1986). Rare plants are generally held to be at greater risk of extinction. If 

extinctions are due to the combined effects of predictable factors such as habitat loss, over 

exploitation, introduced species and pollution, and random or stochastic factors such as 

demographic, environmental, genetic and catastrophic factors (Shaffer 1981; Frankham 

2005), then small populations will have a higher chance of going extinct. The influence of 

genetic factors in extinction events is an interesting one, and has at times been 

controversial (Frankham 2005). Three key ways in which genetic factors can influence 

extinction risk are 1. inbreeding depression, 2. loss of genetic diversity, and 3. deleterious 

mutation accumulation and meltdown.  

Inbreeding depression occurs when usually outcrossing species either mate with closely 

related individuals, or become selfing, resulting in measurable losses in fitness such as 

reduced fecundity and reduced survival. Inbreeding has been shown to increase extinction 

risk in measurable ways in both laboratory experiments in mice and flies, and in field 

studies of butterflies and plants (Brook et al., 2002; Frankham 2005). Inbreeding 

depression due to self-fertilization is typically less in species that self naturally (23% 

reduction in mean fitness) relative to natural outcrossers (53% reduction), based on a 

meta-analysis (Husband and Schemske 1996). This is in part because as homozygosity 

increases through selfing, deleterious recessive mutations should be exposed to selection 

and “purged” from populations, thereby reducing the magnitude of inbreeding depression. 

Although some experiments have found higher inbreeding depression in predominantly 

outcrossing populations than predominantly selfing populations (Dart and Eckert 2013), 

the most comprehensive meta-analysis does not support the prediction that inbreeding 

depression consistently declines with increasing proportion of self-fertilized seeds (Winn 

et al., 2011). An important question that has received little experimental attention to date 

is how extinction risk for naturally inbreeding species is influenced by inbreeding 

depression (Frankham 2005). 

Loss of genetic diversity in rare plants has been well documented (Cole 2003; Gitzendanner 

and Soltis 2000). Loss of genetic diversity in small populations is expected to increase 

extinction risk by decreasing the ability of small populations to evolve to cope with 
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environmental change, known as environmental potential (Frankham 2005). Reduced 

genetic diversity in the form of reduced heterozygosity is also implicated in reducing 

fitness in its own right (Reed and Frankham 2003), which could then contribute to 

extinction risk. Change in the structure of genetic diversity, rather than just the loss of 

diversity, can also be a feature of rare plants. Genetic drift can lead to the decrease of 

variation within populations due to loss of heterozygosity and fixation of alleles and the 

increase of differentiation among populations (Ellstrand and Elam 1993) 

Deleterious mutation accumulation In large populations, the balance between mutation 

and natural selection maintains deleterious alleles at low frequencies. However, in small 

populations, deleterious mutations can become fixed as genetic drift plays a more 

important role. Fixed deleterious alleles can lead to inbreeding depression and an 

increased risk of extinction (Lande 1995). In large populations, chance variations in allele 

frequencies due to drift are generally small; in contrast, in small populations (e.g., < 100 

individuals), large unpredictable changes in allele frequencies can often be attributed to 

drift (Ellstrand and Elam 1993). 

Breeding system and rarity  

It is important to understand the reproductive systems of rare plants, as species with 

different breeding systems are likely to have different population structures, to partition 

their genetic diversity in different ways, and to experience different consequences of 

rarity. Plants that are able to self-fertilize are able to colonise a new area from the 

germination of just one seed (Randle et al., 2009), are usually not dependent on 

pollinators, and will suffer far less from inbreeding depression (Frankham 2005). Their 

genetic variation will be structured with low variability within populations. On the other 

hand, plant species that usually outcross can be severely affected by inbreeding 

depression and may require pollinators to persist. Their genetic variation is more 

commonly structured with high heterozygosity within populations, and low differentiation 

between populations. For outcrossing populations that require pollination vectors, the 

pollinator and population density, as well as population size, may be more of an issue than 

for self-fertilizers. Note as well that seed dispersal can influence the amount of genetic 

variation structure within vs. between populations, with low levels of dispersal 

contributing to higher population differentiation (Loveless and Hamrick 1984). 

The New Zealand situation 
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The New Zealand flora has a high proportion of rare endemic species; currently there are 

2370 vascular plants known to be native to New Zealand, and 1932 (82%) are thought to 

be endemic (de Lange et al., 2010). Of these, 897 (38%) have a threat listing under the 

NZTCS, the majority being included in the At Risk - Naturally Uncommon category (542; 

60%). When first conceptualised, this category represented a key difference between the 

IUCN Red List categories (IUCN 2012) and the NZTCS; it was created to more accurately 

reflect the nature of insular rarity within New Zealand (de Lange and Norton 1998). The 

Naturally Uncommon category is for species whose distribution is naturally confined to 

specific substrates, habitats, or geographic areas, and for which the distribution is not 

thought to be the result of past or recent human disturbance (Townsend et al., 2008). 

Categories of the NZTCS are shown in Figure 1.2. 

 

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).  

Why New Zealand has so many Naturally Uncommon species is an area of much 

speculation (de Lange and Norton 1998). It is possibly linked to another well-documented 

feature of the New Zealand flora, that is, the large number of species radiations that 

exhibit extensive morphological and ecological differentiation but limited genetic 
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variation (Winkworth et al., 2005 and references therein). This is thought to be a result of 

relatively recent (2–5 mya) evolution, perhaps in response to environmental instability 

(including climate and geological) during the Pliocene and Pleistocene.  

In New Zealand as elsewhere the destruction or alteration of habitats due to human-

induced changes to the environment has been frequently implicated in plants becoming 

rare, particularly plants that were already restricted by their habitat requirements (i.e., 

were Naturally Uncommon already). In New Zealand, lowland plants are over-represented 

on the threatened plant list (Rogers and Walker 2002; de Lange et al., 2009), which is the 

area that has been most heavily modified since humans arrived (de Lange et al., 2010). A 

specific example is the greater bamboo rush (Sporadanthus ferrugineus, threat category 

Relict), a wetland plant from the north of the North Island, which is thought to have been 

widespread prior to human settlement but whose range has seriously declined as a result 

of wetland drainage and it is now only known from three bogs in the Waikato (de Lange et 

al., 1999; de Lange et al., 2010). In contrast, naturally uncommon plants from the least-

modified environments, the alpine and subalpine, are infrequently listed as Threatened. 

Few population genetic studies have been conducted on the New Zealand flora to date. 

Those based on microsatellite data have mostly been published in the last five years and 

include: Sophora microphylla (Van Etten et al., 2015), Craspedia (Breitwieser et al., 2015), 

Fuscospora (Smissen et al., 2014; Smissen et al., 2015) Pseudopanax ferox (Shepherd and 

Perrie 2011), Phormium (Scheele and Smissen 2010) and Sphagnum moss (Karlin et al., 

2008). Those based on AFLP data include: the Myosotis petiolata group (Meudt et al., 

2013), Austroderia turbaria (Houliston et al., 2012), Olearia gardneri (Barnaud and 

Houliston 2010), Metrosideros excelsa (Broadhurst et al., 2008), Veronica speciosa as Hebe 

speciosa (Armstrong and de Lange 2005), and Metrosideros bartlettii (Drummond et al., 

2000). Metrosideros excelsa has also been studied based on allozyme data (Young et al., 

2001). Microsatellite markers have recently been published for New Zealand native 

Selliera (Pilkington and Symonds 2016), Clianthus (Houliston et al., 2015), Fuchsia (Van 

Etten et al., 2013) and Dactylanthus (McLay et al., 2012) suggesting an increase in the 

number of population genetic studies is on the way. Due to this low number of studies, 

there are many outstanding questions regarding the differences in structuring of 

population genetic variation between rare and common species in general, and among 

Naturally Uncommon, Threatened (i.e., have gone through a human-influenced decline) 

and Not At Risk (i.e., common) plant species in particular. This thesis helps to address this 

gap by presenting a population genetic study of the Myosotis pygmaea species group in 
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Chapter 4, and investigating the differences in population genetic variation and structure 

between species with different threat classifications and rarity types in Chapter 5. 

Rarity and New Zealand Myosotis 

New Zealand Myosotis is an excellent study system for exploring how genetic variation is 

structured over different types of rarity, as there are examples of nearly every type of 

rarity exhibited (Brandon 2001). In addition, the genus includes selfing and outcrossing 

species, and plants native to all types of habitats (i.e., some more altered by humans than 

others). Furthermore, Brandon’s (2001) unpublished PhD thesis entitled “Breeding 

systems and rarity in New Zealand Myosotis” laid the groundwork for further research on 

this genus.  

Myosotis  

The genus Myosotis L. (Boraginaceae) consists of approximately 100 species and is found 

in both the Northern and Southern Hemispheres (Mabberley 2008). The genus has two 

centres of diversity: western Eurasia, where approximately 60 species, subspecies and 

varieties occur (Al-Shehbaz 1991), and New Zealand where 41 species have been listed 

recently (Breitwieser et al., 2012; de Lange et al., 2013). It is likely that several species in 

New Zealand remain undescribed (Druce 1993; de Lange et al., 2013) and a taxonomic 

revision of the genus in New Zealand is a top priority (de Lange et al., 2009). Species 

delimitation within New Zealand Myosotis has predominantly been based on 

morphological grounds, but several entities that do not conform to current species 

descriptions have been identified, making species identification difficult.  

Almost all of the native New Zealand Myosotis species are endemic, and many have very 

restricted geographical ranges and/or occupy very specific habitats (Given 1981; Stanley 

et al., 1998; Rogers et al., 2002). New Zealand Myosotis has 18 Threatened taxonomically 

determinate taxa (species, subspecies or varieties) and 16 At Risk (usually sub-category 

Naturally Uncommon) plus a further 10 Threatened or At Risk taxonomically 

indeterminate entities (de Lange et al., 2013).  One Myosotis species and one variety have 

already gone extinct in New Zealand (de Lange et al., 2013). A range of different rarity 

types are exhibited by New Zealand Myosotis (Brandon 2001). Brandon (2001) found that 

breeding system (selfing vs. outcrossing) and floral structure (levels of herkogamy and the 

associated flower size) together accurately predict the range size of New Zealand Myosotis. 

In general species with wider distributions have little herkogamy, small flowers and are 

able to self-pollinate, whereas restricted species tend to show greater herkogamy, larger 
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flowers and require a pollinator to set seed. She found no evidence to suggest that 

dispersal ability (based on calyx properties, seed size and winged seed morphology) was 

correlated with current distribution. To date, there has been no research into the levels of 

genetic variation in rare vs. common Myosotis, nor on the implications that different levels 

of genetic variation may have for conservation management plans.  

Phylogenetic analyses of nuclear and chloroplast sequences suggest Myosotis originated in 

the Northern Hemisphere (Winkworth et al., 2002; Meudt et al., 2015) and is nested 

within the tribe Cynoglosseae (Weigend et al., 2010; Nazaire and Hufford 2012). The first 

published study on the phylogeny of New Zealand Myosotis (Winkworth et al., 2002) 

analysed nuclear ITS and chloroplast 3’ matK DNA sequences from 34 individuals of 

Myosotis, including 8 from New Zealand and 26 from Europe and elsewhere. The Southern 

Hemisphere Myosotis was shown to be monophyletic. The most recently published 

phylogeny focusing on New Zealand Myosotis increased the sampling to 134 Myosotis 

samples, and number of loci analysed to four (rps16–trnQ, atpI–atpH, ITS and ETS), and 

also found that the Southern Hemisphere species form a clade (Meudt et al., 2015). 

However, multiple New Zealand Myosotis individuals were largely undifferentiated at 

several neutrally evolving DNA loci, and the New Zealand species were also largely 

unresolved by AFLP data (Meudt et al., 2015). This lack of differentiation, combined with 

molecular dating of the Southern Hemisphere clade based on the earliest known pollen 

fossil in New Zealand (~ 3 mya); suggest a relatively recent arrival and diversification of 

New Zealand Myosotis (Meudt et al., 2015). Despite the low levels of DNA sequence and 

AFLP divergence, the New Zealand species are morphologically diverse (see Figure 1 in 

Meudt et al., 2015). The habit of New Zealand Myosotis plants ranges from prostrate to 

erect, and some alpine species form cushions. All of the New Zealand Myosotis species 

have a basal rosette, with axillary lateral flowering branches that bear progressively more 

sessile cauline leaves (Moore 1961). Flower colour ranges from white to yellow to bronze, 

and is usually linked to breeding system and pollination method (Brandon 2001).  

Due to the low levels of DNA sequence variation and lack of resolution with AFLP data, the 

lineages within the New Zealand clade are still unclear. However, there are several 

informal groups of morphologically and/or ecologically similar species that can be 

recognised within the genus that were identified by Robertson (1989) and included in 

Meudt et al., (2015). These are useful as starting hypotheses for identifying sister species 

pairs or groups within the genus. The Myosotis pygmaea group is one such group, and it is 

the main study system for this thesis. It is a subgroup of the bracteate-prostrate group 

(see Table 1 in Meudt et al., 2015). 
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The Myosotis pygmaea group consists of five named species and several tag-named 

entities, illustrated in Figure 2.1 and listed in Table 2.1. The first species described in the 

group was Myosotis antarctica (Hooker 1844), followed by M. pygmaea (Colenso 1883). 

Varieties of M. pygmaea were added over time – var. glauca (Simpson and Thomson 1942), 

var. minutiflora (Simpson and Thomson 1943) and var. drucei (Moore 1961); these 

varieties were recently elevated to species rank (de Lange et al., 2010) as M. glauca, M. 

drucei and M. brevis, respectively (the name Myosotis minutiflora was already in use). It 

appears likely that all members of the M. pygmaea complex usually self-fertilise, as their 

anthers are entirely included (Moore 1961). Myosotis pygmaea, M. drucei and M. brevis (as 

M. pygmaea var. minutiflora; note M. glauca was not studied) have a herkogamy distance 

of 0 mm, suggesting their pollination syndrome is autonomous (Robertson and Lloyd 

1991; Brandon 2001). Plants in the M. pygmaea complex are found in a range of habitats 

from coastal sand dunes and turfs, to mountain turfs, damp scree and tarn edges (Moore 

1961). Details of their taxonomic history, distribution, conservation status and 

distinguishing morphological characters are listed in Table 2.1. Myosotis drucei is Not at 

Risk and is considered the common entity in this group whereas M. pygmaea is considered 

to be Declining and historically was possibly common. M. brevis is Nationally Endangered 

(although it was probably never common), whereas M. glauca is Nationally Vulnerable and 

Declining from a population that was probably historically rare. Thus, a range of rarity 

types are available for testing hypotheses addressing the amount and structure of 

population genetic variation between different types of rarity in this group. A number of 

taxonomically indeterminate entities may also be associated with the M. pygmaea group 

(Table 2.1), which in conjunction with the threat levels of the named species makes a 

taxonomic revision of this group a high priority to inform their conservation management 

plans. 

Thesis Structure 

Overall this thesis addresses questions regarding the nature of rarity, population genetic 

variation, species delimitation and the conservation of plants. I have undertaken research 

that addresses some fundamental questions including: 1) How can population genetic 

information be used to inform species delimitation and conservation management of rare 

plants? And 2) How is population genetic variation structured in rare plants? Specifically 

are there differences in the population genetic structure or variation between Naturally 

Uncommon species and those that are thought to be rare due to human-influenced 

decline? 
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Using the Myosotis pygmaea group as the study system, Chapter 2 of this thesis uses 

morphological data from herbarium and common-garden grown plants to identify 

lineages within the M. pygmaea group. In Chapter 3, microsatellite markers are developed 

and tested across the M. pygmaea group as well as more widely in the Myosotis genus. In 

Chapter 4, over 500 individuals are genotyped using the newly described microsatellite 

markers to undertake a population-genetic study of the M. pygmaea group. Iterative and 

integrative taxonomy is performed, and in Chapter 5 a taxonomic revision based on those 

results, along with ecological niche modelling, is reported. The differences in population 

genetic variation and structure between species with different rarity types is also explored 

in Chapter 5. Chapter 6 is a general conclusion chapter, in which the significance of this 

thesis, along with possibilities for future work, are considered. 
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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  

 

 

 

 

 

 

Abstract 

The New Zealand forget-me-not genus (Myosotis, Boraginaceae) contains many threatened 

species, as well as several taxonomically indeterminate entities, and is therefore a priority 

for taxonomic revision. For this study, morphological data were collected from herbarium 

specimens and live plants grown in a common garden environment to define and delimit 

the Myosotis pygmaea species group and identify morphological clusters within it. High 

levels of morphological plasticity were uncovered in the common garden experiment. In 

multidimensional scaling analyses of morphological data, four clusters were identified. Of 

the five named species that make up the M. pygmaea group three formed separate clusters 

(M. pygmaea, M. glauca and M. brevis), and the two others were indistinguishable from 

each other (M. antarctica and M. drucei). Within the M. pygmaea species group, no tag-

named entities were shown to be morphologically distinct, but several tag-named entities 

part of the wider “bracteate-prostrate” group may warrant recognition at species rank 

with further study. This study represents the first important step towards a taxonomic 

revision of the Myosotis pygmaea species group, which is not yet attempted here. Further 

work to integrate the morphological results presented here with genetic data from 

microsatellites and ecological niche modelling are the subject of the following chapters.  
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Introduction 

Plant taxonomy has essential applications in conservation (e.g. Cameron 2010), 

biosecurity (e.g. Pyšek et al., 2013), trade and agriculture (e.g. Zare et al., 2004), and 

ecological research (e.g. Knowlton and Jackson 1994), despite it being sometimes under-

appreciated (Padial and de la Riva 2007). Taxonomy is relevant to conservation because 

the species is the major unit of conservation e.g., the RED list (IUCN 2001), and the New 

Zealand Threat Classification System (NZTCS: de Lange et al., 2013). In New Zealand, there 

are currently 150 threatened plants listed as “taxonomically indeterminate” (de Lange et 

al., 2013). Without the formal study of species limits, it is unclear whether these 

taxonomically indeterminate entities are separate species and therefore should be 

included on the threat list, or even if their conservation status needs to be considered 

given their taxonomic uncertainty. Thus, taxonomy is often the first important step 

towards conservation both globally, as well as specifically in New Zealand. 

Delimitation of species following the general-lineage model of de Queiroz (2007) 

integrates multiple lines of evidence to detect separately evolving lineages. Morphology 

has historically been the primary data type used in species delimitation, and even when 

integrative or iterative taxonomic methods are employed (e.g. Yeates et al., 2011; López-

Reyes et al., 2015), it is still the foundation for taxonomy and classification today (Steussy 

2009). Over the last 50 years, methods to analyse morphological data in more statistically 

rigorous ways have been developed, allowing species hypotheses to be tested and species 

delimited using a more scientific approach e.g., Poaceae (Consaul et al., 2008), Plantago 

(Meudt 2012), Myosotis (Meudt et al. 2013), and Caesalpinia (Gagnon et al., 2015). 

Morphology may even be considered more useful than genetic data in determining 

relatedness in situations such as rapid plant radiations in New Zealand where high 

morphological variation is often not underpinned by correspondingly high levels of 

genetic variation (Winkworth et al., 2005 and references within). However, there is a risk 

that the morphological variation present reflects the environment the plant grows in, and 

not its evolutionary history, due to either phenotypic plasticity or convergent local 

adaptation (Steussy 2009). Phenotypic plasticity can be tested by growing plants under 

controlled conditions in a common garden (e.g., Consaul et al., 2008) but local adaptation 

leading to homoplasious morphological characters is more difficult to detect using 

morphological data alone. Nevertheless, if genetic markers with sufficient variation can be 

assessed in conjunction with morphological data, such complicated patterns of adaptation 

and evolution can theoretically be disentangled (e.g., cichlid fish;  Elmer et al., 2010). 
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Myosotis L., or the forget-me-nots, is a genus of about 100 species distributed in both the 

Northern and Southern Hemispheres (Mabberley 2008). There are two centres of 

diversity, Eurasia and New Zealand. New Zealand comprises the central point of a 

Southern Hemisphere species radiation, meaning plants from Australia and South America 

are nested within the otherwise New Zealand clade (Winkworth et al., 2002; Meudt et al., 

2015). Of the more than 40 species native to New Zealand, two-thirds are listed as 

threatened to some degree and a number of taxonomically indeterminate entities have 

been identified, making a taxonomic revision of the genus a top priority (de Lange et al., 

2013). Determining phylogenetic relationships and making taxonomic decisions in New 

Zealand forget-me-nots has proven challenging due to its relatively recent radiation in 

New Zealand of ~ 2 mya (Meudt et al., 2015), which has led to complicated patterns of 

incomplete lineage sorting and the hypothesis that speciation is ongoing (Meudt et al., 

2013; Meudt et al., 2015). Based on morphology, informal species groups for the Southern 

Hemisphere representatives of the genus were proposed by Robertson (1989) and 

expanded upon by Meudt et al. (2015). Two major groupings are currently hypothesised, 

i.e., the “bracteate-prostrate” group (17 species, 16 native to New Zealand) and the 

“ebracteate-erect” group (29 species, 27 native to New Zealand), see Table 1 in Meudt et 

al. (2015). A number of subgroups within each major group were also identified. Meudt et 

al. (2015) attempted to delimit species groups within New Zealand Myosotis 

phylogenetically by using two chloroplast and two nuclear ribosomal markers but were 

hindered by a lack of resolution.  

As the name suggests, the bracteate-prostrate group is characterised by plants with 

prostrate flowering stems on which each flower is usually associated with a leaf-like bract 

(also called a cauline leaf) (Robertson 1989, Meudt et al. 2015). Five of the 17 bracteate-

prostrate species are considered part of the diminutive Myosotis pygmaea subgroup, 

which is the focus of the current study. Those five species are M. antarctica, M. brevis, M. 

drucei, M. glauca and M. pygmaea (see Table 2.1 for taxonomic history and distinguishing 

characters and Figure 2.1 for photographs). In addition to the described species, seven 

tag-named entities with a bracteate-prostrate growth form may be associated with the M. 

pygmaea subgroup, but have uncertain taxonomic status (Figure 2.1; Table 2.1).  

As well as using morphology when attempting to identify major lineages within the genus 

(Moore 1961; Robertson 1989; Meudt et al., 2015), morphology has previously been used 

to aid species delimitation in New Zealand Myosotis (see recent examples: de Lange et al., 

2010; Lehnebach 2012; Meudt et al., 2013). Morphological data such as herkogamy 

distances have also been used to inform breeding system studies (Brandon 2001) and it 
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appears likely that all members of the M. pygmaea species group usually self-fertilise, as 

their anthers are entirely included (Moore 1961). Myosotis pygmaea, M. drucei and M. 

brevis have a herkogamy distance of 0 mm, suggesting their pollination syndrome is 

autonomous (note M. glauca was not studied; Robertson and Lloyd 1991; Brandon 2001). 

Additionally, chromosome counts for several species of New Zealand Myosotis show that 

chromosome number is variable (e.g., 2n = 36, 40, 44, 46 and 48: de Lange and Murray 

2002). Due to lack of data, it is not known how much intraspecific variation exists in the 

New Zealand species (but chromosome races have been found within the European M. 

alpestris group; Stepankova 1996). There have been three counts within the Myosotis 

pygmaea group undertaken: M. drucei n = 24 (Beuzenberg and Hair 1983), M. pygmaea n = 

22II, and M. aff. drucei from the Volcanic Plateau area n = 22II (Murray and de Lange 2013). 

Additional counts could be helpful to assist with delimiting species within the group. 

In her treatment of Myosotis in the Flora of New Zealand (1961), Moore’s finishing remarks 

state that due to morphological polymorphism in the M. pygmaea group, “no real solution 

is possible without intensive study of living plants”. To this end, two approaches were 

used to collect morphological data and analyse morphological variation within the M. 

pygmaea group. Firstly, morphological characters were measured from herbarium 

specimens from throughout the geographic ranges of all species in the group. Secondly, 

field-collected seeds from selected populations and species were grown in the common 

garden environment of a growth room.  

The aims of this chapter are to: 

1. Analyse the morphological variation from herbarium specimens to determine 

whether the M. pygmaea species group forms a morphologically identifiable 

subgroup of the bracteate-prostrate group. 

2. Explore morphological variation, determine if variation seen in the field and on 

herbarium specimens of the M. pygmaea group species has a genetic and/or 

environmental basis (via a common garden experiment), and determine which 

characters are most useful to delimit species within the group.  

3. Use these informative morphological characters to delimit morphological clusters 

within the M. pygmaea species group and compare these findings with previous 

and current species circumscriptions. 
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Materials and Methods 

Morphological data from herbarium specimens 

Sampling 

Morphological measurements were taken from 144 bracteate-prostrate Myosotis 

individuals from specimens held at AK, CHR, K, OTA, UPS and WELT herbaria, including 80 

plants of the five species in the M. pygmaea group (see Table 2.1) sampled from across 

their geographic ranges and including type material (M. antarctica [19], M. brevis [13], M. 

drucei [21], M. glauca [11], and M. pygmaea [16]). Measurements were taken from an 

additional 39 bracteate-prostrate tag-named plants (see Table 2.1) that may or may not be 

affiliated with the M. pygmaea group (M. “Volcanic Plateau” [9], M. “Tapuae-o-Uenuku” [4], 

M. aff. tenericaulis [6], M. aff. glauca [5], M. glauca? [1], M. “intermedia” [8], M. “Rock & 

Pillar” [4] and M. “non-pulvinaris” [2]). A further 25 additional plants representing the 

remainder of the 11 named species belonging to the bracteate-prostrate group were 

measured as outgroup specimens (M. lyallii [3], M. elderi [4], M. matthewsii [2], M. 

spathulata [2], M. albiflora [2], M. tenericaulis [3], M. colensoi [2], M. glabrescens [1], M. 

pulvinaris [2], M. cheesemanii [1], and M. uniflora [3]). Geographic location of the 

individuals included in this study, collection details and voucher information are 

presented in Appendix 2.  

Data collection 

Where possible, herbarium specimens were selected that contained both flowers and 

mature calyces containing nutlets, but 24 specimens were lacking one or the other. Those 

24 specimens include the type of M. pygmaea (WELT SP004743; no flowers), five 

specimens that were included in order to ensure as much cross-over with the 

microsatellite dataset as possible (see Chapter 4), plus an additional 18 specimens that 

were included to best represent the geographic and morphological range of each species 

and tag-named entity. 

Measurements were made with a dissecting microscope and Ultra-Cal IV digital callipers 

to the nearest hundredth of a millimetre (Fred V. Fowler Co., Inc., Newton, MA, USA) 

connected to a laptop computer. Values were automatically recorded in Excel via 

GageWedge software (Fred V. Fowler Co.). Characters measured or observed are listed in 

Table 2.2. All widths were measured at the widest point. Two rosette leaves (largest and 

smallest fully developed) were observed for leaf characters, and the individual average for 

each character was used; for all other characters a single observation or measurement per 
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individual was made. Trichome abundance was measured by counting the number of 

trichomes present in the field of view on the highest (×7) magnification, and then the 

density per mm2 was calculated.  

Characters chosen were those mentioned in species descriptions and keys of the Flora of 

New Zealand Boraginaceae treatment (Moore 1961) and de Lange et al. (2010). 

Additionally characters that appeared to be useful in separating species in preliminary 

analyses of the herbarium dataset (data not shown) were used, as were those that 

appeared to have a genetic basis. Whether or not characters had a genetic basis was 

determined by comparing the variation present in the herbarium specimens of field 

collected plants to the living plants grown in a common garden environment (see below).  

Two morphological datasets were generated from the herbarium measurements: a 

“bracteate-prostrate” dataset, containing all 144 individuals and 52 characters (26 

vegetative and 26 reproductive characters, of which 14 were binary or multistate and 38 

quantitative); and a reduced subset “pygmaea group” dataset of 103 individuals and 26 

characters (12 vegetative and 14 reproductive characters, of which 6 were binary or 

multistate and 20 quantitative), see Table 2.2. 

The bracteate-prostrate dataset contained 5.4% missing data in total. Of the 144 

individuals, 13 had missing data for 6 or more characters (> 10%), and of the 52 

characters 11 had missing data from more than 14 individuals (> 10%). To determine if 

missing data affected the analysis, a reduced dataset containing 131 individuals and 46 

characters (missing 1.6% data in total) was generated in such a way that no individual or 

character was missing more than 10% data (with the exception of the type specimen of M. 

pygmaea WELT SP004743 which was retained despite it lacking 10 characters [19%]). 

Morphological data from common garden grown plants 

Sampling and set-up 

Seeds were collected over four field seasons (2010–2014) whilst collecting herbarium 

vouchers for morphological analyses and leaves into silica gel for genotyping (Chapters 3 

& 4); details are listed in Table 2.3. Seed was not able to be collected from all populations 

visited, due either to the timing of the visit or the small number of plants present. Seeds 

were dried and stored at room temperature initially, then stored at 4°C.  

Plants were grown under 16 hour days at 25°C in a physical containment level 2 (PC2) 

growth room at Massey University, Palmerston North. The soil was seedling mix (Daltons, 
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Matamata, New Zealand) that was initially autoclaved, and up to 10 seeds per pot were 

placed on top of the soil then watered-in with a fungicide (Terraclor 1.8g/L H20). Growth 

room conditions were determined from a preliminary trial involving a total of 180 seeds 

in 36 pots (5 seeds per pot) from one population each of three species: M. drucei (WELT 

SP100445), M. pygmaea (WELT SP100462) and M. brevis (WELT SP093294). The trial 

investigated covering seeds with soil (not implemented as led to reduced germination), 

cold treatment of the seeds at 4°C (not implemented as it increased time to germination) 

and cold treatment of the plants in an attempt to promote flowering (not implemented as 

neither cold, dark treatment at 4°C for 6 weeks nor 1–4 week periods of -20°C triggered 

flowering). 

A total of 964 seeds were sown in 159 pots, representing 38 populations from all five 

named species in the M. pygmaea group and several tag-named entities (Table 2.3). Until 

germination, the trays of pots were kept covered by clear plastic lids. The pots were sorted 

in a random block. The trays were checked and rotated every two days; this allowed for 

accurate recording of length of time to germination. After germination, checks were made 

weekly to record length of time until flowering. If more than one plant germinated in the 

same pot, the most central seedling was left in the original pot and all others were 

transplanted to separate pots. The majority of the seeds were planted on the same date, 

however seeds from the following six populations were sown or re-sown three to six 

months later due to either seedling die-off or new collections of seed from the field being 

made: M. pygmaea (WELT SP100477, WELT SP100462), M. drucei (WELT SP100445, 

WELT SP104519), M. brevis (WELT SP093294) and M. glauca? (WELT SP103892). 

Data collection 

Four weeks after each plant first flowered, morphological characters were measured on 

each live plant, a series of microscope photographs were taken, and the plant was then 

made into an herbarium specimen. Four additional colour characters that were generally 

not obtainable from herbarium specimens were evaluated on the living plants (i.e., colour 

of lamina, petiole, leaf midrib and corolla, Table 2.2). Sixteen characters included in the 

herbarium dataset were not measured on live plants, because they had already been 

shown to be non-variable within the M. pygmaea group (Table 2.2). Two data matrices 

were generated, both made up of 37 characters; the first of 26 individuals (those that 

flowered, “flowering”) is a subset of the second, made up of 39 individuals (all those that 

survived to adulthood including those that flowered, “all adults”). Of the 37 total 

characters, 16 were vegetative and 21 reproductive; further 7 were binary or multistate 

and 30 were quantitative. The “flowering” dataset contained only 0.2% or two missing 
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data points (for one individual that was lacking nutlets). The “adult” dataset contained 

19% missing data, as the 13 plants that did not flower were missing data for 21 characters 

each. Characters were re-measured on five live plants once they had been made into 

herbarium specimens to assess degree of shrinking of dried pressed plants. 

Data analyses for living and herbarium specimens 

All morphological analyses were undertaken in R (RCoreTeam 2015) using RStudio 

(RStudio Team 2015). The following steps were applied to all four datasets (“bracteate-

prostrate” and “pygmaea group” datasets from the herbarium specimens, as well as 

“flowering” and “all adults” datasets from the growth room). An integrated analysis, 

combining the herbarium “pygmaea group” data with the growth room “all adults” was 

also undertaken. MorphoTools functions (Koutecky 2015) were used to assess correlation 

between morphological characters using Pearson’s coefficient (function cormat.p), and 

when two non-independent characters were found to be highly correlated (> 0.85) one 

was excluded (e.g., calyx width at the base was correlated with calyx width at the tip, and 

so only calyx width at the tip was included). Cluster dendrograms based on WARD 

distances (function clust.ward) were generated. Gower’s coefficient was used to convert 

the data to a distance matrix using the daisy function of the package “cluster” (Maechler et 

al., 2015). Gower’s coefficient was used because it is suitable for datasets that contain 

missing data and a mixture of qualitative and quantitative character types (Podani 1999; 

Steussy 2009). 

The resulting distance matrix was analysed using non-metric multidimensional scaling 

(nMDS) performed with the metaMDS function in the “vegan” package (Oksanen et al., 

2015). To decide how many dimensions to retain, stress values (as a scree plot) and 

Shepard diagrams were compared between analyses with one to six dimensions retained. 

The least number of dimensions was selected which had a “fair” stress score (less than 0.2; 

Wickelmaier 2003), was close to the “elbow” on the scree plot, and explained the most 

variation present.  

The nMDS points were then used as input for Bayesian model-based clustering by the 

“mclust” package (Fraley and Raftery 2002; Fraley et al., 2012). The function Mclust 

identifies the probable number of clusters present using Bayesian information criteria 

(BIC), and assesses the classification uncertainty of each individual to its assigned cluster. 

Using default “mclust” settings, 14 models and K of 1–9 were assessed by the BIC. 
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Boxplots (function boxplot from the MorphoTools functions for quantitative characters) 

and stacked barcharts (function ggplot from package “ggplot2” (Wickham 2009) for 

qualitative characters) were also created to explore how characters separated along 

species and cluster (i.e. clusters identified in Figure 2.2A) lines and to investigate the 

differences between the herbarium specimens and the growth room plants to get an 

estimate of phenotypic plasticity. For characters of interest, whether the observed 

differences were significant was determined by ANOVA and paired t-tests (for groups with 

n > 3) with the Bonferroni correction applied using functions aov and pairwise-t-test 

from the basic statistics package in R.  

Seven populations that were measured both as live plants in the growth room and as 

herbarium specimens were compared to get a direct measure of phenotypic plasticity. 

Plants from three of those populations flowered in the growth room (two of M. brevis, 

WELT SP090543 and WELT SP093294; one of M. pygmaea, WELT SP100462); four did not 

flower (two populations of M. drucei, WELT SP100445 and WELT SP100428; one M. 

pygmaea WELT SP100472; and one tag-named M. glauca?  WELT SP103892). 

Results 

Herbarium morphological data 

Within the Myosotis bracteate-prostrate group, three main clusters were identified by the 

“mclust” analyses of the nMDS points (with two dimensions retained). The dataset created 

to minimise missing data showed the same patterns reported below, and is not discussed 

further (data not shown). The three clusters correspond to a “pygmies” cluster (all 

representatives of the five M. pygmaea species plus three M. elderi and one M. lyallii 

specimen, although individuals from these latter two species were assigned with high 

uncertainty), a “cushions” cluster (M. pulvinaris, M. colensoi, M. glabrescens, M. uniflora and 

the remaining M. lyallii and M. elderi specimens) and a “creepers” cluster (M. matthewsii, 

M. spathulata, M. albiflora and M. tenericaulis) (Figure 2.2A). When tag-named entities are 

considered, it is apparent that M. “Volcanic Plateau”, M. “intermedia”, M. “Rock and Pillar”, 

M aff. glauca, M. glauca? and M. “Tapuae-o-Uenuku” are closely affiliated with the M. 

pygmaea group, as all individuals were assigned to the “pygmies” cluster with low 

uncertainty. Half of the representatives of M. aff. tenericaulis were assigned to the 

“pygmies” cluster, and half to the “creepers” cluster, mostly with high uncertainty. In 

contrast, M. “non-pulvinaris” is clearly part of the “cushions” group and most likely closely 

affiliated to M. pulvinaris.  
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Of the two tag-named entities with uncertain affiliation, M. “Tapuae-o-Uenuku” clusters 

with M. elderi and M. lyallii with low uncertainty in “mclust” analyses from which the 

“cushions” and “creepers” were removed (Figure 2.2B; two dimensions retained). 

Additionally, both M. “Tapuae-o-Uenuku” and M. aff. tenericaulis have fixed morphological 

characters that separate them from the M. pygmaea group. For M. aff. tenericaulis this is 

most clearly illustrated by corolla diameter (Table 2.4, Figure 2.3A). Plants of M. “Tapuae-

o-Uenuku” have bigger corollas but not significantly so (Table 2.4, Figure 2.4A), they also 

have distinctively long trichomes (Table 2.4, Figure 2.4B). Corolla diameter (Table 2.4 

Figure 2.4A) also separates M. “Rock and Pillar” from the M. pygmaea group along with the 

presence of retrorse trichomes on the underside of the rosette leaves and hooked 

trichomes on the calyx.  

The 103-individual “pygmaea group” dataset shows two major clusters in the “mclust” 

analysis (with three dimensions retained), corresponding to M. pygmaea, M. glauca and M. 

aff. glauca being mostly separated from M. drucei, M. antarctica, M. brevis, and M. 

“intermedia”, and M. “Volcanic Plateau” specimens are assigned to both clusters with high 

uncertainty (Figure 2.3A). Although not significant in the “mclust” analyses, the nMDS plot 

shows M. brevis is somewhat separated from M. drucei and M. antarctica on the 2nd 

dimension, and M. pygmaea and M. glauca are separated from each other on the 3rd 

dimension (Figure 2.3B). Thus, only Myosotis antarctica, M. drucei, M. “Volcanic Plateau” 

and M. “intermedia” are unable to be distinguished from each other at all (Figure 2.3A) 

using multidimensional scaling.  

Exploring the boxplots and stacked bar charts showed that the grouping of M. pygmaea 

and M. glauca in the nMDS is likely due to their both having appressed to patent trichomes 

on the rosette leaf margins, but they can be distinguished from each other by M. pygmaea 

having curved trichomes (Figure 2.6L), whereas M. glauca and M. aff. glauca have 

consistently straight trichomes (Figure 2.6A-D). Having flexuous trichomes that are either 

patent or erect along the rosette leaf margins unites the rest of the M. pygmaea species 

group (e.g., Figure 2.6E-J). When qualitative characters are excluded (i.e., Characters 1–20; 

Table 2.2) M. glauca and M. pygmaea can no longer be distinguished from the M. antarctica 

+ M. drucei cluster, and only individuals of M. brevis form a separate cluster based on 

taxonomy (data not shown). 

Although the ranges of each character are overlapping, M. brevis can be distinguished from 

the rest of the M. pygmaea group by having usually smaller calyces, flowers and nutlets 

(see Table 2.5 and Figures 2.4C, E). Myosotis antarctica and M. drucei differ from each 
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other only in the density of trichomes on their rosette leaves (Table 2.5). Myosotis 

“Volcanic Plateau” and M. drucei differ from each other only on the shape of their rosette 

leaves, calculated by the ratio of leaf length to width (Table 2.5). However, M. “Volcanic 

Plateau” and M. “intermedia” do not have significantly different rosette leaf length to width 

ratios (Table 2.5). 

Common garden germination and growth, and morphological data 

Germination and growth rates 

Of the 964 seeds sown in the main growth room experiment a total of 306 (32%) seeds 

germinated; of those, 97 (32%) survived to adulthood, and of those, 33 (34%) flowered 

(Table 2.3). Certain populations were over-represented in the individuals that survived to 

adulthood and flowered, and all morphological characters were measured on only 26 of 

the 33 that flowered by measuring three (or in one case five) individuals per population. 

Those 26 that were measured represent four populations of M. pygmaea, four of M. drucei 

and two of M. brevis (Table 2.3). Seed from a further 64 individuals representing an 

additional seven populations germinated and survived to adulthood, but did not flower. 

The vegetative characters of 13 of those individuals (two or three representatives per 

population) were measured. Taking into account all sown seeds, including additional 

seeds that were germinated for the initial trial and attempts at chromosome counts, there 

is a clear negative trend between age of seed and germination rate (age of seed ranged 

from one to 92 months, average of 16 months; p < 0.01), and significant differences in 

length of time to germination between species as follows. In the initial trial, M. drucei seed 

took on average 29 days to germinate, M. brevis seed took on average 41 days to 

germinate, whereas M. pygmaea seed took on average 65 days [M. drucei (n = 40) vs. M. 

pygmaea (n = 32), and M. brevis (n = 39) vs. M. pygmaea were significantly different at p < 

0.01; M. brevis vs. M. drucei: p = 0.04]. 

Morphological variation found 

The “flowering” dataset of the 26 plants that flowered showed good separation among the 

three species represented based on the nMDS (with two dimensions retained), and this 

was corroborated by three clusters being found in the “mclust” analyses (Figure 2.5A). The 

“adults” dataset of 39 plants showed less-clear discrimination in nMDS plots (with two 

dimensions retained), and this is likely due to the large amount of missing data added to 

the dataset when plants lacking reproductive characters were included (Figure 2.5B). 

Exploring the boxplots and stacked bar charts revealed the characters that were 
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significantly different between plants of different species and thus were contributing to 

forming the clusters seen in Figures 2.5A and 2.5B. The eight quantitative characters for 

which plants of M. brevis are significantly shorter or smaller than plants of M. drucei 

and/or M. pygmaea are shown in Table 2.6 and three are illustrated in Figures 2.4C-D.  

The one quantitative character for which plants of M. drucei are significantly larger than 

those of M. pygmaea is calyx length at fruiting (character number 44, Table 2.6). The most 

stable qualitative characters that differentiates the species is that plants of M. pygmaea 

have curved trichomes that are appressed to patent at the rosette leaf margins, whereas 

plants of M. brevis and M. drucei have flexuous trichomes that are patent to erect at rosette 

leaf margins, and the single M. glauca specimen had straight trichomes (trichome 

straightness illustrated in Figure 2.3F).  

Measurements of live plants that were re-measured once they had been made into 

herbarium specimens showed that on average (n = 5) the leaves shrunk by 1.9 mm in 

length (13.1%) and 1.2 mm (19.6%) in width. Average calyx length at fruiting did not 

differ, but the average calyx width at the tips was 1.2 mm (19.9%) smaller once specimens 

had been dried and pressed, most likely due to the change in shape once the calyces were 

flattened. Additionally, corolla diameter shrunk by an average of 0.8 mm (34.3%) with 

drying.  

Comparison of herbarium and common garden data 

The nMDS and “mclust” analyses of the integrated “pygmaea group” and “all adults” 

datasets found three clusters, which correspond loosely to 1) all M. pygmaea individuals 

grown in the growth room, 2) M. drucei + M. glauca? individuals grown in the growth 

room, and 3) the remainder of the samples i.e., including all herbarium specimens + M. 

brevis grown in the growth room (See Appendix 3). 

Species by species comparisons of the eight quantitative characters that were found to be 

useful in differentiating species in the growth room common garden environment, among 

all of the growth room plants and all of the herbarium M. pygmaea group plants, showed 

that seven of the eight quantitative characters had significantly higher values for plants 

grown in the growth room compared to the herbarium specimens for at least one of the 

three species (only nutlet length was not altered for any of the three species; Table 2.7, 

Figure 2.4E).  
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Despite their plasticity, three of those traits still showed significant differences among 

species in the herbarium data (Rosette leaf length [character 24]; Figure 2.4D, and 

characters floral lobe length [44] and length of calyx at fruiting [54]; Table 2.8). However, 

the one quantitative trait that separated M. pygmaea and M. drucei in the growth room 

data, calyx length at fruiting (44) (Table 2.6), was not significantly different between these 

two species in the herbarium data (Table 2.8). The main qualitative trait (whether 

trichomes were straight, curved or flexuous) that was found to separate species in the 

growth room was still a good character for differentiating between herbarium specimens 

(Figure 2.4F).  

Plants from the seven populations for which both herbarium and growth room data were 

available all grew larger in the growth room compared to the field (see Figure 2.7); for 

example average rosette leaf length across all species increased from 6.4 mm (n = 7) to 

19.3 mm (n = 18). For the three populations that flowered, average branch length 

increased from 15 mm (n = 3) to 72 mm (n = 11) and internode length from 1.4 mm (n = 

3) to 8.9 mm (n = 11).  

Discussion 

Identifying lineages and delimiting species within New Zealand Myosotis is not 

straightforward due to the recent radiation of the genus (Meudt et al. 2013, Meudt et al. 

2015), coupled with high levels of morphological plasticity (this study). Following the 

general-lineage model (de Queiroz 2007), morphological data from both living plants and 

herbarium specimens of the Myosotis pygmaea group have been analysed as a first step to 

both define this group and delimit species and subspecific taxa within it. Overall, the data 

show the M. pygmaea group can be defined based on morphology, and several 

morphological clusters within the group can be identified. Some of these morphological 

clusters align with the current taxonomy, but not all currently recognised species or tag-

named entities are morphologically distinguishable and these are discussed below. As 

these morphological clusters will be further tested by and integrated with microsatellite 

and other data, a taxonomic revision is not included here; instead the findings are 

compared with the original descriptions, and previous and current species 

circumscriptions. 

Comparing and integrating herbarium and growth room data 

Historically, only a few studies contributing to New Zealand plant taxonomy have included 

common garden studies, instead often referring to a very small number of live plants [e.g., 
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Wahlenbergia (Petterson 1997); though see the recent revision of Kunzea which considers 

280 plants grown under common conditions (de Lange 2014)]. The low levels of seed 

germination and seedling survivorship in the current study highlight some of the reasons 

why results of common garden experiments are not more often published, i.e., the small 

samples sizes give low statistical power compared to the amount of effort required to 

generate the data. Those studies that do manage to gather morphological data in the field 

and in a common garden from the same individuals can therefore be considered all the 

more impressive (e.g., Consaul 2008). Despite the limited germination success, by growing 

Myosotis in a common garden it has been possible to identify which morphological 

characters have a stronger genetic vs. environmental basis, and therefore which 

characters will be most useful when delimiting and describing species. The large amount 

of vegetative plasticity seen, specifically the larger size attained by plants grown in the 

common garden compared to the field (Table 2.7 and Figure 2.7), is of particular interest, 

and will have to be taken into account when describing and delimiting species and 

generating keys.  

Delimiting the M. pygmaea species group 

The M. pygmaea group is recovered as one of three definable subsets of the bracteate-

prostrate group (Figures 2.2A), and can be identified as being separate based on a suite of 

morphological characters. Individuals of the five described species (M. antarctica, M. 

brevis, M. drucei, M. glauca and M. pygmaea) are all unambiguously assigned to the 

“pygmies” subset, and are confirmed as forming the M. pygmaea group. Of the tag-named 

plants included in this study, M. “Volcanic Plateau”, M. “intermedia” and M. aff. glauca are 

also assigned to the “pygmies” subset and morphologically belong to the M. pygmaea 

group (Figure 2.2A). Individuals of other species and tag-names of the bracteate-prostrate 

group formed the “cushions” and “creepers” subsets. Not unexpectedly, the two 

individuals of M. “non-pulvinaris” are unambiguously assigned to the “cushions” subset, 

together with individuals of M. pulvinaris and other cushion-forming species (Figure 2.2A). 

Individuals of three tag-named entities that are more ambiguous in how closely they 

affiliate to the M. pygmaea group are here all treated as being separate from it, i.e., M. aff. 

tenericaulis, M. “Tapuae-o-Uenuku” and M. “Rock & Pillar”. Despite at least some of their 

representatives falling within the “pygmies” subset (Figure 2.2A), all have characters, for 

example larger corolla diameter, that separate them from the M. pygmaea group as treated 

here. Although individuals of M. aff. tenericaulis (n = 6) appear more similar 

morphologically to representatives of the M. pygmaea group than to individuals of M. 

tenericaulis itself (Figure 2.2A), corolla diameter reliably separates them from the M. 
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pygmaea group (Table 2.4; Figure 2.4A). Therefore it appears that morphologically M. aff. 

tenericaulis it is a distinct entity and species level recognition is most likely appropriate 

(pending genetic analyses and additional morphological studies). Based on further nMDS 

analyses with reduced sampling (Figure 2.2B), it is apparent that plants of M. “Tapuae-o-

Uenuku” are more closely affiliated to individuals of M. elderi than to the “pygmies” and 

more detailed analyses of the morphological characters that separate these two entities is 

required before taxonomic decisions can be made. Representatives of the third tag-named 

entity of uncertain affiliation, M. “Rock and Pillar” appear somewhat differentiated from 

the M. pygmaea group in the nMDS (Figure 2.2B) despite falling within the “pygmies” 

cluster (Figure 2.2A). As well as the larger corolla diameter (Table 2.4; Figure 2.4A), the 

presence of retrorse trichomes on the underside of the rosette leaves, along with the 

presence of hooked trichomes on the calyx, and larger leaf size and internode size 

characters all indicate that plants of this entity are unified and differentiated from the M. 

pygmaea group. Additional comparisons of specimens of M. “Rock and Pillar” with other 

bracteate-prostrate species, including the “creepers” subset, is warranted. 

This study confirms that the characters that define the M. pygmaea group include several 

that were used by Moore (1961) in her Myosotis treatment and key in the Flora of New 

Zealand, i.e., anther placement at least partly below the corolla scales, corolla diameter 1–

4 mm, anthers < 1mm long, style < calyx length, calyx lobed about half way to the base, 

and petioles, internodes and pedicels generally “short”. According to the analyses here, the 

M. pygmaea group can be further characterised by the following floral characters: corolla 

lobe length < 1.5 mm, anthers (sub) sessile (i.e., filament length of 0 or nearly 0), calyx 

length at flowering < 3.5 mm, pedicel length at fruiting < 2 mm, and corolla tube length < 3 

mm. Additionally, members of the M. pygmaea group do not have adventitious roots. 

Individually none of these characters exclude all other New Zealand Myosotis species from 

the group, but taken together they do.  

This suite of characters that unites the M. pygmaea group, particularly the small white 

flowers, are essentially those to which self-pollinating plants converge (Ornduff 1969). It 

is therefore unclear whether the M. pygmaea group represents an evolutionary lineage, or 

whether their morphological similarity is an artefact of a shared breeding syndrome 

(Robertson and Lloyd 1991; Brandon 2001). 

Delimiting morphological clusters within the pygmy forget-me-nots 

Taking into consideration the herbarium and common garden morphological analyses, 

four morphological clusters can be recognised within the M. pygmaea group. Three of the 
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four clusters correspond to a currently described species (M. pygmaea, M. glauca and M. 

brevis) but the fourth includes two named species (M. antarctica and M. drucei) as well as 

several tag-named entities. Each morphological cluster is discussed in more detail below. 

The first cluster discussed is M. brevis, as it has support from both herbarium and growth 

room datasets, and can be separated from the other groups by multiple quantitative 

characters. In contrast, the other three clusters are more similar to each other, and are 

mostly only separated by qualitative characters. 

Myosotis brevis  

Support for M. brevis is found in both the herbarium and growth room analyses; a cluster 

of individuals identified as M. brevis is evident (though with limited separation from M. 

antarctica and M. drucei) on the 2nd dimension of the nMDS of the “pygmaea group” 

dataset (Figure 2.3A), and all flowering individuals grown in the growth room identified as 

M. brevis form a cluster (N = 7; Figure 2.4A). In both datasets, this cluster is separated from 

the other M. pygmaea group samples by a mixture of quantitative and qualitative 

characters: all individuals identified as M. brevis have smaller floral characters including 

corolla and calyx size (Table 2.5), and despite all plants growing larger these size 

differences are maintained in the common garden (Table 2.6). The trichomes of M. brevis 

appear most similar to those of M. drucei and M. antarctica in that they are usually 

flexuous (Figures 2.4F and 2.6), and along with the smaller corolla, calyx and nutlet size of 

M. brevis (Tables 2.5 and 2.6), these characters differentiate M. brevis from M. pygmaea 

and M. glauca. 

In the original description of M. brevis (as M. pygmaea var. minutiflora), it was described as 

differing from all other varieties and forms of the species “by its densely leafy stems and 

many minute flowers” (Simpson and Thomson 1943:161). In the key of Moore’s (1961) 

treatment, M. brevis (as M. pygmaea var. minutiflora) was characterised by the corolla 

diameter being usually < 1 mm. Although the present study confirms M. brevis has smaller 

flowers than other pygmy forget-me-nots (e.g., corolla lobe length; Table 2.5), the corolla 

diameter was shown to be usually slightly larger than 1 mm (floral diameter from 

combined herbarium and growth room data: mean = 1.2 mm, range = 0.8–1.8 mm, n = 20). 

The data presented here confirms that M. brevis has a higher ratio of trichome length to 

leaf length (Table 2.5), as mentioned in the Flora (“leaf hairs being sometimes up to ½ 

leaf-width”) and confirms the smaller nutlet size (average length of 1.1 mm for M. brevis 

vs. 1.4 mm for other pygmy forget-me-nots, p < 0.01, Table 2.5). Characters such as lateral 

branches being “infinite” and “short” mentioned in the Flora are shown to be plastic based 

on the common garden experiment (Table 2.7). It was also found that the calyx is generally 
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less than 2 mm long at flowering (and nearly up to 4 mm long at fruiting, Table 2.5) in 

contrast to 2–3 mm long as described by Moore (1961). The M. brevis plants grown in the 

growth room all had creamy-yellow petals, as did plants observed in the field. 

M. brevis has an interesting distribution, being coastal in the North Island and inland in the 

South Island. Some New Zealand botanists suspect the North Island vs. South Island 

representatives may belong to separate entities, but this study has found no 

morphological evidence to support this (data not shown). 

Myosotis drucei + M. antarctica  

Support for a combined M. drucei + M. antarctica is found in the herbarium data analyses; 

essentially these two entities cannot be distinguished using multidimensional scaling of 

morphological data (Figure 2.3). As no M. antarctica individuals survived beyond 

germination in the growth room, their similarities or differences under common garden 

conditions could not be assessed. Although the name M. antarctica was originally applied 

to plants throughout New Zealand, based on the Flora and current usage, the name M. 

antarctica is reserved for plants from Campbell Island and southern Chile only (Moore 

1961; Zuloaga et al., 2008). The couplet in the Flora key that separates M. antarctica from 

the rest of the M. pygmaea group reads: “Fls [Flowers] usually blue, hairs long, very fine 

and silky, crowded” (Moore 1961:809). In addition, a note at the end of the M. drucei (as M. 

pygmaea var. drucei) description states, “this var. approaches M. antarctica Hook.f. but 

hairs are less silky and less crowded, fls [flowers] rather smaller and cream coloured, 

nutlets more elongated” (Moore 1961:816). However, the data presented here show that 

of these characters, only trichome density is quantifiably different between individuals 

from Campbell Island and Chile (M. antarctica) versus those from mainland New Zealand 

(M. drucei). Although blue-flowered M. antarctica are present on Campbell Island, white-

flowered individuals are also present in approximately equal abundance (J.M. Prebble, 

pers. obs.); the corolla colour of Chilean M. antarctica is described as “weiss oder 

blauweiss [white or blue white]” by Skottsberg (1916). The trichome lengths of M. drucei 

and M. antarctica are nearly identical (M. antarctica mean = 0.8 mm, range = 0.5–1.2 mm, 

n = 20; M. drucei mean = 0.9 mm, range = 0.5–1.6 mm, n = 21). As no satisfactory way of 

quantifying whether trichomes were “fine and silky” was found, this character was not 

assessed, however trichome density was quantified on the rosette leaf blade, and it was 

found that M. antarctica individuals do have a significantly higher number of trichomes 

relative to M. drucei individuals (20 per mm2 vs. 7 per mm2 p < 0.01; Table 2.5), although 

the ranges overlap considerably (7.4–33.3 vs. 1.7–19.1 per mm2). Myosotis drucei does not 

have significantly smaller flowers than M. antarctica (mean M. drucei corolla diameter = 
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2.3 mm, range = 1.0–4.0 mm, n = 20; mean M. antarctica corolla diameter = 2.6 mm, range 

= 1.7–3.5 mm, n = 18) and the nutlets are not more elongated (mean M. drucei nutlet 

length to width ratio = 1.5 mm, range = 1.4–1.8 mm, n = 14; mean M. antarctica nutlet 

length to width ratio = 1.4 mm, range = 1.3–1.6, n = 12). Given therefore the only character 

that separates M. antarctica and M. drucei is rosette leaf trichome density, the possibility 

of the two entities comprising the same species must be considered. The type specimen of 

another published species, M. ramificata (Table 2.1) also clusters within the M. drucei + M. 

antarctica cluster (Figure 2.3), and was not able to be distinguished based on any 

morphological characters. 

Several tag-named entities are also closely affiliated to M. drucei + M. antarctica, i.e., M. 

“Volcanic Plateau” and M. “intermedia” (Figure 2.3). Only a brief published description 

exists of M.  “Volcanic Plateau” (Table 1.1) in which it is described as having white flowers 

(vs. cream for M. drucei), with narrower leaves than M. drucei (Murray and de Lange 

2013). In addition it is considered morphologically distinguishable based on its “brown 

coloured leaf bases over the lower third of the leaf. It has strongly obovate leaves with 

wide gradually tapering leaf bases/petioles” (Geoff Rogers pers. comm., August 2012). The 

M. “Volcanic Plateau” individuals included in this study are shown to have a significantly 

higher length to width ratio of their rosette leaves, meaning they have more narrowly 

obovate leaves than individuals of M. drucei (Table 2.5). However, plants identified as M. 

“intermedia”—which is probably a shade form of M. drucei (see below)—also have a 

higher length to width ratio than M. drucei and cannot be significantly differentiated from 

M. “Volcanic Plateau” individuals (Table 2.5), or indeed from M. drucei individuals (p = 

0.342). The cream vs. white petal character could not be assessed on M. “Volcanic Plateau” 

plants as none grew in the common garden, but as M. drucei plants had white (not cream) 

petals when grown in the growth room, this character does not appear to be a suitable one 

to differentiate the two entities. In addition several M. drucei plants grown in the growth 

room had dark coloured petioles and leaf bases, which means this character is not 

diagnostic for M. “Volcanic Plateau”. Although most individuals identified as M. “Volcanic 

Plateau” grouped with M. antarctica + M. drucei (Figure 2.3), four grouped instead with M. 

pygmaea and M. glauca in the nMDS analysis (i.e., CHR 86263, CHR 244442, CHR 131697 

and WELT SP100412; Figure 2.3). Two of these were plants that had been grown in 

cultivation (i.e., CHR 131697 and WELT SP100412), which may explain their unusual 

placement, and all were allocated with high uncertainty. 

Morphological variation within M. drucei is quite high, which probably reflects the 

phenotypic plasticity of these plants. A number of herbarium specimens that have been 
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annotated with the tag name M. “intermedia” (Table 2.1), i.e., of intermediate morphology 

between M. pygmaea and M. drucei (e.g., WELT SP089911), fall within the range of 

morphological variation seen in M. drucei. It is considered these are most likely shade 

forms (e.g., WELT SP100498 growing under a rock overhang), as for example the rosette 

leaf length is more similar to that found on the plants grown in the common garden 

(Figure 2.4D). 

A final entity included in this cluster (M. glauca?; Table 2.1) requires further collection and 

study to understand its morphology and affiliations, as it is currently only known from a 

single collection from Central Otago (WELT SP103892). It has the glaucous colour of M. 

glauca, but flexuous trichomes, a longer calyx and more erect flowering branches. Plants 

grown in the growth room did not flower. 

The morphological analyses here suggest that M. antarctica, M. drucei, M. “Volcanic 

Plateau” and M. “intermedia” may be considered one morphologically variable, 

widespread species, found in the North and South Islands in mostly sub-alpine locations, 

as well as Campbell Island and southern Chile in coastal locations. M. antarctica is the first 

name published of the two, and so would have priority over M. drucei, however any 

taxonomic changes will await testing these taxonomic hypotheses (and assess which rank 

is most appropriate) with genetic and ecological niche modelling data.  

Myosotis pygmaea 

Support for M. pygmaea is found in both the herbarium and growth room analyses; a 

cluster of individuals identified as M. pygmaea is evident on the 3rd dimension of the nMDS 

of the herbarium “pygmaea group” dataset (Figure 2.3B), and all flowering individuals 

grown in the growth room identified as M. pygmaea also form a cluster (N = 14; Figure 

2.5A). In both datasets, this cluster is separated from the samples of other pygmy forget-

me-not species by qualitative trichome characters: individuals identified as M. pygmaea 

usually have curved trichomes on their rosette leaves (Figures 2.D-F; 2.6L), which are 

appressed to patent on the margins (Figure 2.6M).  

The herbarium dataset identifies individuals of M. glauca (Figure 2.3A-B) as being most 

similar to M. pygmaea. Myosotis glauca and M. pygmaea share the character of appressed 

to patent trichomes on the rosette leaf margins, but they are otherwise distinguishable as 

M. glauca and M. aff. glauca have straight rather than curved trichomes (Figures 2.4F; 

2.6A-D). The similarity between M. glauca and M. pygmaea is not recovered in growth 

room data (Figure 2.5B) probably because the additional character of leaf colour is taken 
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into account (M. pygmaea has green leaves, whereas M. glauca has blue-green leaves), 

along with reduced sampling of M. glauca.  

In Moore’s (1961) treatment, M. pygmaea is separated from M. glauca in the key by having 

more and longer trichomes on the calyx, and is separated from M. drucei by having 

strigose rather than flexuous trichomes, and a shorter calyx tube from which the nutlets 

protrude. The data collected for this study show that the lengths of trichomes on the calyx 

do not differ significantly between M. glauca and M. pygmaea (mean for both is 0.6 mm), 

although the trichomes on M. glauca (including on the calyx) are differentiated by being 

straight as already mentioned. To attempt to quantify the length of the calyx and whether 

this would lead to nutlets “protruding”, the ratio of the length of the calyx lobes to the 

length of the calyx was calculated (Character 51, Table 2.2). The mean of M. pygmaea is 

slightly higher than that of M. drucei (0.5 vs. 0.4) indicating a greater degree of lobedness 

on average. However, this difference is not significant and the ranges greatly overlap (0.4–

0.7 vs. 0.3–0.7), making this a poor character to differentiate M. pygmaea and M. drucei. 

However, in the growth room M. pygmaea individuals do have significantly shorter calyces 

at fruiting (Table 2.6), although that this pattern is not recovered in the herbarium dataset 

(Table 2.8). Calyx length was one of the few characters found not to shrink when growth 

room plants were re-measured as herbarium specimens. This difference in calyx length 

found between M. pygmaea and M. drucei in the growth room therefore potentially reflects 

genetic variation that is unrealized in field conditions. Mark (2012:256) suggests that M. 

drucei is “best distinguished from M. pygmaea by its cream- to lemon-coloured flowers”. 

However both M. drucei and M. pygmaea plants grown in the common garden had white 

petals, occasionally tinged with blue or pink (data not shown).  

There are two individuals identified as M. pygmaea that do not fall into the same cluster as 

the rest in the herbarium dataset (Figure 2.3A-B). One is placed with some uncertainty 

(CHR 245193, probably due to its having erect rather than appressed leaf trichomes), 

however the other has low uncertainty and is the type specimen of M. pygmaea (WELT 

SP004743). The type specimen lacks all floral characters, which could account for this 

placement. However it also lacks the curved trichomes that are appressed to patent at the 

leaf margins, which unite the rest of the individuals here identified as M. pygmaea. Given 

that curved trichomes are not a character exhibited by the type specimen, why have the 

specimens (e.g., in Appendix 2) been identified as M. pygmaea? The current usage of the 

name is demonstrated in Mark (2012: 256: a photograph identified as M. pygmaea is of a 

plant growing at the same location (inland Hawke’s Bay) as WELT SP090631; this 

individual clusters with M. pygmaea specimens in Figure 2.3A. Specimens identified as M. 
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pygmaea are usually found in coastal locations, but inland populations from Kahurangi 

National Park (South Island, WELT SP100472), and inland Hawke’s Bay (North Island, 

WELT SP090629), have been included in this study and are mentioned as belonging to M. 

pygmaea (as var. pygmaea) by Moore (1961). The taxonomic and nomenclatorial 

implications of the type specimen not sharing the key characters that appear to unite an 

entity will be discussed in a subsequent chapter once genetic and ecological niche 

modelling analyses have been undertaken. Note the type specimen of M. antarctica subsp. 

traillii clusters with the plants identified as M. pygmaea (Figure 2.3). 

Myosotis glauca  

Support for M. glauca is mostly from the herbarium dataset; a cluster of individuals 

identified as M. glauca or M. aff glauca is evident on the 3rd dimension of the nMDS of the 

herbarium “pygmaea group” dataset (Figure 2.3B). As only a single plant identified as M. 

glauca grew in the growth room, and this plant did not flower, limited conclusions can be 

made from the common garden study. Nevertheless, the cultivated plant did retain the 

straight trichomes that define M. glauca in the herbarium dataset, even if they became less 

appressed, and the blue-green colour remained pronounced (e.g., Figure 2.6A). Specimens 

of M. glauca were all collected from Central Otago, which fits the range identified by Moore 

(1961) in the Flora. One specimen previously identified as M. glauca collected from the 

Central Plateau region of the North Island (CHR 252337) does not share the stiff straight 

appressed trichomes that unite the rest of the individuals identified as M. glauca. In the 

nMDS analyses (Figure 2.3A) this individual clustered with M. antarctica subsp. antarctica, 

and is considered to belong to that entity. The tag name M. aff. glauca is given to 

specimens from the Pisa Range that key out to M. glauca using the Flora but lack that 

species’ characteristic glaucous colouration (Table 2.1).  

In the original description M. glauca (as M. pygmaea var. glauca) was described as being 

“everywhere dull glaucous green and dotted with long, stout, pointed, closely appressed, 

strigose hairs” (Simpson and Thomson 1942). In Moore’s (1961) treatment, M. glauca (as 

M. pygmaea var. glauca) is again characterised by having stiff, short, sparsely distributed 

and appressed trichomes (the trichomes can become less appressed as they age), 

characters that separate it from other M. pygmaea group species and confirmed by the 

present study. Another character mentioned in the Flora is that internodes are longer than 

bracts. This was quantified by taking the ratio of the longest internode at fruiting to the 

length of the lowest cauline leaf (Character 47, Table 2.2). Both M. glauca and M. aff. glauca 

have a mean ratio of ~ 1 for this character (range: 0.5 to 2), indicating that their 

internodes are not always longer than their bracts. 
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Summary and Conclusions 

This chapter has used morphological data from herbarium specimens and plants grown in 

a common garden to delimit the Myosotis pygmaea group within the bracteate-prostrate 

group of Southern Hemisphere Myosotis. It has identified characters that define the M. 

pygmaea group, and the species and tag-named entities that comprise it. All five species 

previously hypothesised to form the M. pygmaea group are confirmed as members (M. 

antarctica, M. brevis, M. drucei, M. glauca and M. pygmaea) as well as the following tag-

named entities: M. “Volcanic Plateau”, M. “intermedia” M. aff. glauca and M. glauca?. 

Whether the morphological similarities that unite the M. pygmaea group are due to them 

being each other’s closest relatives, or whether they are instead united by sharing the 

same suite of traits adapted to self-pollination, remains unclear.  

The common garden experiment revealed a high rate of morphological plasticity in the 

Myosotis pygmaea group species. Growing plants in the growth room also allowed the 

identification of characters that vary significantly between species clusters in both the 

common garden experiment and the herbarium dataset, which indicates they are more 

likely to have a genetic rather than environmental basis. Using these characters, only M. 

brevis can be separated based on quantitative morphological characters. Considering also 

qualitative characters, four morphological groups can be identified within the M. pygmaea 

group, three of which match currently described species, and one which comprises two 

described species and two tag-named entities. Individuals from the described species M. 

pygmaea, M. glauca and M. brevis are recovered as forming their own morphological 

groups and can be distinguished from one another primarily using trichome straightness 

(curved, straight and flexuous, respectively). By contrast, although rosette leaf trichome 

density differs between individuals of M. drucei vs. M. antarctica, these species form a 

single cohesive group in the nMDS analyses. M. drucei + M. antarctica is separated from M. 

glauca and M. pygmaea by having flexuous trichomes, and from M. brevis by the larger 

corolla and calyx size. For the tag-named entities considered part of the M. pygmaea group, 

M. aff. glauca is shown to be closely affiliated with M. glauca, M. “Volcanic Plateau” and M. 

“intermedia” are considered indistinguishable from M. drucei + M. antarctica, and M. 

glauca? (WELT SP103892) requires more collections before conclusions can be made. 

Identifying these morphological groups is an important first step towards making a 

taxonomic revision, determining which entities deserve taxonomic recognition and at 

which rank, and hence determining the threat levels and conservation priorities in the 

Myosotis pygmaea species group. The high levels of morphological plasticity recovered in 

part explains the number of tag names that have been applied to this group (Table 2.1), as 
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individual plants are frequently seen in the field that do not match the species’ 

descriptions in the current Flora. Other studies investigating polymorphic species using 

morphological data have shown that taxa previously recognized at the specific or 

infraspecific level show continuous variation and should be treated as one or few 

taxonomic entities, such as in Picris hieracioides L. (Slovák et al., 2012). Whether the few 

trichome and leaf colour characters that do appear to distinguish between the currently 

described species are sufficient to warrant species rank, as used by de Lange et al. (2010), 

or subspecies or perhaps varietal rank (as used by Moore 1961) is the next question. 

Before undertaking a taxonomic revision, the morphological groups identified here will be 

used as species hypotheses to be further tested and integrated with microsatellite markers 

(Chapters 3 & 4). Additional studies using ecological niche modelling (Chapter 5) will also 

contribute to understanding species limits and threat levels of this group of New Zealand 

forget-me-nots.



 54 

 

Figure 2.1 Photographs of M. pygmaea group species and potentially affiliated entities (see Table 2.1). A. 
Myosotis glauca WELT SP093284 B. M. “aff. glauca” WELT SP093282 C. M. glauca? WELT SP103892 D. M. 
pygmaea WELT SP090542 E. M. brevis WELT SP093294 (note green- vs brown-leaved individuals in 
photo F. M. brevis WELT SP090543 G. M. drucei WELT SP100445 H. M. antarctica WELT SP102777 I. M. 
“Volcanic Plateau” JMP12013 (no voucher) J. M. “intermedia” WELT SP093292 K. M. “Tapuae-o-Uenuku” 
WELT SP100449 L. M. “Rock and Pillar” WELT SP102784 M. M. aff. tenericaulis WELT SP091590. Photo C 
by Geoff Rogers, remainder by JMP. Voucher information in Appendix 2. 
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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, converted to dissimilarity matrices 
with Gower’s coefficient. Clusters and individual uncertainty calculated using “mclust” is 
shown. A. The “bracteate-prostrate” dataset comprising 144 individuals and 52 
characters, showing both dimensions that were retained. B. Reduced subset of the 
“bracteate-prostrate” dataset comprising 113 individuals and 52 characters, including 
those identified as “pygmies” in Figure 2.2A, and those tag-named entities and species for 
which at least one individual was placed in the “pygmies” cluster, showing both 
dimensions that were retained. 
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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, converted to dissimilarity matrices 
with Gower’s coefficient. Three dimensions were retained. Clusters and individual 
uncertainty calculated using “mclust” is shown. T indicates type specimens of pygmy 
forget-me-not species, tr = type specimen of M. antarctica subsp. traillii, and ra = type 
specimen of M. ramificata. A. Dimensions 1 vs. 2 B. Dimensions 2 vs. 3. 
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Figure 2.4 Box plots of selected morphological characters showing the Myosotis pygmaea 
group and affiliated species and tag-named entities. A & B are based on herbarium 
specimens, comparing groups as categorized in Figure 2.2A.  C–E compare data from 
herbarium specimens (H) with cultivated specimens (C). Measurements of cultivated 
specimens were taken from live plants grown in the growth chamber with the exception of 
two specimens of M. “Volcanic Plateau”, that are herbarium specimens of cultivated plants 
(WELT SP100412 and CHR 131697, see Appendix 2). Box plots that share the same 
lowercase letters are not significantly differentiated at p = 0.05, calculated for groups for 
which n ≥ 3. F is a stacked bar chart showing quantitative morphological character 10, 
which classifies rosette leaf trichomes as straight (black), flexuous (grey) or curved 
(white). Further information about each morphological character can be found in Table 
2.2. 
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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. Clusters 
and individual uncertainty calculated using “mclust” is shown. A. The “flowering” dataset 
of 26 individuals and 37 characters, showing both dimensions retained. B. The “all adults” 
dataset of 39 individuals and 36 characters, showing both dimensions retained. Voucher 
details in Appendix 2 and Table 2.3. NI = North Island, SI = South Island. 
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Figure 2.6 Photographs of rosette leaves of Myosotis pygmaea group plants illustrating trichome 
characters. White scale bars represent 5 mm, black scale bars represent 2 mm. A-D M. glauca 
showing straight trichomes that are appressed on the blade and at margins; A, B M. glauca WELT 
SP100497; C, D M. aff. glauca WELT SP092202. E-G M. brevis showing flexuous trichomes that are 
appressed to patent on the blade and at margins; E, F M. brevis WELT SP093294; G M. brevis WELT 
SP090543. H-K M. drucei and affiliated tag-named entities showing flexuous trichomes that are 
patent to erect on the blade and at margins. H, I M. drucei WELT SP092204; J M. “intermedia” WELT 
SP093292; K M. “Volcanic Plateau” WELT SP100412; L-M M. pygmaea showing curved trichomes 
that are patent on the blade and at margins; L M. pygmaea WELT SP104498; M M. pygmaea growing 
at Percy Scenic Reserve, Wellington (no voucher). B, F, I, J & M showing abaxial leaf surface, the 
remainder showing adaxial. Photos C, D, H, I & M taken by Carlos Lehnebach, remainder by JMP. 
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Figure 2.7 Photographs of M. pygmaea group plants in the field vs. their offspring growing 
in common garden conditions. All scale bars are 1 cm. A&D M. brevis North Island, coastal 
Taranaki, WELT SP090543. B&E M. brevis, South Island, Canterbury, Lake Lyndon, WELT 
SP093294. C&F M. drucei, north western South Island, Lake Peel, WELT SP100466. G&J M. 
drucei, South Island, Southland, Livingstone Mountains, WELT SP102785. H&K M. 
pygmaea, coastal north western South Island, WELT SP100462. I&L M. pygmaea South 
Island, Southland, the Catlins, Tahakopa Bay, WELT SP104498. Photos C&H by Mark 
Prebble, remainder by JMP.   
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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. For explanation of character numbers see Table 2.2. 

Character (Character No.) Comparison (n = number of 
specimens measured) 

Mean 
(Range) 

p-value 

Flower diameter (mm) 
(64) 

M. aff. tenericaulis (n = 4) 4.8 (3.4–6.6) 0.0000018 
Pygmy group (n = 98) 2.2 (0.8–4.0) 

Flower diameter (mm) 
(64) 

M. “Rock and Pillar” (n = 4) 4.1 (4.0–5.0) 0.00165 
Pygmy group (n = 98) 2.2 (0.8–4.0) 

Flower diameter (mm) 
(64) 

M. “Tapuae-o-Uenuku” (n = 3) 3.5 (3.5–4.3) 0.261 
Pygmy group (n = 98) 2.2 (0.8–4.0) 

Average trichome length 
(mm) (29) 

M. “Tapuae-o-Uenuku” (n = 3) 1.5 (1.3–1.9) 3.0e-11 
Pygmy group (n = 103) 0.7 (0.4–1.6) 

 

 

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. 

Character (Character 
No.) 

Comparison (n = number of 
specimens measured) 

Mean (Range) p-value 

Length of calyx at fruiting 
(mm) (44) 

M. brevis (n = 13) 2.5 (1.7–3.7) 1.81e-05 
Remainder of the M. pygmaea 
group (n = 90) 

3.8 (2.1–6.3) 

Floral lobe length (mm) 
(54) 

M. brevis (n = 13) 0.4 (0.2–0.7) 1.06e-06 
Remainder of the M. pygmaea 
group (n = 90) 

0.8 (0.3–1.4) 

Nutlet length (mm) (52) M. brevis (n =13) 1.1 (1.0–1.4) 6.25e-05 
Remainder of the M. pygmaea 
group (n = 90) 

1.4 (1.1–1.9) 

Ratio of trichome length 
to rosette leaf length (28) 

M. brevis (n = 13) 0.2 (0.1–0.4) 0.00200 
Remainder of the M. pygmaea 
group (n = 90) 

0.09 (0.0–0.3) 

Rosette leaf trichome 
density per mm2 (27) 

M. antarctica (n =19) 20.4 (7.4–33.3) 5.5e-09 
M. drucei (n= 20) 7.4 (1.7–19.1) 

Ratio of rosette leaf 
length to width (26) 

M. “Volcanic Plateau” (n = 9) 3.1 (2.1–4.8) 8.8e-07 
M. drucei (n = 21) 2.0 (1.4–3.3) 

Ratio of rosette leaf 
length to width (26) 

M. “Volcanic Plateau” (n = 9) 3.1 (2.1–4.8) 0.343 
M. “intermedia” (n = 7)  2.5 (1.7–3.4) 
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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. For explanation of character 
numbers see Table 2.2. P-values that are significant at p < 0.01 are denoted with an 
asterisk (*), excluding calyx length at fruiting between M. drucei and M. pygmaea (compare 
with Table 2.8). 

Character 
(Character 
No.) 

M. brevis 
n = 13 

M. drucei 
n = 21 

M. 
pygmaea n 
= 17 

p-value 
M. brevis 
vs. M. 
drucei 

M. brevis 
vs. M. 
pygmaea 

M. drucei 
vs. M. 
pygmaea 

Rosette 
Leaf length 
(mm) (24) 

4.1 (1.8–
8.1) 

10.2 (5.6–
18.7) 

10.9 (6.5–
18.0) 

0.08911 0.04681 1 

Floral lobe 
length 
(mm) (54) 

0.4 (0.2–
0.7) 

0.7 (0.3–
1.4) 

0.84 (0.4–
1.3) 

0.00237* 0.00020* 1 

Length of 
calyx at 
fruiting 
(mm) (44) 

2.5 (1.7–
3.7) 

4.2 (2.8–
6.2) 

3.8 (2.2–
5.1) 

1.4e-05* 0.00453* 1 
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Chapter 3 Microsatellite markers for the New Zealand native 

Myosotis pygmaea species group (Boraginaceae) amplify across 

species 
  

Note the published version of this chapter is included as Appendix 1. 

 

 

 

 

 

 

Abstract 

Premise of the study: Microsatellite loci were developed as polymorphic markers for the 

New Zealand native Myosotis pygmaea species group (Boraginaceae) for use in species 

delimitation and population and conservation genetic studies.  

Methods and Results: Illumina MiSeq sequencing was performed on genomic DNA from 

seedlings of M. drucei. From trimmed paired-end sequences >400 bp, 484 microsatellite 

loci were identified. Twelve of 48 microsatellite loci tested were found to be polymorphic 

and consistently scorable when screened on 53 individuals from four populations 

representing the geographic range of M. drucei. They also amplify in all other species in the 

M. pygmaea species group, i.e., M. antarctica, M. brevis, M. glauca, and M. pygmaea, as well 

as 18 other Myosotis species.  

Conclusions: These 12 polymorphic microsatellite markers establish an important 

resource for research and conservation of the M. pygmaea species group and potentially 

other Southern Hemisphere Myosotis.  
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Introduction 

Forget-me-nots (Myosotis L., Boraginaceae) are found in both the Northern and Southern 

Hemispheres, with a center of diversity in New Zealand. The M. pygmaea species group 

(Meudt et al., 2015) comprises M. antarctica Hook.f., M. brevis de Lange & Barkla, M. drucei 

(L.B.Moore) de Lange & Barkla, M. glauca (G.Simpson & J.S.Thomson) de Lange & Barkla, 

and M. pygmaea Colenso, all native to New Zealand. Questions persist regarding the 

delimitation of these morphologically similar species (de Lange et al., 2010), four of which 

appear on the New Zealand threatened species list (de Lange et al., 2013). Indeed, of the 

44 endemic New Zealand Myosotis taxa, 32 are considered threatened or at risk (de Lange 

et al., 2013). A priority in the conservation management of members of this genus is to 

both accurately delimit species and understand the levels and structure of genetic 

diversity present. Low genetic diversity in New Zealand Myosotis, as evidenced by 

previous studies (Meudt et al., 2013; Meudt et al., 2015), suggests that additional 

molecular markers are needed. 

Here the development of 12 polymorphic microsatellite markers for the M. pygmaea 

species group are reported, which will be used in future studies of species delimitation 

and population genetic research. Additionally, the utility of these loci in 18 other Myosotis 

species are evaluated. 

Methods and Results 

Sibling individuals were selected from the type locality of M. drucei as the source DNA for 

marker development (WELT SP100445;  Table 3.4). Genomic DNA was extracted from 

fresh young leaf tissue from 15 seedlings using a modified cetyltrimethylammonium 

bromide (CTAB) method (Shepherd and McLay 2011). To generate sufficient template for 

the requirements of Illumina MiSeq library preparation, extracted DNA was pooled and 

amplified using a REPLI-g kit (QIAGEN, Hilden, Germany) following the manufacturer’s 

protocol. DNA was quantified using a Qubit 2.0 Fluorometer (Thermo-Fisher Scientific, 

Waltham, Massachusetts, USA), and a genomic library was prepared using the TruSeq 

Library Preparation Kit (Illumina, San Diego, California, USA) by the Massey Genome 

Service (Massey University, Palmerston North, New Zealand). The indexed library was 

pooled with three other libraries in equal concentration and sequenced using the paired-

end 250-bp chemistry on a MiSeq (Illumina) by the Massey Genome Service. The resulting 

2.7 million sequences were trimmed of low-quality results using a 0.01 quality cut-off in 

DynamicTrim in SolexaQA (Cox et al., 2010), which yielded 1,449,369 trimmed paired-end 
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sequences with an average length of 380 bp, ranging in size from 11–492 bp. Paired-end 

sequences were joined using the program FLASH (Magoc and Salzberg 2011). 

The paired-end sequences were then imported into Geneious 6.1.5 (Biomatters, Auckland, 

New Zealand), where only sequences >400 bp were retained. Organellar sequences were 

removed by performing a local BLAST search of the M. drucei sequences against the 

phylogenetically closest relatives (Soltis et al., 2011) with the most complete 

mitochondrial and chloroplast sequences from GenBank. The chloroplast genomes used 

were: Nicotiana undulata Ruiz & Pav. NC_016068 (Solanaceae), Olea europaea L. subsp. 

maroccana (Greuter & Burdet) P. Vargas, J. Hess, Muñoz Garm. & Kadereit NC_015623 

(Oleaceae), Coffea arabica L. NC_008535 (Rubiaceae), and Arabidopsis thaliana (L.) Heynh. 

NC_000932 (Brassicaceae). The mitochondrial genomes used were: N. tabacum L. 

NC_006581, A. thaliana NC_001284, and Vigna radiata (L.) R. Wilczek NC_015121 

(Fabaceae). The remaining 397,224 sequences were split into four groups (due to 

computer memory constraints), and the first group of 99,999 sequences was searched for 

perfect di- to hexanucleotide microsatellite repeats with a minimum of seven 

uninterrupted repeat units using a search tool in Geneious (Phobos plugin; Mayer 2010), 

which identified 484 repeats. Sequences were removed from consideration if the paired-

end sequences were found to be overlapping only in the repeat region, if regions near the 

microsatellite contained other microsatellite loci or single base pair repeats >4 bp, or if 

there were greater than 14 repeats. After removing unsuitable loci, primers were designed 

for 147 microsatellite regions using Primer3 within Geneious (Untergasser et al., 2012). 

The default settings were used except for: product size = 100–400 bp with a 50-bp buffer 

on both sides of the target region; primer size = 18 bp (minimum)–20 bp (optimal)–22 bp 

(maximum); melting temperature (Tm) = 47–55–60°C; 3′ GC content = 40–50–60%; 

maximum Tm difference = 10°C; GC clamp = 1; max poly N = 4. An M13 tag 

(CACGACGTTGTAAAAC- GAC) was added to the 5′-end of the forward primer for each 

locus, and a PIG-tail sequence; (GTTTCTT; Brownstein et al., 1996) was added to the 5′-

end of each reverse primer. 

For reasons of practicality, 48 primer pairs were chosen to trial a range of: uninterrupted 

number of repeats, types of microsatellites (e.g., di-, tri-, tetra-, penta-, and hexa-), and PCR 

product sizes. These 48 were initially trialed on seven individuals from five populations of 

four M. pygmaea group species (Table 3.4). Each locus was amplified individually in 10-μL 

PCR reactions that contained 1 μL of a 1:50 dilution of template DNA (5–50 ng), 0.02 μM 

forward primer, 0.45 μM reverse primer, 0.45 μM M13 primer (labeled with FAM, NED, or 

VIC), 1.5 mM MgCl2, 1× buffer BD (Solis BioDyne, Tartu, Estonia), 250 μM of each dNTP, 
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and 1 unit FIREPol Taq polymerase (Solis BioDyne). PCRs were carried out with the 

following cycling program: an initial denaturation of 95°C for 3 min; 40 cycles of 95°C for 

30 s, 53°C for 40 s, and 72°C for 1 min; and a final extension at 72°C for 10 min. A volume 

of 0.75 μL of each PCR product for three loci, each with a different fluorophore, was added 

to 9 μL of Hi-Di formamide (Applied Biosystems, Carlsbad, California, USA) premixed with 

a ROX-labeled CASS ladder (Symonds and Lloyd 2004) for subsequent fragment 

separation on an ABI 3730 Genetic Analyzer (Applied Biosystems) by the Massey Genome 

Service. 

Alleles were visualized and scored using GeneMapper version 3.7 (Applied Biosystems). Of 

the 48 primer pairs tested, 25 were polymorphic, two were monomorphic, seven were 

unscorable, and 14 did not amplify. Twenty-four of the polymorphic loci were further 

tested using the above PCR conditions on 15 individuals from five Myosotis species. The 12 

markers (Table 3.1) with the best amplification rates were selected for further 

investigation using four populations of M. drucei to demonstrate the utility of the markers 

in a population genetic framework. For these four populations, Table 3.2 shows the 

number of alleles, and observed (Ho) and expected (He) heterozygosities, which were 

determined using GenAlEx (Peakall and Smouse 2012). The average number of observed 

alleles per locus was 3.75, and average Ho was 0.059 (Table 3.2). Ho was typically lower 

than He, which matches the hypothesized mostly selfing nature of the M. pygmaea species 

group (Robertson and Lloyd 1991; Brandon 2001). The 12 markers amplified well across 

the other four species (one population each) in the M. pygmaea group (voucher 

information in Table 3.4) and were also trialed in an additional 18 species of Myosotis, 14 

endemic to New Zealand, one from Australia, and three introduced to New Zealand from 

Europe. Amplification rates and polymorphism are reported in Table 3.3. 

Conclusions 

Twelve polymorphic microsatellite loci are described that will be useful for exploring 

species limits within the M. pygmaea species group, as well as determining the population 

genetic variation within and among other species of Southern Hemisphere Myosotis. 
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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 
 

 

 

 

 

 

 

Abstract 

Following the general lineage concept, data from molecular markers were analysed to 

identify lineages within the New Zealand native Myosotis pygmaea species group. Over 500 

Myosotis individuals were genotyped, and the pattern of low within and high between 

population genetic variation is congruent with self-fertilization and low levels of seed 

dispersal. Within the M. pygmaea group, several genetic clusters can be identified, some of 

which match the current taxonomy and morphological variation previously identified 

(Chapter 2), whereas some other groupings represent geographic clustering. Integrative 

vs. iterative methods for combining molecular and morphological data are compared, and 

integrative techniques are shown to have higher power to distinguish clusters. 

Considering both the genetic and morphological data, there is evidence of three lineages 

within the M. pygmaea species group. These lineages correspond to: 1) M. brevis, 2) M. 

glauca and 3) the remainder of the M. pygmaea group (i.e. M. antarctica, M. drucei, M. 

pygmaea, and M. “Volcanic Plateau”). Within this third lineage, there is no evidence from 

the molecular data to separate M. pygmaea and M. drucei, despite one minor 

morphological character able to distinguish these two entities (Chapter 2). A formal 

taxonomic revision awaits the future incorporation of ecological niche modelling data. 
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Introduction 

Taxonomy has important implications for conservation, ecology, and biosecurity 

(Knowlton and Jackson 1994; Zare et al., 2004; Cameron 2010; Pyšek et al., 2013). Modern 

best practice taxonomy and species delimitation are typically based on the general lineage 

concept of de Queiroz (2007). In the general lineage concept, species are defined as 

separately evolving metapopulation lineages. As evolution and speciation are ongoing 

processes, often it can be difficult to determine species boundaries. Therefore, the general 

lineage concept emphasises analysing data from many different sources for the purpose of 

lineage discovery. Evaluating multiple criteria not only increases our ability to detect 

recently separated lineages, but also can provide stronger support for lineage separation 

when they are in agreement (e.g. Ornelas-García et al., 2008; Reeves and Richards 2011; 

Meudt et al., 2013). Older and more diverged species usually can be easily recognised by 

considering any of the different species concepts and delimitation criteria. However, 

difficulties arise with relatively young species that are in the early stages of lineage 

divergence (such as species radiations or complexes) and may not have acquired all of the 

different properties on which species concepts are based (de Queiroz 2007). 

Furthermore, delimiting species in a way that reflects the evolutionary history of the 

species lineages has important implications for conservation. Although species are the 

major unit of conservation, there is growing recognition that conserving genetic diversity 

is important in its own right and essential to the survival and maintenance of species 

(Moritz 2002). If the taxonomic classification system reflects evolutionary relationships, 

then conservation management decisions can be made based on this broader expectation 

to conserve genetic diversity. A cautionary tale is the case of the now extinct dusky seaside 

sparrow: a breeding program was set up based on an intra-specific taxonomy that did not 

accurately reflect the phylogeny of the species, which contributed to their extinction 

(Avise and Nelson 1989). 

Under a population genetics framework, species boundaries can be identified using 

model-based clustering methods for assigning individuals to gene pools according to 

genotype data; e.g. Structure (Pritchard et al., 2000) and Instruct (Gao et al., 2007). Several 

studies have used microsatellite data as a tool for species delimitation in recent plant 

radiations (e.g., Edwards et al., 2009; Kim et al., 2012; Turini et al., 2014).  In these studies, 

the current morphology-based taxonomy was tested using the program Structure. All 

three studies found that each species included in the structure analyses (up to eight 

species were included in one study) formed a separate cluster, and given the correlation 
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between morphological and molecular data this was used as justification for recognising 

these entities at species rank. The use of multiple data sets in this way uses an iterative 

taxonomic framework (Yeates et al., 2011) and uses complementarity among disciplines 

to improve rigor in delimiting lineages, and consequently species. To move from iterative 

to integrative taxonomy, the data from different methods (e.g. molecular and 

morphological) must be collected from the same individuals, but this sampling strategy is 

not always feasible. Programs such as integrated Bayesian phylogenetics and 

phylogeography (iBPP: Yang and Rannala 2010; Solis-Lemus et al., 2014) have been 

developed for integrating multi-locus sequence data with morphological data. A 

methodology for integrating other data types (e.g. genotypic, environmental and 

morphological) is described in Edwards and Knowles (2013), whereby Gaussian 

clustering is combined with multivariate approaches. The current study will assess the 

ability of this approach to find lineages within the New Zealand native Myosotis pygmaea 

group, by integrating molecular and morphological data and comparing the results to an 

iterative approach. 

Myosotis is a genus of roughly 100 species distributed in both the Northern and Southern 

Hemispheres (Mabberley 2008). There are two centres of diversity, Eurasia and New 

Zealand, the latter of which is the central point of the Southern Hemisphere radiation 

(Winkworth et al., 2002; Meudt et al., 2015).  Of the more than 40 species native to New 

Zealand, two-thirds are threatened at some level, and a number of taxonomically 

indeterminate entities have been identified, making a taxonomic revision of the genus a 

top priority (de Lange et al., 2009; de Lange et al., 2013). 

Low levels of genetic differentiation at neutrally evolving markers (Winkworth et al., 

2002; Meudt et al., 2015) suggest New Zealand Myosotis species are a recent species 

radiation and therefore species delimitation via a population genetic approach (e.g., 

Edwards et al., 2009) may be necessary. Although amplified fragment length 

polymorphisms (AFLPs) have proven useful for delimiting species within some North 

Island endemic species of Myosotis (i.e., the M. petiolata complex, Meudt et al., 2013), they 

were shown to be less effective at reconstructing the phylogeny of the South Island 

representatives and of the New Zealand species as a whole (Meudt et al., 2015).  

The Myosotis pygmaea species group is made up of five native New Zealand Myosotis 

species (Chapter 2; Meudt et al., 2015): M. antarctica, M. brevis, M. drucei, M. glauca and M. 

pygmaea (Figure 2.1). All are endemic to New Zealand except M. antarctica which is also 

known from southern Chile (Zuloaga et al., 2008). The M. pygmaea species complex is a 
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subgroup of the bracteate-prostrate group of Southern Hemisphere Myosotis which 

comprises 12 other named species (Robertson 1989; Meudt et al., 2015). Several 

additional entities thought to be part of the M. pygmaea group or the bracteate-prostrate 

group have been given tag-names (Table 2.1). Based on herkogamy distances of 0 mm, it 

appears likely that members of the M. pygmaea complex typically self-fertilise (Moore 

1961; Robertson and Lloyd 1991; Brandon 2001). A combination of small population size 

(common in the M. pygmaea group; see Table 4.4) and self-compatibility can be especially 

severe for reducing genetic variation (Lande 1995; Cole 2003) and must be taken into 

account when interpreting population genetics results. 

In Chapter 2 of this thesis, an extensive morphological study of the M. pygmaea group was 

undertaken. In that chapter, the morphological characters that define the M. pygmaea 

group were for the first time clearly delimited, the composition (species and tag-named 

entities) of the M. pygmaea group was determined, and morphological clusters within the 

M. pygmaea group were identified. To test and integrate these morphological hypotheses 

with a molecular dataset, 12 microsatellite markers were developed (Chapter 3). Samples 

were collected as widely as possible across the geographic ranges of all species currently 

included in the M. pygmaea group, as well as several tag-named entities and 

representatives of the bracteate-prostrate group and additional New Zealand-based 

Myosotis, and over 500 individuals were genotyped. 

The aims of this chapter are to: 

1. Determine whether the M. pygmaea species group, as delimited in Chapter 2, forms 

an identifiable sub-group of the bracteate-prostrate group based on microsatellite 

genetic data. 

2. Assess whether discrete genetic clusters within the M. pygmaea group occur, and if 

so whether these correspond to either the current taxonomy, morphological 

groups identified in Chapter 2, or neither (i.e. an iterative taxonomic approach) 

3. Undertake an integrative taxonomic approach to lineage discovery in the Myosotis 

pygmaea group by co-analysing morphological data from Chapter 2 with 

microsatellite data, thereby assessing the effectiveness of the method of Edwards 

and Knowles (2013). 
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Methods  

Sampling 

Populations were sampled from across the known ranges of all five described species and 

several tag-named entities that may or may not be part of the M. pygmaea species group. 

Collection locations were identified based on herbarium records from WELT, AK, CHR and 

OTA, as well as advice from the New Zealand Department of Conservation staff. Samples 

were collected under permit number CA-31615-OTH, which contains restrictions for 

collecting threatened plants. An herbarium specimen, and leaves from 1–20 individuals 

from 58 locations around New Zealand were collected. The aim was to collect more than 

ten individuals per population as simulations have shown six is the minimum number 

required to successfully reconstruct clusters of mostly selfing species using cluster-based 

analyses of population structure (Fogelqvist et al., 2010). Details regarding each 

population such as their unique population code, location, as well as voucher information 

are listed in Appendix 2. Details regarding population size and number of individuals per 

population included in the microsatellite dataset are reported in Table 4.4. 

DNA extraction and genotyping 

DNA was extracted from silica-dried leaves using one of two modified CTAB methods 

(Doyle and Doyle 1990). Samples were genotyped using the 12 microsatellite loci 

described in Chapter 3 following polymerase chain reaction (PCR). The PCR conditions 

and genotyping specifications are listed in full in Chapter 3; the only difference was that 

for especially weakly amplifying markers the number of PCR cycles was in some instances 

increased from 35 to 40. Briefly, PCR products of three loci with differing flourophores 

were co-loaded for subsequent fragment sizing on an ABI 3730 Genetic Analyzer (Applied 

Biosystems) by Massey Genome Service at Massey University (Palmerston North, New 

Zealand). Alleles were visualized and scored using GeneMapper version 3.7 (Applied 

Biosystems). PCRs were repeated once, or occasionally twice.   

Datasets 

Eleven microsatellite data partitions were generated to explore questions at different 

scales. The largest dataset (“Myosotis-wide”) comprised 586 samples and 12 markers, 

including 424 newly genotyped M. pygmaea group individuals and affiliated tag-named 

entities, combined with 120 M. pygmaea group samples and 42 representatives of 

additional Myosotis species already genotyped as part of the primer trials (Chapter 3). 

Only M. pygmaea group individuals that amplified for at least 9 of the 12 loci were 
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included (an additional 32 individuals were therefore excluded), whereas amplification 

rates for additional Myosotis species ranged from 1–12 loci (see Table 3.3). The other ten 

data partitions are subsets of the “Myosotis-wide” dataset, based either on morphological 

clusters (Chapter 2), or groupings identified in Structure analyses; details of the 11 

datasets can be found in Table 4.1. The datasets were organised and coded in GenAlEx 

(Peakall and Smouse 2012), and exported to Structure (Pritchard et al., 2000) and R 

(RCoreTeam 2015) for analyses. All datasets were analysed using the methods outlined 

below. 

Determining genetic structure and differentiation 

Genetic structure was assessed using the program Structure (Pritchard et al., 2000). 

Default settings, including the admixture ancestry model as recommended by Francois & 

Durand (2010) and popflag set to 0, were used, with one exception: allele frequencies was 

set to “correlated” rather than “independent”. Setting frequencies to “correlated” has been 

shown to improve clustering for closely related populations (Falush et al., 2003) and an 

initial trial yielded better likelihood scores with this setting (data not shown). Each 

Structure run had 150 000 iterations discarded as burnin, followed by 1 million iterations 

saved, following Gilbert et al.’s (2012) recommendations for reproducibility in population 

genetic studies. For each data partition, 10 runs of each K from 1 to n + 2 were run (where 

n is the number of populations included in each data partition). Structure runs were set up 

using the StrAuto python script (Chhatre 2012), modified to allow it to run in parallel (K. 

Emerson, pers. comm. 2015), and ran on ~30 cores on the Institute of Fundamental 

Sciences, Massey University computer cluster, thus significantly speeding up the analysis 

time.  

Structure assumes that within populations loci will be at Hardy-Weinberg equilibrium, 

and linkage equilibrium. As the M. pygmaea group are most likely selfing (Robertson and 

Lloyd 1991; Brandon 2001) this assumption is probably not met. Therefore the data were 

also analysed using the programs Instruct (Gao et al., 2007) and Admixture (Alexander et 

al., 2009), which do not assume Hardy-Weinberg equilibrium. To run Admixture the 

dataset was first converted to binary format. Trials using the default settings showed that 

Instruct and Admixture gave nearly identical results to each other and to Structure (data 

not shown), and these methods are not discussed further. 

Running the StrAuto Python script produces a zipped file ready to upload to Structure 

Harvester (Earl and vonHoldt 2012). Structure Harvester implements the Evanno method 

(Evanno et al., 2005), an “ad hoc” yet popular method for determining the optimal K value 
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for a given dataset. The outputs from Structure Harvester were downloaded and the run 

with the best likelihood for each value of K of interest was then processed using CLUMPP 

(Jakobsson and Rosenberg 2007) and DISTRUCT (Rosenberg 2004). 

Each data set was also visualised as a NeighborNet network in SplitsTree (Huson 1998; 

Huson and Bryant 2006) and principal components analyses (PCoA) in R, and the number 

of clusters was assessed using “mclust” (Fraley and Raftery 2002; Fraley et al., 2012). The 

distance matrices that both the networks and the PCoAs are based on were calculated in 

two ways, firstly based on the proportion of shared alleles (POSA; Chakraborty and Jin 

1993; Bowcock et al., 1994) using the program MSA (Dieringer and Schlotterer 2003). This 

calculation does not impute missing data and makes the minimum of assumptions. 

Secondly, following Ferrão et al., (2014), the dissimilarity matrix of Kosman and Leonard 

(2005; KL) was calculated in R using the dist.codom function from the “mmod” package 

(Winter 2012). This calculation is similar to POSA except the distance is calculated as a 

proportion of shared alleles at each locus. Distance matrices were calculated both based 

on individuals and populations. Again missing data is not imputed; the genetic pairwise 

distance is only calculated over loci for which there are data. PCoA were implemented in R 

using the pcoa function from the package “ape” (Paradis et al., 2004).  The first three 

principal components were then used as input for Bayesian model-based clustering using 

the mclust function of the “mclust” package (Fraley and Raftery 2002; Fraley et al., 2012). 

“Mclust” identifies the number of clusters present using Gaussian clustering, and assesses 

the classification uncertainty of each individual to its assigned cluster. Slightly modifying 

the “mclust” default settings, 14 models and K of 1 to n+2 populations (rather than the 

default of 9 populations) were assessed using the Bayesian information criteria (BIC). The 

distance matrices were exported from R and MSA, converted into NEXUS files, and used to 

generate NeighborNet networks using SplitsTree (Husan and Bryant 2006).  

Coding null alleles 

A trial was undertaken using the “pygmy-plus” dataset in which null alleles were identified 

and coded in order to assess how this would influence the analyses. Software such as 

MicroChecker (Van Oosterhout et al., 2004) is able to correct raw genotypes and account 

for the presence of non-amplifying alleles based on deviations from Hardy-Weinberg 

equilibria. Given the deviations from Hardy-Weinberg observed in this dataset, an 

alternative method was chosen. Alleles were determined to be “null” if a population was 

missing data for more than 90% of individuals at a certain locus. Each null allele was then 
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coded with a unique allele number, as a homozygote. Coding null alleles was determined 

to not be useful for this dataset and was not implemented; details are given in the results.  

Assessing population genetic variation  

The genetic diversity of each population with more than five individuals was evaluated 

across all loci using the observed number of alleles (NA), the effective number of alleles 

(NE), expected heterozygosity (HE), observed heterozygosity (HO), observed 

heterozygosity of an individual relative to the expected heterozygosity of individuals in 

the population (FIS), the percentage of polymorphic loci (%P) and the number of private 

alleles, all calculated in GenAlEx 6 (Peakall and Smouse 2006; Peakall and Smouse 2012). 

Each individual microsatellite locus was also assessed for the total number of alleles (A), 

the observed and expected heterozygosity (HO and HE) and observed heterozygosity of an 

individual relative to the expected heterozygosity of individuals across all populations 

(FIT), and expected heterozygosity of individuals within a subpopulation relative to the 

total expected heterozygosity of individuals across all populations (FST). GenAlEx was also 

used to perform analysis of molecular variation (AMOVA; Excoffier et al., 1992). The 

significance of variance components was tested using 999 non-parametric permutations. 

Several AMOVA were run, including: 1) Comparing among all populations of the M. 

pygmaea group for which n > 5; 2) Comparing among all morpho-species of the M. 

pygmaea group as identified in Chapter 2; and 3) Comparing among individuals scored as 

the “M. pygmaea group”, “other bracteate-prostrate”, “ebracteate-erect” and “European”. 

Mantel tests were undertaken at both the population and morphological species levels to 

test for isolation by distance using mantel.rtest function in the “adegenet” R package 

(Jombart 2008; Jombart and Ahmed 2011). 

Integrating microsatellite and morphological data 

True data integration can only be achieved when molecular and morphological data are 

collected from the same individual. In this thesis there are 31 M. pygmaea group 

populations for which both molecular and herbarium morphological data were collected; 

these are indicated in Appendix 2. For each population included in the molecular dataset, 

the morphological data were collected from one representative individual. Following 

Edwards and Knowles (2013), the first three dimensions of non-metric multidimensional 

scaling (nMDS) points calculated from distance matrices of the morphological (n = 31) and 

molecular datasets (31 populations; n = 326) were concatenated, and the number of 

clusters in the data was explored using “mclust” as described above (Fraley and Raftery 

2002; Fraley et al., 2012). The nMDS were calculated in R using the metaMDS function in 
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the “vegan” package (Oksanen et al., 2015) as described in Chapter 2. The non-

concatenated datasets were also analysed using “mclust” in order to determine the effect 

of concatenation. Additionally, following the methods outlined in Chapter 2, box plots, 

significance tests and stacked bar charts were generated to assess if there were any 

morphological characters that co-vary with the clusters identified at K = 3 of the 497-

individual (“pygmy-only”) microsatellite structure analyses; this was done using both the 

herbarium (n = 31) and growth room (n = 37) morphological datasets. 

Results 

Delimiting the Myosotis pygmaea group 

There is a difference in microsatellite amplification rates between Myosotis species from 

the M. pygmaea group (92%; n = 532), other bracteate-prostrate species (85%, n = 55), 

ebracteate-erect Myosotis (56%, n = 31) and introduced European Myosotis (22%, n = 3) 

(Table 4.2). However, this may relate to the age of the extracted DNA at the time of 

genotyping, as older samples (extracted DNA stored -20°C for ~ 2 years) of bracteate-

prostrate Myosotis had an average of 54% vs. 90% amplification for recent DNA 

extractions (DNA extracted within ~4 months of genotyping). The AMOVA and PCoA of the 

“Myosotis-wide” dataset should be interpreted with caution, as the low amplification rates 

of non-M. pygmaea group samples contribute a large amount of missing data (Table 4.2). 

An AMOVA shows these four Myosotis groupings are moderately differentiated (Hartl and 

Clark 1997) with an FST value of 0.15 (P = 0.001; 999 permutations). Given the low rates 

of amplification for the “ebracteate-erect” and “European Myosotis”, a “bracteate-

prostrate” dataset excluding those samples was generated. The PCoA of the “bracteate-

prostrate” dataset by populations based on the KL distance matrix analysed with “mclust” 

recovered five groups in the data (Figure 4.1). One cluster contains almost all of the non-

M. pygmaea group samples, including all of the bracteate-prostrate samples genotyped 

from older DNA extractions (i.e., those with more missing data), two populations of 

unclear affiliation extracted from new DNA represented by multiple samples (M. lyallii LY, 

M. glauca? CL), three populations of M. pygmaea group species represented by only one 

sample (RM, P1 & SI), and one population of the M. pygmaea group represented by 

multiple samples (HB). The remaining four groups are made up of M. pygmaea group 

samples and samples from three populations of tag-named entities that were not 

considered part of the M. pygmaea group based on morphological data (M. “Tapuae-o-

Uenuku”, M. “Rock and Pillar” and M. aff. tenericaulis). The networks of the pygmy-plus 

dataset show these three tag-named populations do not group with each other; instead 
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they are interspersed amongst the M. pygmaea group (Appendix 4). The deltaK plot of the 

Structure analyses of the pygmy-plus dataset had a small peak at k=4 (data not shown). 

Lineages within the M. pygmaea group 

When considering the “pygmy-only” dataset, no clusters based solely on traditional 

morphology, nor the morphological clusters identified in Chapter 2, are recovered in any 

of the analyses (Figures 4.2–4.4). However, three main clusters are evident: 1) “brevis-

plus”, 2) “pygmaea-reduced”, and 3) “drucei-plus”.  In the Structure analyses of the 

optimal K = 3 (Evanno et al., 2005, see Appendix 5 for ΔK graph), the “brevis-plus” cluster 

comes the closest to forming a group based on traditional taxonomy and morphological 

similarity (Figures 4.2, 4.3), comprising all ten sampled populations of M. brevis plus 

additional populations identified as M. pygmaea (Hawke’s Bay, H1–3), M. drucei (Lake 

Tennyson, LT), and M. antarctica (Campbell Island, HB, HW).  Network and PCoA analyses 

also recover the “brevis-plus” grouping (Figure 4.4).  

The “pygmaea-reduced” cluster comprises five geographically proximate M. pygmaea 

populations from coastal north-western South Island (PR, SC) and coastal Taranaki, North 

Island (MN, AN, OK) and is the most obviously differentiated group in the network and 

PCoA analyses (Figure 4.4). The “drucei-plus” cluster comprises the remaining samples; a 

mixture of individuals of M. antarctica, M. drucei. M. glauca, M. pygmaea, M. “intermedia”, 

M. “Volcanic Plateau” and M. aff. glauca.  

At K = 24 (which had the second highest peak in the ΔK graph, see Appendix 5) several 

populations group along geographic or taxonomic lines (Figure 4.3). For example two 

groups of geographically proximate M. brevis populations (North Island: TI, TO, NG and 

South Island: LL, BA, partial BE), three M. “Volcanic Plateau” populations (CP, T1, T2), two 

groups of geographically proximate M. drucei (central Otago: CO, C1, C2 and Mt Peel, 

Kahurangi National Park: L1&2), and the four M. glauca populations (M1, M2, N1, N2). The 

four M. glauca populations form their own cluster in all Structure runs of K values from 10 

and higher, which is congruent with network results (Figures 4.3, 4.4).  

Several populations each appear to comprise two different gene pools for most values of 

K; M. antarctica (HW), M. brevis (BE), M. drucei (TP and R2), and M. pygmaea (HH and OP) 

(Figure 4.3).  Individuals from these populations also appear in different places in the 

networks (Figure 4.4).  
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Additional Structure runs undertaken after splitting the dataset into the clusters identified 

by Structure at K = 3 (“brevis-plus” n = 177, “pygmaea–reduced” n = 53, and “drucei-plus” 

n = 267), and by splitting the dataset into the clusters identified as morpho-clusters in 

Chapter 2, generally had peaks in the ΔK plots (following the Evanno method) at k = 2, and 

then smaller secondary peaks once the value of K came close to the number of populations 

included in each analyses (Table 4.1; Appendices 6-7).  

A Mantel test of the “pygmy-only” 497-individual dataset by population vs. geographic 

location showed a low level of correlation that was not significant, indicating that isolation 

by distance is not the most significant pattern in the dataset. Conversely, Mantel tests of 

each of the four morphological clusters from Chapter 2 show higher correlation with 

mostly significant p-values (M. brevis 0.25, P = 0.03; M. glauca 0.5, p = 0.07 (not significant, 

possibly due to the small number of populations sampled); M. pygmaea 0.46, p = 0.005; M. 

drucei + M. antarctica 0.19, p = 0.02). 

Comparison of two genetic distance calculations 

The two distance matrix calculations trialled, POSA and KL, yielded similar but not 

identical results (compare Figure 4.4 with Appendix 5). The main relationships recovered 

by both were: 1. five M. pygmaea populations (“pygmaea–reduced” PR, SC, MN, AN, OK), 2. 

slight variations on the “brevis-plus” grouping, and, 3. all M. glauca s.s. populations. The 

main differences between the two networks were in the relationships among populations 

within the remainder of the samples – i.e. the “drucei-plus” group of the Structure 

analyses. Another difference between the networks is the greater degree of reticulation 

visible in the KL network, for example the “brevis-plus” grouping was separated by a 

larger split in the POSA network. In both networks, M. aff. glauca and M. glauca? were 

grouped with the “brevis-plus” cluster, which was not found in the Structure analyses of 

the “pygmy-only” dataset (Figure 4.3), but was found in the Structure analyses of the 

“pygmy-plus” dataset (Appendix 4).  

Coding null alleles 

Nine null alleles were identified and coded, six from marker MYPY-20, and one each from 

markers MYPY-4, 40 and 41. The populations for which null alleles were coded were: M. 

brevis CH and SP, M. drucei L1 and LT, M. glauca N2, M. “Volcanic Plateau” M1 and CP, M. 

lyallii LY and M. aff tenericaulis TE. There were only very slight differences between the 

POSA NeighborNet network reconstructed with the dataset with null alleles coded 

compared to that without null alleles coded. For example one individual of population CP 
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that clustered with OP, WA and TB without the null alleles coded, clustered with the rest of 

the individuals from CP once the allele had been coded. This one individual was missing 3 

data points, so that most likely influenced its relationships in the first instance. The other 

changes were that populations with a null allele coded were shown as being more 

different to other populations once they had an additional data point uniting them, but 

relationships between populations were not altered (data not shown). Given the 

theoretical difficulties of coding null alleles, and the little benefit shown to this dataset, 

null alleles were not coded for the rest of the analyses.  

Genetic variation 

Across all populations included in the “pygmy-plus” dataset, a total of 138 alleles were 

observed with a mean of 11.5 alleles per locus. The number of alleles per locus ranged 

from five to 19 (Table 4.3). Two loci had higher than expected heterozygosity (MYPY-29 & 

MYPY-36), which corresponded to a negative FIS.  

In total, 47 private alleles were observed, representing 34% of the total alleles, with an 

average of 0.062 private alleles per population (Table 4.4). The four populations with the 

most private alleles were: M. “Tapuae-o-Uenuku” TU (4), M. brevis BE (4) and CH (3), and 

M. “Volcanic Plateau” T1&T2 (3); whereas 21 populations (42%) had no private alleles. 

The within-population mean number of alleles per locus (NA) ranged from 1.0 (6 

populations monomorphic at all loci) to 2.7 (average 1.4), but the number of effective 

alleles per locus (NE) was lower (range 1.0–1.9, average 1.2)(Table 4.4). Polymorphic loci 

per population ranged from one to nine (10–92%), with an average of 30%. There is a 

trend of populations with smaller sample sizes having a lower number of polymorphic loci 

(Table 4.4). Observed heterozygosity (HO) ranged from 0 (20 populations) to 0.45 (M. 

pygmaea H1–3) (average 0.06)(Table 4.4). The range of expected heterozygosity (HE) was 

0.00 (at 7 populations) to 0.44 (M. brevis BE) (average 0.11)(Table 4.4). 

Integrating morphological and microsatellite data 

The integrated “mclust” analyses of the 31 M. pygmaea group populations for which both 

molecular and morphological data were available recovered three clusters; one 

corresponding to all populations identified as M. brevis, a second to the M. pygmaea 

populations from coastal Taranaki and coastal north-western South Island, and the third 

making up the remainder of the samples (Figure 4.5A). When these morphological and 

molecular datasets were analysed separately only a single cluster was identified in each 

case (Figure 4.5B).  
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No morphological characters were found to differentiate the “pygmaea-reduced” group 

from the “drucei-plus” or the “brevis-plus” clusters in either the growth room or 

herbarium morphological datasets. A number of morphological characters were found to 

differentiate the “brevis-plus” cluster based on analyses of the growth-room 

morphological data (from Chapter 2), but this is most likely because the only two 

populations in the growth room data that represented this cluster were M. brevis 

populations (LL and ST), so the characters that united these populations were the same as 

those that unite the M. brevis morphological group (see Chapter 2). In contrast, the 

herbarium dataset (from Chapter 2) contained several non M. brevis populations that had 

been included in the microsatellite “brevis-plus” cluster, including M. pygmaea (H2), M. 

drucei (LT) and M. antarctica (HB and HW). There were no morphological characters 

found to significantly differentiate the “brevis-plus” cluster based on the herbarium 

morphological dataset.  

Discussion 

Testing species concepts with multiple lines of evidence is a powerful tool that enables 

lineage discovery and species delimitation based on evolutionary relationships, even in 

recent and ongoing species radiations (de Queiroz 2007; Yeates et al., 2011). In the 

current study, this has been achieved for the New Zealand native Myosotis pygmaea group 

and affiliated species by genotyping over 500 individuals at 12 microsatellite loci to test 

the morphological delimitation of the M. pygmaea group and lineages within it. Whereas in 

some cases correlation between molecular and morphological variation supports the 

current taxonomy (Moore 1961), in other cases entities are unable to be distinguished. 

There are some incongruences between the morphological and genetic markers, and these 

are hypothesized to relate to either incomplete lineage sorting, local adaptation, and/or 

hybridisation (Habel et al., 2015). 

Iterative vs. integrative taxonomy 

Modern best-practice taxonomy is undertaken in an integrative way; but it has been 

pointed out that the term “iterative taxonomy” perhaps better explains the process usually 

undertaken, whereby multiple datasets are analysed and interpreted in light of one 

another (Yeates et al., 2011). Integrative taxonomy, whereby multiple datasets are co-

analysed, requires data to be collected from the same individuals, and also required 

advances in analysis techniques and software before it will be routinely implemented 

(Edwards and Knowles 2013). In this study, two datasets, morphological and molecular, 

are analysed following both iterative and integrative methods. Integration was 
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accomplished following the method outlined in Edwards and Knowles (2013), which is a 

flexible methodology allowing the concatenation of any types of data. Briefly, distance 

matrices of datasets with matching individuals are generated, these distance matrices are 

transformed via multidimensional scaling, and the outputs of different datasets are 

concatenated before Gaussian clustering is used to determine the number of distinct 

groups present.  Both iterative and integrative methods yielded similar results in this 

study. However, the additional power of the integrated approach is highlighted, given 

similar results were found even with a much smaller dataset (31 populations and 326 

individuals vs. 54 populations and 497 individuals in the molecular dataset, and 103 

individuals in the morphological dataset). It is revealing that when the reduced molecular 

and morphological datasets are analysed separately, no clusters can be identified in either 

dataset, but when they are combined, three clusters that have biological relevance are 

identified (Figure 4.5). This approach therefore appears to be a useful method of 

integration, and particularly so when other constraints may limit researchers’ ability to 

sample widely, for example when studying rare or threatened species such as the New 

Zealand Myosotis species studied here. 

Delimiting the M. pygmaea group 

Evidence from the microsatellite data corroborates the morphological delimitation of the 

M. pygmaea group from Chapter 2. Firstly, individuals identified as belonging to the M. 

pygmaea group based on morphology have a higher amplification rate of the nuclear 

microsatellites than other New Zealand Myosotis (Table 4.2).  The decreasing amplification 

rate indicates that the primer binding sites are not conserved across less closely related 

species due to mutations (Selkoe and Toonen 2006). Secondly, most non-M. pygmaea 

group individuals can be excluded from the M. pygmaea group in the PCoA and “mclust” 

analyses (Figure 4.1).  Although M. “Rock & Pillar”, M. “Tapuae-o-Uenuku” and M. aff. 

tenericaulis are both morphologically (Chapter 2) and genetically (Figure 4.1, appendix 2) 

similar to the M. pygmaea group, comparisons with their geographically closest M. 

pygmaea group populations finds evidence of separate gene pools, even in cases of 

sympatry (e.g. M. “Tapuae-o-Uenuku TU vs. M. drucei TP Appendix 4). Although this is 

good evidence they are separate species from the taxa they were growing in sympatry 

with, it does not necessarily shed any light on their inclusion or otherwise in the M. 

pygmaea group. As only one population for each of these tag-named entities was included 

in the molecular analyses, it is not possible to conclude decisively whether they are most 

closely related to the M. pygmaea group, or to other bracteate-prostrate species, without 

further studies. Therefore the morphological definition of the M. pygmaea group (which 
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excludes these three entities based on flower size and other characters, see Chapter 2) still 

stands as the best evidence to define the pygmy forget-me-not group. In contrast, other 

tag-named entities (e.g. M. “Volcanic Plateau” and M. “intermedia”) for which multiple 

populations were included in the genetic analyses, are unambiguously shown to be part of 

the M. pygmaea group based on both morphological and genetic data.  

Comments on the M. pygmaea group as a whole 

The low amount of heterozygosity and allelic-variation within populations provides the 

first genetic evidence that all M. pygmaea group species probably regularly self-fertilise 

(Nybom 2004). Additionally the large amount of between-population differentiation 

suggests low levels of gene flow and low levels of seed dispersal (Hamrick and Godt 1996). 

This leads to difficulties in reconstructing genetic lineages within the group, and 

particularly makes analysing microsatellite data in a taxonomic or systematics context 

difficult as their high mutation rate combined with low levels of gene flow can introduce 

homoplasy into the dataset (Selkoe and Toonen 2006). Nevertheless, some signal can be 

seen in the clustering of M. brevis and M. glauca, respectively, across their geographic 

ranges (Figures 4.3 & 4.4).   

The pattern of within population homogeneity is so extreme that individuals from a single 

population are found in different clusters in only a handful of cases e.g. populations BE, 

HW, TP, HH and OP (Figures 4.3 & 4.4). Similarly, observed heterozygosity was usually 

much lower than expected, and heterozygosity was higher than expected only in a few 

populations (H1–3, BP, LT, M3, MR and N2; Table 4.4). In almost all cases, these 

populations are growing in sympatry, or at least nearby, to another Myosotis species, 

suggesting the molecular variation found may be due to gene flow via hybridization. In the 

cases of higher than expected heterozygosity, this could potentially be explained by the 

phenomenon termed “isolation-breaking”, whereby previously isolated populations mix, 

or because heterozygotes are being favoured by selection (Hartl and Clark 1997). 

Alternatively it could be an artefact of the genotyping process; sequencing the 

microsatellites would be one way to assess whether the heterozygosities are homologous 

(e.g., Germain-Aubrey et al., 2016).   

Interpreting the “pygmy-only” network in light of geographic location shows increasing 

complexity of relationships from north to south (Figure 4.4). Interestingly, a similar 

pattern was revealed when the M. petiolata complex was studied using AFLPs, in that 

those individuals from the North Island were more able to be easily distinguished, 

whereas the relationships between the South Island individuals was less clear (Meudt et 
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al., 2013), and the same pattern was noted when attempting to reconstruct the New 

Zealand Myosotis phylogeny (Meudt et al., 2015).  In those earlier studies, the pattern may 

have been an artefact of sparser sampling across the South Island vs. the North Island 

(Meudt et al., 2013). However, the same cannot be said for this study, in which the 

majority of samples were collected from central Otago, which is where the largest number 

of M. pygmaea group species and populations are found. 

More complicated patterns of genetic relationships in the South Island can be related to 

large-scale patterns of speciation and endemism in the New Zealand flora. Regions with 

high endemism have been identified in both the North and South Islands (McGlone et al., 

2001), but recently it has been shown that the North Island endemics are on average 

older, more diverged species whereas the South Island endemics are more likely to be 

younger species (P. Heenan, Landcare Research, unpubl. data). Species radiations and 

complexes still evolving species boundaries are more likely to exhibit incomplete lineage 

sorting and hybridisation, hence leading to more complicated population genetic patterns 

(de Queiroz 2007).   

Lineages within the M. pygmaea group 

Of the four clusters within the M. pygmaea group identified using morphological data 

(Chapter 2), only M. brevis and M. glauca are also supported by the microsatellite data 

(Figure 4.3 & 4.4). The other two morphological clusters, M. pygmaea and M. drucei + M. 

antarctica, cannot be separated from each other using molecular data. Furthermore the 

populations of M. glauca only group above K = 10, by which point subdivisions within M. 

brevis are apparent (Figure 4.3). The results of the Structure analyses as regards species 

limits are therefore less clear in this scenario than has been found previously when 

analysing species limits using microsatellite data (e.g., Edwards et al., 2009; Kim et al., 

2012; Turini et al., 2014). This is most likely due to the confounding effects of highly 

differentiated populations within the M. pygmaea group, a result of self-fertilization 

coupled with low levels of dispersal, as discussed above. The molecular support for or 

against each of the four morphological clusters is discussed in more detail below, in order 

of most supported to least supported based on the genetic and integrated data analyses.  

M. brevis morphological cluster  

The integrated dataset recovers all ten sampled populations of M. brevis from the North 

and South Islands as a cluster (Figure 4.5). These ten populations also cluster together 

when considering just the genetic data, although they are joined by populations of M. 
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drucei (LT), M. pygmaea (HB1–3), and M. antarctica (HB and HW) (Figures 4.3 & 4.4). The 

voucher specimen of M. drucei LT was placed ambiguously in the morphological nMDS 

analyses (Chapter 2) as being intermediate between M. brevis and M. drucei groups. Plants 

collected from the same location as this population had previously been identified as M. 

brevis (Rogers et al., 2002), and the sample included in the morphological analyses was 

identified as M. drucei based mostly on its relatively large nutlet size (1.4 × 1.0 mm vs. the 

range for M. brevis nutlets of 0.9–1.2 × 0.5–0.8 mm; Chapters 2, 5), but other characters 

that would help to identify which species this population belonged to, such as flowers, 

were missing. Additionally, the lakeshore habitat is reminiscent of that of the type locality 

of M. brevis, at Lake Lyndon, indicating M. brevis may be the more appropriate 

identification for this population. However, the integrated analyses did not assign this 

population to the M. brevis cluster (Figure 4.5). The other two populations that cluster 

with M. brevis genetically, M. pygmaea (H1–3) and M. antarctica (HB and HW), are 

morphologically separate from M. brevis judging by the nMDS plots in Chapter 2. Their 

clustering with M. brevis could be a case of incomplete lineage sorting (Habel et al., 2015), 

or long branch attraction effect (Kalinowski 2011; Kuhls et al., 2013). The M. brevis lineage 

is therefore supported by both iterative and integrative methods in this study. 

Myosotis brevis is usually a spring annual species (though see Rogers et al. 2002), and peak 

flowering is earlier than that of other members of the M. pygmaea group (Sep–Nov vs. 

Dec–Jan; Chapter 5). This earlier flowering could contribute to the maintenance of a 

mostly separate gene pool from other members of the M. pygmaea group.  

M. glauca morphological cluster 

All of the M. glauca specimens included in the microsatellite dataset cluster together in 

Structure runs above K = 10 (Figure 4.3), and they form a group in network analyses 

(Figure 4.3, Appendices 4 & 5). Plants from two populations whose morphology differs 

subtly from M. glauca and from each other were also included: M. aff. glauca from the Pisa 

range (RM; n = 1), and M. glauca? from the Clutha River outwash (CL; n = 4). In the 

network based on the POSA genetic distance, these two populations are found near the M. 

glauca s.s. populations (Appendix 5), but they are not close in the network based on the KL 

distance (Figure 4.4). Given that only one individual of M. aff. glauca was included in the 

genetic study, little can be concluded regarding its relationships, however the 

morphological data does appear to unite this entity with M. glauca (Chapter 2). The 

population from the Clutha outwash (M. glauca? CL) is a little more complex given it is 

morphologically intermediate between M. glauca and M. drucei, and further collections 

and study are recommended.  
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In the integrated analyses, M. glauca specimens did not form a cluster, but this could be 

due to the limited sampling. The smallest group that would be theoretically able to be 

recovered using this type of analysis is the number of dimensions analysed plus one 

(Edwards and Knowles 2013). As six dimensions were retained in this analysis, and only 

two (M. glauca s.s.) or four (M glauca s.s. plus M. aff. glauca and M. glauca?) populations of 

M. glauca were included, it is therefore not surprising that M. glauca does not form a 

cluster in this integrated analysis. The M. glauca lineage is thus supported by iterative, but 

not integrative methods in this study. 

M. pygmaea morphological cluster 

The 11 M. pygmaea populations included in the microsatellite analyses do not form a 

cluster when analysed by Structure, networks or PCoA. The morphological characters that 

unite M. pygmaea were shown to remain stable when plants from six populations from 

around New Zealand (including two inland populations) were grown under common 

garden conditions (Chapter 2).  This suggests the nature of the trichomes that most 

obviously separates M. pygmaea from M. drucei (curved, appressed to patent on the 

margins of the leaf blade vs. flexuous, patent to erect on the margins of the leaf blade) does 

have a genetic basis rather than being solely environmentally induced. However, in the 

Brassicaceae, branching trichomes have evolved independently several times (Beilstein et 

al., 2006). Therefore, it is unknown whether or not the mutations leading to the trichome 

variation observed in the pygmy forget-me-nots have arisen only once, and would 

therefore be considered sufficient evidence to unite M. pygmaea as a separate lineage. Not 

all of the plants identified as M. pygmaea cluster together in the integrated analyses 

(Figure 4.5A); this lineage is therefore supported by iterative methodologies based on the 

morphological differentiation, but not by integrated analyses. 

The five populations of M. pygmaea from the coastal north-west of the South Island (PR, 

SC), and coastal Taranaki (MN, AN, OK) that cluster together genetically (Figures 4.1–5) 

are not differentiated from other individuals identified as M. pygmaea in the herbarium 

nor growth room morphological datasets (Chapter 2). The genetic differentiation of these 

populations could therefore indicate cryptic speciation has taken place or is in the process 

of occurring. Genetically differentiated populations of morphologically indistinguishable 

self-fertilizing Arctic Draba nivalis were found to have undergone cryptic speciation due to 

chromosome rearrangements (Gustafsson et al., 2014). A similar process may have 

occurred in this situation, or the genetic differentiation could be due to other processes 

not necessarily indicating speciation has occurred, such as genetic drift and/or isolation 

by distance. 
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M. drucei-plus morphological cluster  

There are 23 populations included in this study that were grouped into the “M. drucei-

plus” morphological cluster; these 23 populations are not shown to be united genetically 

in this study. In none of the analyses do the 15 populations identified as M. drucei, three 

populations identified as M. antarctica, three populations identified as M. “Volcanic 

Plateau”, or two populations identified as M. “intermedia” form a cluster, either 

individually by entity or as a whole. Each of these species and tag names are discussed in 

turn below. The M. drucei-plus morphological cluster is also not recovered using 

integrative analyses (Figure 4.5A), like M. pygmaea this lineage is therefore supported by 

iterative methodologies based on the morphological differentiation, but not by integrated 

analyses. 

The three populations of M. antarctica collected from Campbell Island do not cluster with 

each other in the molecular analyses. The only morphological character that separates M. 

antarctica from M. drucei is a higher density of trichomes (Moore 1961). However there is 

considerable overlap in trichome density between these two species (Chapter 2), and this 

character was shown to be highly plastic and likely a factor of how large the leaves grow, 

based on growth in a common garden (Chapter 2). The lack of morphological 

differentiation combined with the lack of support for a genetic monophyletic lineage on 

Campbell Island, already hinted at from DNA sequence data (Meudt et al. 2015), shows 

that there is no evidence for recongnising M. antarctica and M. drucei as separate species. 

Potential explanations for a lack of monophyly at this geographically isolated location 

include: 1. a single introduction combined with incomplete lineage sorting, 2. multiple 

introductions to Campbell Island followed by local adaption/hybridisation leading to a 

similar morphology, or 3. gene flow with the other Myosotis species present on Campbell 

Island, M. capitata.  

The tag-name M. “Volcanic Plateau” has been given to plants morphologically affiliated to 

M. drucei, found growing in what was considered an unusual habitat for that species i.e. in 

runnels under tussocks (Table 2.1). Given the lack of morphological (Chapter 2) or genetic 

(e.g. Figures 4.3 & 4.4) differentiation, the populations this tag name refers to are better 

considered an expansion of the known habitat for M. drucei to occur in. The three 

populations from the Volcanic Plateau region do sometimes group together (e.g. Figure 4.3 

K = 24, Appendix 5, but not Figure 4.4), but just as frequently they cluster with the 

geographically closest M. drucei population (MM; Structure K = 2–10 Figure 4.3). Given 

additional time, there is the possibility for ecological speciation (Rundle and Nosil 2005) 

between M. drucei populations growing in different habitats, but there is no genetic or 
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morphological evidence this has yet occurred. Whether these plants do in fact inhabit a 

separate niche is explored using ecological niche modelling in Chapter 5. 

M. “intermedia” is a name written on herbarium specimen labels (M. Thorsen, pers. 

comm.), here considered to be most often applied to large, shade-form plants of M. drucei. 

There is no molecular evidence to unite the two populations suspected to fit this tag-name 

included in this dataset. As no morphological characters were found to unite them or 

separate them from M. drucei (Chapter 2), the plants this tag-name has been applied to 

should not be considered a separate entity from M. drucei.  

Summary and conclusions 

A dataset of over 500 Myosotis pygmaea group individuals and associated species based on 

nuclear microsatellite loci was generated to study a closely related, ongoing species 

radiation. It was found to be difficult to define the M. pygmaea group genetically, and the 

morphological description of Chapter 2 is still considered the best delimitation of the 

group. Low within population allelic variation and heterozygosity provides the first 

genetic support to the hypothesis that M. pygmaea entities most likely frequently self-

fertilize. High between population differentiation points to low gene flow and hence low 

levels of seed dispersal. 

Integrating two sources of data, morphological and molecular, is shown to be more 

powerful in terms of discovering lineages compared to analysing the same data separately. 

The method of integration employed here has the benefits of flexibility in terms of the data 

types that can be used. It is shown to be a useful method to employ until such time as more 

complex analyses are developed. The results of the iterative interpretation of these 

datasets is still considered valid though, and necessary here as only a subset of the data 

were able to be included in the integrative analyses due to sampling constraints. 

By analysing data from two morphological datasets (herbarium and growth groom) and 

one molecular dataset based on nuclear microsatellites, it has been found that the M. 

pygmaea group can best be considered to be made up of three main lineages, 

corresponding to 1) M. brevis, 2) M. glauca and 3) M. drucei + M. pygmaea + M. antarctica 

combined. Within this third lineage, two sub-lineages, only supported by one minor 

morphological character but no molecular data, can be recognised. These correspond to M. 

pygmaea and M. drucei + M. antarctica.  
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A taxonomic revision is not undertaken here, as firstly these lineages will be further 

analysed with ecological niche modelling, and secondly the population genetic variation 

within and between these newly described lineages will be explored in the next chapter, 

along with the implications for their conservation. The taxonomic rank at which each 

lineage is best recognised will also be considered in the next chapter. This study adds 

considerably to our knowledge of the evolution of a large genus comprising many 

threatened species in New Zealand, as well as highlighting a useful data integration 

method that can be applied to any species delimitation question.   
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Figure 4.1 Principle coordinates analyses (PCoA) of the Myosotis “bracteate-prostrate” 
microsatellite dataset of 12 loci and 65 populations (552 individuals) showing the first 
two axes. The PCoA is based on the genetic distance of Kosman and Leonard (2005) 
calculated by population.  Groups identified by “mclust” are indicated. The “pygmies”, 
“creepers” and “cushions” groups in the legend are as identified by morphology in Chapter 
2, see Figure 2.2A.  
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Figure 4.2 Map of New Zealand showing the locations of 54 Myosotis populations included 
in the “pygmy-only” microsatellite dataset of 497 individuals. Symbols on the map are 
coloured according to the group that population belongs to as assigned by Structure at K = 
3. An explanation of the population codes can be found in Table 4.4, voucher details are in 
Appendix 2. An asterisk (*) indicates populations identified as M. “intermedia”. 
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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. 
A. Non-metric dimensional scaling (nMDS) plot of the first dimension of the morphological 
data vs. the first dimension of the molecular data. Points are colour coded by morphological 
species. B. Classification plots generated by “mclust”. Bottom triangle showing three groups 
identified when morphological and molecular data integrated, top triangle showing no groups 
identified when analysing the morphological and molecular data separately. 
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Table 4.1 Details of the 11 Myosotis microsatellite data partitions including the dataset 
name and description, number of individuals and populations included in the dataset, the 
level of K identified by the Evanno method and the range in K values assessed via 
Structure, and the figure in this chapter in which each dataset is visualized. DeltaK plots 
are included in the relevant appendix. 

Dataset 
name 

Description of dataset Number of 
individuals 
(number of 
locations/ 
populations) 

K identified 
via the 
Evanno 
method 
(range of Ks 
assessed). 

Figure  

Myosotis-
wide 

All individuals genotyped 
in this chapter and 
Chapter 3 

586 (86) N/A N/A 

bracteate-
prostrate 

All bracteate-prostrate 
specimens 

552 (65) N/A Figure 4.1 

pygmy-plus All individuals potentially 
morphologically and 
genetically affiliated to 
the M. pygmaea group 
(Figures 2.2A and 4.1) 

543 (58) 4 (1–60) Appendix 
4 

pygmy-
only 

Only those individuals 
thought to be included in 
the M. pygmaea group 
(Chapter 2) 

497 (54) 3 (1–56) Figures 
4.2–4, 
Appendix 
5 

M. glauca 
morph 

Plants identified as M. 
glauca; see figure 2.3B 

36 (5) 4 (1–7) Appendix 
6A 

M. brevis 
morph 

Plants identified as M. 
brevis; see figure 2.3A 

128 (10) 10 (1–12) Appendix 
6B 

M. 
pygmaea 
morph 

Plants identified as M. 
pygmaea; see figure 2.3B 

129 (14) 8 (1–16) Appendix 
6C 

M. drucei 
morph 

Plants identified as M. 
drucei and those unable 
to be distinguished from 
M. drucei i.e. including M. 
antarctica and M. 
“Volcanic Plateau”; see 
Figure 2.3A 

200 (24) 7 & 15 (1–26) Appendix 
6D 

M. brevis-
plus 
Structure 

The yellow cluster in 
Figure 4.3 

177 (16) 12 (1–18) Appendix 
7A 

M. drucei-
plus 
Structure 

The blue cluster in Figure 
4.3 

267 (34) 13 & 28 (1–
36) 

Appendix 
7B 

M. 
pygmaea-
reduced 
Structure 

The green cluster in 
figure 4.3 

53 (5) 2 (1–7) Appendix 
7C 
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Table 4.2 Percentage amplification across 12 microsatellite loci, by Myosotis 
morphological group (see Meudt et al., 2015 for explanation of the groups). 

Locus Name 
(see Chapter 
3) 

M. pygmaea 
group 
(n = 532) 

Bracteate- 
prostrate 
group 
excluding M. 
pygmaea 
subgroup (n = 
55) 

Ebracteate-
erect group  
(n = 31) 

European 
Myosotis 
(n = 3) 

MYPY-4 91.7 90.9 87.1 0.0 
MYPY-10 97.9 85.5 71.0 0.0 
MYPY-14 96.8 92.7 96.8 66.7 
MYPY-17 97.0 98.2 83.9 100.0 
MYPY-20 80.6 27.3 16.1 0.0 
MYPY-26 92.9 76.4 32.3 0.0 
MYPY-28 85.7 87.3 16.1 33.3 
MYPY-29 95.5 98.2 71.0 33.3 
MYPY-36 90.6 92.7 48.4 0.0 
MYPY-40 94.5 98.2 93.5 33.3 
MYPY-41 89.5 85.5 32.3 0.0 
MYPY-48 92.3 85.5 22.6 0.0 
Total % 
amplification 

92.1 84.8 55.9 22.2 

 

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).  Details for each locus include the number of alleles (A), the range 
in size of those alleles, F-statistics, as well as observed (HO) and expected (HE) 
heterozygosity. 

Locus A Size range 
(bp) 

FIS FIT FST HO (mean 
by pop) 

HE (mean 
by pop) 

MYPY-4 15 233–264 0.532 0.922 0.833 0.070 0.151 
MYPY-10 14 303–254 0.476 0.905 0.818 0.081 0.155 
MYPY-14 14 184–235 0.617 0.958 0.889 0.036 0.095 
MYPY-17 14 270–317 0.508 0.950 0.898 0.042 0.085 
MYPY-20 19 220–266 0.969 0.996 0.865 0.003 0.112 
MYPY-26 10 372–384 1.000 1.000 0.910 0.000 0.073 
MYPY-28 9 341–362 0.979 0.998 0.909 0.001 0.068 
MYPY-29 8 334–354 -0.585 0.474 0.668 0.365 0.230 
MYPY-36 14 259–312 -0.444 0.759 0.833 0.178 0.123 
MYPY-40 5 257–267 0.962 0.996 0.890 0.002 0.050 
MYPY-41 6 260–277 0.609 0.960 0.898 0.021 0.055 
MYPY-48 10 245–293 0.633 0.948 0.859 0.045 0.122 
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forget-me-nots (Myosotis; Boraginaceae) based on 
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Abstract 

A taxonomic classification system that reflects evolutionary lineages has important 

implications, including for species conservation. The general lineage model, whereby 

multiple lines of evidence are used to discover evolutionary lineages, is implemented here 

to delimit species in the New Zealand pygmy forget-me-not group (Myosotis; 

Boraginaceae). Pygmy forget-me-nots are part of a genus of threatened plants in need of 

taxonomic revision in New Zealand. Combining morphological, molecular, and ecological 

niche modelling data to undertake a taxonomic revision provides evidence for three 

species within the New Zealand native pygmy forget-me-not group: Myosotis antarctica, M. 

brevis and M. glauca. Two subspecies of M. antarctica are recognised: subsp. antarctica 

and subsp. traillii. These three species are described morphologically, their genetic 

variation and patterns of similarity and distinction are examined, and their ecological 

niches are modelled. Additionally the threat status, rarity type and implications for 

conservation are discussed. 
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Introduction 

Using multiple lines of evidence to delimit species following the general lineage concept 

can result in a taxonomy that more accurately reflects the evolutionary history of a group 

(de Queiroz 2007), which can have important implications for conservation, biosecurity, 

trade and agriculture and ecological research (e.g., Knowlton and Jackson 1994; Zare et al., 

2004; Cameron 2010; Pyšek et al., 2013). The general lineage concept is especially useful 

for groups that have gone through a rapid and recent species radiation, which is a 

common feature of the New Zealand flora, particularly in the alpine zone (Winkworth et 

al., 2005).  

The New Zealand native species of Myosotis (Boraginaceae) are an example of a relatively 

recent and rapid species radiation in New Zealand (Winkworth et al., 2002; Meudt et al., 

2015). The general lineage concept has been applied with success to species delimitation 

within New Zealand Myosotis in the past, for example the M. petiolata complex (Meudt et 

al., 2013). The main aim of this chapter is to undertake a taxonomic revision, after 

applying the general lineage concept, of the New Zealand native Myosotis pygmaea species 

group. The M. pygmaea species group (hereafter called the pygmy species group) is made 

up of small selfing herbaceous plants with petiolate obovate rosette leaves, decumbent 

branches with many flowers each associated with a cauline leaf. The white or cream 

corollas are up to 4 mm in diameter, with cylindric corolla tubes and included stamens 

(Chapter 2).   

Lineages within the pygmy forget-me-not group have been identified using morphological 

(Chapter 2) and molecular data (Chapters 3 and 4) and in this chapter I also present data 

investigating the similarity and differences between ecological niches of the plants that 

make up this group. Ecological niche models estimate a species’ niche across a 

geographical area by relating presence records of the species to environmental variables 

to generate predictions. These models estimate the probability that species occur in areas 

where they have not been observed, given the environmental variables (Elith et al., 2006). 

The field of niche modelling has grown rapidly in recent years and the methods have been 

used in a variety of applications; e.g. to test for ecological speciation (Joly et al., 2014) to 

compare lineage diversification with niche divergence (Wooten and Gibbs 2012), to assess 

evidence for glacial refugia (Buckley et al., 2010), to find previously unrecorded 

populations of threatened species (Bourg et al., 2005), and most relevant here, to aid in 

species delimitation (e.g., Raxworthy et al., 2007; Rissler and Apodaca 2007; Reeves and 

Richards 2011; Ahmadzadeh et al., 2013). There are many different methods for modelling 
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species niches such as bioclim, garp, domain and MaxEnt (Elith et al., 2006). The MaxEnt 

model is one of the most commonly executed, because it performs well with presence only 

data, and also because it is shown to be consistently highly performing relative to other 

methods (Elith et al., 2006). Additional advantages of the MaxEnt model are that it is 

frequently updated (e.g., Radosavljevic and Anderson 2014) and easy to implement due to 

a standalone graphical user interface (GUI) (Phillips et al., 2004; Phillips et al., 2006).  

To use ecological niche modelling data in species delimitation, niches are modelled for 

each hypothesised species, and then measures of niche overlap are calculated (e.g., 

Warren et al., 2008). Hypotheses relating to whether niches are the same between two 

entities can be tested using pseudo-replicates of niche overlap, as implemented in 

programs such as ENMTools (Warren et al., 2010). However, whether niches are 

significantly different or not does not necessarily equate to two entities being different 

species. Godsoe (2010) suggests that niche modelling can only provide useful data for 

species delimitation in cases where the two entities’ distributions are overlapping, and 

their niches are shown to differ.   

Ecological niche data can also be used in an integrated taxonomic framework. In Chapter 4 

of this thesis, morphological and molecular data were integrated for 31 populations of 

pygmy forget-me-nots for which both data types were available. The integration methods 

followed Edwards and Knowles (2013), and their technique can also be expanded to 

include ecological data. To do this, the environmental predictor values can be extracted for 

each population location, a distance matrix calculated, and the non-metric 

multidimensional scaling (nMDS) points are then concatenated with the nMDS point of the 

morphological and molecular data.  Gaussian clustering methods are then used to identify 

clusters within the data. 

In this chapter, the ecological niches of all pygmy forget-me-not species are modelled, for 

both the traditional taxonomic species and the groups identified in Chapter 4 (see Table 

5.7). The niche overlap between each species pair is calculated, and whether their niches 

differ significantly is investigated. Apart from M. antarctica which grows on the 

Subantarctic Campbell Island and in Chile, the ranges overlap for the other pygmy forget-

me-not species. This range overlap means that finding evidence of the lineages inhabiting 

different niches should contribute evidence as to whether they are separate species or not 

(Godsoe 2010). The niche of one tag-named entity, M. “Volcanic Plateau” is also modelled. 

This entity was originally identified as potentially ecologically differentiated because it is 

found in a unique habitat of “periodically scoured, shallowly incised flood channels or 
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runnels within red tussock covered valley floors” (G. Rogers pers. comm., August 2012). As 

M. “Volcanic Plateau” is considered to be a putatively different species based on its 

ecological niche, a niche modelling approach is therefore an appropriate method to test its 

distinctiveness, even though this tag-named entity was not recovered as a separate group 

in either morphological (Chapter 2) or genetic data analyses (Chapter 4).   

In addition to a taxonomic revision and ecological niche modelling, this chapter assesses 

the conservation status of each of the pygmy forget-me-not species. Understanding 

patterns of genetic diversity in rare and threatened species, as evidenced by structure and 

variation within and among populations, is of fundamental importance to their 

conservation (Ellstrand and Elam 1993).  It is therefore important to understand the 

genetic variation within and among the different pygmy forget-me-not group species, and 

to align their conservation status to best reflect this. Although none of the species here 

recognized are newly described, the new circumscription outlined here of the species 

present in the pygmy group requires a reassessment of the threat classification of each 

species.  

Therefore, the aims of the present study are to: 

1. Model the ecological niches of species and tag-named entities of the pygmy forget-

me-not group, and to assess the utility of this data type to aiding species 

delimitation both as a stand alone dataset and by integrating ecological data with 

morphological and molecular data where possible; 

2. Undertake a taxonomic revision of the pygmy species group having considered 

morphological, genetic and ecological niche modelling data under the general 

lineage model; 

3. Assess the threat status of the newly circumscribed species; and 

4. Compare the population genetic variation within and between each species with 

different threat levels and rarity types, and consider the implications for 

conservation. 

Based on the morphological, genetic and ecological niche modelling data presented here, 

three lineages within the pygmy species group are recognized at the rank of species; they 

are Myosotis brevis, M. glauca and M. antarctica. Two lineages within M. antarctica are 

recognized at the rank of subspecies as M. antarctica subsp. antarctica and M. antarctica 

subsp. traillii, and these names will be used throughout this manuscript (see Table 5.7). 
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Methods 

Ecological niche modelling 

Latitude and longitude points for niche modelling were obtained from 290 herbarium 

specimens (Figure 5.1, Appendix 8) from AK, CHR, K, OTA, UPS, and WELT. Herbarium 

codes follow Index Herbariorum (Thiers 2016). There are over 700 specimens of the 

pygmy forget-me-not group housed across these herbaria, but to include a specimen in the 

niche modelling the identification of each specimen was assessed by JMP, and all latitude 

and longitude points were individually checked. Collections unable to be plotted precisely 

(i.e. to within 100 m) were not georeferenced, and only one specimen from each collection 

location (e.g. “Lake Lyndon”) was included. The known geographic range of each species 

was well represented, including specimens from the only two known localities of M. 

antarctica from Chile (Punta Arenas and Puerto Altamirano; pers. obs. based on study of 

specimens from AK, BM, CHR, CONC, K, OTA, S, UPS, and WELT).  

For the niche modelling, 33 environmental layers were considered (Table 5.1), including 

elevation, 19 WorldClim bioclimatic variables (http://www.worldclim.org/current) 

(Hijmans et al., 2005), and 13 layers developed for Land Environments New Zealand 

(LENZ) (https://lris.scinfo.org.nz/)(Leathwick et al., 2002). Raster layers from WorldClim 

are available in a maximum of a 30 arc-second quadrat resolution (~1 km grid squares at 

the equator). The LENZ layers are available at a higher resolution (25 × 25 m2 grid), 

however the data in these layers has not been modelled for the New Zealand Subantarctic 

Islands, nor for Chile, and therefore does not encompass the entire geographic range of M. 

antarctica. In order to co-analyse the LENZ and WorldClim datasets, the resolution and 

projection of the LENZ layers was transformed to match that of the WorldClim data. This 

was undertaken in R (RCoreTeam 2015) using the function spatial_sync_raster from the 

package "spatial.tools" (Greenberg 2014). The raster files were then stacked using the 

stack function from the “raster” package (Hijmans 2015) and a Pearson’s correlation 

(using function layerStats also from the “raster” package) showed that 16 of the 33 layers 

assessed were correlated with other layers (> 0.8) and should therefore be excluded 

(Table 5.1). An additional eight layers were shown to contribute little to the fit of the 

models after trials run in MaxEnt (Phillips et al., 2006).  Three separate combinations of 

layers (“datasets”) were collated to explore the data (Table 5.1). Firstly, four LENZ layers 

(soil, slope, temperature and balance) were used to model the niches of just the New 

Zealand specimens (excluding the Subantarctic Islands). Secondly, two LENZ layers (slope 

and soil) were transformed to match the resolution of the WorldClim layers, and 
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combined with seven WorldClim layers (Bio1, Bio2, Bio3, Bio8, Bio9, Bio12, Bio15). Due to 

the incorporation of the two LENZ layers, the New Zealand Subantarctic Islands were still 

excluded in this dataset. Thirdly, in order to assess New Zealand, the Subantarctic Islands 

and the region of southern Chile that comprises the range of M. antarctica, seven 

WorldClim bioclimatic data layers were downloaded for both “Tile 411” (New Zealand) 

and “Tile 43” (southern South America). The two tiles were joined into a single raster file 

for each environmental layer in R using the merge function from the “raster” package, 

with a blank raster the extent of the area between the two tiles included in the merge. 

These merged layers were cropped and masked to the world map extent for the relevant 

areas. 

Ecological niche modelling was undertaken using presence-only data and the maximum 

entropy model as implemented by the program MaxEnt v.3.3.3 (Phillips et al., 2006). The 

“maximum iterations” threshold was set to 5000 and the “convergence threshold” was left 

at the default (0.00001); these two parameters determine the stopping point for the 

maximization algorithm. The “regularization multiplier”, which controls the degree of over 

or under fitting of the model, was set to the default of 1. Duplicated localities were 

eliminated, meaning if multiple collections were from the same grid square, only one was 

randomly selected to be retained. Five independent runs of each niche model were 

combined to get the average. Model performance was evaluated by cross-validation using 

the area under the receiving operating characteristic curve (AUC). The AUC varies from 

0.5 for a model that performs no better than random, to 1.0 for a model that always 

predicts presence versus absence. There are known issues with using the AUC for testing 

ecological niche models obtained from presence-only data, not least because AUC values 

are strongly affected by the extent of the background from which pseudo-absences are 

drawn (VanDerWal et al., 2009). Notably AUC values are usually higher for species with 

narrow ranges in comparison to the study area (Phillips 2010). This problem can be 

avoided by reducing the background points to a fixed area surrounding occurrence points 

(VanDerWal et al., 2009). The background region was delimited in three different ways, 

namely using: 1) the MaxEnt default of the whole region of interest, 2) the union area of 

circles of radius of 80 km around each occurrence (following Joly et al., 2014), and 3) the 

union area of circles of radius of 200 km (following VanDerWal et al., 2009). One thousand 

pseudo-absences were sampled at random within each background region to train the 

model.  

Niche overlap for each pair of niches generated under the same conditions was calculated 

in ENMTools (Warren et al., 2010) using the “D” similarity statistic, developed by Schoener 
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(1968), and applied to environmental niche models by Warren et al. (2008). The D statistic 

describes the difference between two niche models in the predicted probability of 

presence across a study area, scaled from 0 (no overlap) to 1 (identical models). Two 

measures were calculated to test whether different species’ niches were statistically 

differentiated using ENMTools (Warren et al., 2010). Both tests were run using 100 

pseudo-replicates. Firstly, the niche identity test assesses whether the environmental 

niches of two species are indistinguishable by comparing the observed overlap. Niche 

identity is a stringent test for niche similarity and usually can only find two niches to be 

identical if the ranges of the two species being compared are also fully overlapping. 

Secondly, the background similarity test attempts to overcome this limitation and assesses 

whether the observed niche overlap can be attributed to the general environmental 

conditions that are available within the accessible area of one species. It is a two-tailed 

test, which is therefore calculated for each species separately. Due to computer memory 

constraints the background test was only run to compare between the niches of M. 

antarctica subsp. antarctica and M. “Volcanic Plateau”. Background points used in this 

analysis were a random subsample of the background points from the union area of circles 

of radius of 80 km around each occurrence. 

A principal components analysis (PCA) was undertaken on the environmental data 

extracted from each of the four (LENZ), seven (WorldClim) and nine (WorldClim + LENZ) 

layer datasets. PCA was undertaken in R using the prcomp function from the “Stats” 

package. The data was centred and scaled. The broken stick model was implemented using 

the “vegan” package (Oksanen et al., 2015) to assess how many principal components 

were relevant to retain to explain the variation in the data. The relevant PCs were then 

used as input for Bayesian model-based clustering using the “mclust” package (Fraley and 

Raftery 2002; Fraley et al., 2012). The function Mclust identifies the probable number of 

clusters present using Bayesian information criteria (BIC), and assesses the classification 

uncertainty of each individual to its assigned cluster. Using default “mclust” settings, 14 

models and 1–9 clusters (K) were assessed by the BIC. 

Integration of morphological, molecular and niche modelling data 

The environmental data of the geographic locations of the 31 populations common to the 

morphological and molecular datasets were extracted. Data from both the seven 

WorldClim layers and the four LENZ layers (Table 5.1) were extracted; the four 

Subantarctic M. antarctica populations were excluded from the analyses that used the 

LENZ layers. Following Edwards and Knowles (2013), the distance matrices of both the 
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WorldClim and LENZ datasets were calculated using the Gower’s matrix, and the nMDS 

points were concatenated to the nMDS points of the morphological and molecular datasets 

as described in Chapter 4. The number of clusters present in the dataset was explored 

using the “mclust” R package as described above. The non-concatenated datasets were 

also analysed using “mclust”, as were pairs of datasets e.g. molecular and environmental 

datasets. 

Taxonomic treatment 

The taxonomic treatment was assembled in R using the function tableToDescription from 

the package “MonographaR”, which facilitates writing parallel descriptions (Reginato 

2016). Descriptions are based on morphological data measured or observed as detailed in 

Chapter 2 on herbarium specimens from WELT (n = 54), CHR (n=33), OTA (n = 5), AK 

(n=4), K (n = 3) and UPS (n = 2) (see Appendix 2). The description of M. antarctica is based 

on a total of 73 specimens, M. brevis on a total of 14 specimens and M. glauca on a total of 

16 specimens. The description of M. antarctica is based on a higher number as it is made 

up of specimens originally identified as M. drucei (n = 21), M. pygmaea (n = 16), M. 

antarctica s.s. (i.e. from Campbell Island n = 15 and Chile n = 4), M. “Volcanic Plateau” (n = 

9) and M. “intermedia” (n = 8). Measurements from an additional 39 plants grown in 

common garden conditions in a growth chamber were also taken into account (M. 

antarctica subsp. antarctica (as M. drucei) n = 11; M. antarctica subsp. traillii (as M. 

pygmaea) n = 18, M. brevis n = 7; M. glauca n = 1). Morphological terminology follows the 

latest Boraginaceae treatment (Weigend et al., 2016). Specifically, the appendages found 

between the corolla lobes are called “faucal scales” here (vs. “corolla scales” in Moore 

1961), “distal cauline leaves” is here used to refer to what Moore (1961) called bracts, 

“trichomes” is used here instead of “hairs”, and the word “ribbed” is used to described the 

nutlet margins, rather than “winged” (Webb and Simpson (2001). Author names and 

journal abbreviations follow the International Plant names Database (IPNI; 

http://www.ipni.org/). Phenology and habitat information were taken from all data-based 

pygmy forget-me-not herbarium specimens housed at AK, CHR, CONC, K, OTA, S, UPS and 

WELT. Chromosome counts were taken from published papers (Beuzenberg and Hair 

1983; Murray and de Lange 2013). Botanical drawings were done by myself in ink on 

tracing paper. The habit drawings were based on photographs of live specimens in the 

field, whereas close ups were based on photographs of live plants grown in the growth 

room (Chapter 2), or in some instances were based on herbarium specimens. The ink 

drawings were coloured with pencils after being scanned, resized electronically, and scale 

bars added.  
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Determining threat status and rarity type 

The threat status of each newly circumscribed species and subspecies was assessed 

following the guidelines of the New Zealand Threat Classification System (NZTCS; 

Townsend et al., 2008). Data required to determine the threat status, i.e. population size 

and area of occupancy of each population, was recorded in the field when on collecting 

trips between 2011 and 2015.  Each species’ extent of occurrence (EOO) and overall area 

of occupancy (AOO) were measured using the GeoCAT online tool developed by Kew’s 

Spatial Analysis team (http://geocat.kew.org/editor). The niche modelling occurrence 

points were uploaded to the website in .csv file format, and the “grid size”, which defines 

how large an area around each occurrence point the species inhabits, was estimated to be 

the smallest unit allowed by the online tool (100 m2) based on the average area of 

occupancy of populations in the field (see Tables 4.4 and 5.5). The number of additional 

populations not visited was estimated based on herbarium records from AK, CHR, OTA 

and WELT. Levels of decline were estimated based on the number of historical locations 

visited at which target plants could no longer be located.  

In addition to threat status, rarity type was assessed following Rabinowitz (1981) and 

Reilly (2010). Rarity type differs from threat status in that it is conceptualising the way a 

species is rare, but not attempting to describe that species’ risk of extinction, so not taking 

into account population size, or trends over time. Additionally, rarity type takes into 

account niche breadth, which is not explicitly taken into account in the NZTCS. Never-the-

less there is a relationship between rarity type and threat status, whereby rarity types 1–5 

(see Table 1.1) were found to be more threatened (Reilly 2010). Reilly (2010) developed a 

framework to quantifiably assess the rarity type of a species using measures of range, 

abundance and habitat specificity. However, a part of her methodology requires 

abundance (presence, absence and frequency count) data from a series of vegetation 

survey plots. The data from such plot systems are available in New Zealand (e.g. Land Use 

and Carbon Analysis System (LUCAS) plots 

https://www.mfe.govt.nz/sites/default/files/measuring-carbon-emissions.pdf and the 

New Zealand Department of Conservation (DOC) Tier One biodiversity monitoring and 

reporting system http://www.doc.govt.nz/our-work/monitoring-and-reporting-system/). 

However, pygmy forget-me-nots (and Myosotis in general) have been recorded in those 

plots so few times due to their frequently sparse distributions (Brandon 2001) as to make 

the sample size too small to be of use. Furthermore, Reilly (2010) did not assign concrete 

number values to range size, abundance and habitat specificity for each category, instead 

making the point that the transition between “large” and “small” for each criterion is 
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relative and depends on the scale and flora of the area under study. For the pygmy forget-

me-not group, abundance was estimated from average population size data, range size 

was measured as their extent of occurrence (see previous paragraph), and habitat 

specificity was approximated in two ways. Firstly, habitat specificity was quantified from 

niche breadth estimates calculated in ENMTools (Nakazato et al., 2010; Warren et al., 

2010), and secondly by quantifying the number of environments that each species is found 

in, as defined by the LENZ environmental classification levels I-IV available from the New 

Zealand Ministry for the Environment (https://data.mfe.govt.nz/). Information about how 

the levels were generated is available in the technical guide (Leathwick et al., 2002). Local 

population sizes were considered small if they comprised ≤ 500 individuals, or large if 

they had > 500 individuals, based on the cut-off criteria between Threatened and Not 

Threatened categories in the New Zealand Threat Classification manual (Townsend et al., 

2008). The criteria for deciding whether a geographic range was large or small was set to 

20,000 km2, based on the cut-off between “Vulnerable” and “Near threatened” in the IUCN 

Red list threat criteria (as extent of occupancy is not explicitly taken into account in the 

NZTCS). Whether habitat specificity was wide or narrow was taken from the niche breadth 

estimates; niche breadth ≥ 0.5 was considered broad.  

As another measure of potential risk to extinction, the percentage of populations for each 

species that are growing on land managed by the New Zealand Department of 

Conservation (DOC) was calculated. The GIS layer “DOC public conservation areas” was 

downloaded from https://koordinates.com/. 

Assessing genetic structure and variation  

Previously, microsatellite markers were developed (Chapter 3) and 497 pygmy forget-me-

not group individuals were genotyped at 12 loci (Chapter 4). To assess genetic variation 

for each species and subspecies newly circumscribed in this chapter, the following were 

calculated in GenAlEx 6 (Peakall and Smouse 2006; Peakall and Smouse 2012): average 

observed number of alleles (NA), the effective number of alleles (NE), expected 

heterozygosity (HE), observed heterozygosity (HO), FIS (observed heterozygosity of an 

individual relative to the expected heterozygosity of individuals in the population), FST 

(expected heterozygosity of individuals within a subpopulation relative to the total 

expected heterozygosity of individuals across all populations), and the percentage of 

polymorphic loci (%P). This data was used here to look for differences in population 

genetic variation between species with different rarity and threat types. 
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Results 

Ecological niche modelling 

Different environmental variables contributed differently to each species’ modelled niche 

(Figure 5.2). In many instances the environmental variable that was most important to 

estimating a species’ niche was a variable for which that species had a relatively extreme 

mean value. For example “Biol1 mean annual temperature” was important to building the 

niche of M. antarctica subsp. antarctica (contributing 45%), and the mean for that entity 

was the lowest 6.6 °C vs. 7.0–10.2 °C for the other pygmy forget-me-nots (Figure 5.2).  A 

second example is that of the importance of “Soil particle size” to estimating the niche of 

M. “Volcanic Plateau” (contributing 37%). The mean for that entity was 2.0 vs. 3.0–3.6 for 

the other species (Figure 5.2).  

Model fit under different datasets and background sampling strategies 

Area under the receiving operating characteristic curve (AUC) values ranged from 0.75–

0.98 for all models generated in MaxEnt (Table 5.2). As a rough guide scores from 0.7–0.8 

are often considered “fair”, 0.8–0.9 “good” and 0.9–1 “excellent”. As predicted, species and 

subspecies with narrower ranges tended to have higher AUC values. For example, the 

average AUC for North Island M. “Volcanic Plateau” was 0.98 vs. 0.76 for M. antarctica 

subsp. traillii (Table 5.2). The differences in AUC values between niches modelled using 

the different background sampling methods were small, with AUC values either increasing 

or decreasing as the area the background points were sampled from was reduced (Table 

5.2).  In some cases, the species, subspecies and tag-names with the highest AUC rates, e.g. 

M. “Volcanic Plateau”, actually showed a relatively poor fit to the model as assessed by 

commission/omission rates (Figure 5.4), probably due to the small sample size. The AUC 

values did not differ much between the LENZ only, LENZ+WorldClim and WorldClim only 

datasets (Table 5.2), although the LENZ+WorldClim models usually had the highest AUC 

score. However, the niches modelled sometimes differed markedly, e.g. for M. “Volcanic 

Plateau” (see maps in Figure 5.3).  This is likely due to the importance of one of the LENZ 

layers (soil particle size) to building the model when that environmental layer was 

included (Figure 5.2). The projected maps of modelled niches for each species and 

subspecies built using default background sampling points and the LENZ+WorldClim 

layers (in most cases) can be seen in Figure 5.3.  
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Niche overlap 

Niche overlap between the niches modelled using the LENZ+WorldClim layers ranged 

from 0.11 to 0.62 (Table 5.3). Niche overlap between the niches modelled using the LENZ 

only dataset could not be calculated due to computer constraints (the input and output 

files for that dataset frequently exceeded 20GB each). Niche overlap between M. “Volcanic 

Plateau” and M. antarctica subsp. antarctica increased from 0.17 to 0.56 when analysing 

the WorldClim data only as compared to the LENZ+WorldClim layers (Table 5.3). The 

niche identity test (based on the LENZ+WorldClim data) found that the niches of M. brevis 

and M. glauca were identical, but no other tested pairs were (data not shown). The niche 

background similarity test found that the M. “Volcanic Plateau” niche was not significantly 

different from that of M. antarctica subsp. antarctica. However, this is a pairwise test, and 

the opposite test, found the niche of M. antarctica subsp. antarctica to be significantly 

differentiated from that of  M. “Volcanic Plateau”. 

The PCAs of each dataset are shown in Figure 5.5. As was found in the niche overlap 

analyses above, all species showed high levels of overlap. The distribution of points can be 

linked to geographic location, i.e. in Figures 5.5B and C the y-axis corresponds to latitude 

from south (below) to north (above) whereas the x-axis appears to correlate loosely to 

whether plants are growing coastally (left) or inland (right). In Figure 5.5A the y-axis 

corresponds to latitude from south (above) to north (below) and the x-axis is similar to 

Figures 5.5B and C. The “mclust“ analyses found between six to eight significant groups in 

each dataset, but none of these correspond to species or lineages identified in Chapter 4 

(data not shown). Only Campbell Island M. antarctica plants formed a distinctive 

geographic group in one of the datasets (visibly separated in Figure 5.5C). 

Integrated analyses 

The integrated analyses including morphological, molecular and ecological data for the 31 

individual dataset found two groups; these nearly correspond to M. brevis vs. the 

remaining samples (Figure 5.6). When the ecological data was based on the LENZ layers 

(therefore excluding the four M. antarctica samples from Campbell Island), two 

populations not identified as M. brevis also grouped with the M. brevis cluster (LT & CL). 

The population LT was identified as “M. drucei” (i.e. M. antarctica subsp. antarctica) based 

on morphology (Chapter 2), but genetically was affiliated to M. brevis (Chapter 4). The 

population CL was identified as M. glauca?. When the concatenated ecological data was 

based on the seven WorldClim layers (therefore including the four M. antarctica samples 

from Campbell Island) the M. drucei LT population no longer clustered with M. brevis. The 
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M. glauca? CL population did, but with high uncertainty (0.47). When both ecological 

datasets were concatenated just with the molecular data, no groups were identified in 

either analysis (data not shown). When just the morphological and ecological datasets 

were concatenated, two different groups were identified based on the LENZ and 

WorldClim data (data not shown). In the analyses with the WorldClim layers, the four M. 

antarctica samples from Campbell Island formed a group (CT, AZ, HB & HW). In the 

analyses with the LENZ layers, four M. antarctica subsp. antarctica samples form a cluster 

(TP, CO, MM, MA); there are five additional populations identified as M. antarctica subsp. 

antarctica in this dataset that fall into the other group, but these are all assigned with 

uncertainty (P1&2, CP, BP, & M3).   

Assessing threat status and rarity type   

Taking into account evidence of census size and area of occupation, Myosotis antarctica 

subsp. antarctica is recommended to be classified as Naturally Uncommon, whereas M. 

antarctica subsp. traillii, M. brevis and M. glauca are all recommended to be classified as 

Nationally Vulnerable (Table 5.5). Myosotis glauca and M. antarctica subsp. traillii fit the 

criteria for Nationally Vulnerable based on both census size and small areas of occupancy. 

Myosotis brevis has a large enough census size that it could be considered Naturally 

Uncommon, but its small area of occupancy (Table 5.4) and fluctuating population size 

(Rogers et al., 2002) means it is better placed in Naturally Vulnerable (see Table 5.5 for 

details). 

Myosotis brevis was found to have the largest estimated census size (17,600) even though 

it had the smallest number of populations (35). Conversely M. antarctica subsp. antarctica 

has the highest number of estimated populations (299), but the smallest estimated 

average population size (40) (Table 5.5).  

The hypothesised rarity type for each species or subspecies is listed in Table 5.4. The 

geographic range of each species, as measured by extent of occupancy, ranged from 

14,000 km2 for M. glauca, up to 244,000 km2 for M. antarctica subsp. antarctica, when 

specimens from South America were excluded (Table 5.5). Abundance, as measured by 

average population size (see Table 4.4 for individual population estimates), ranged from 

40 plants per population for M. antarctica subsp. antarctica, up to 500 plants per 

population for M. brevis (Table 5.5). The narrowest niche breadth belonged to M. glauca, at 

0.24, whereas M. antarctica subsp. traillii had a niche breadth of 0.59. M. glauca also 

inhabited the least number of environments when considering any of the four levels of the 

LENZ classifications, whereas M. antarctica subsp. antarctica inhabited the most (Table 
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5.5). The percentage of populations growing on DOC managed land ranged from 24–72 % 

(Table 5.5). 

Assessing genetic structure and variation 

The genetic structuring (Chapter 4) of individuals within the pygmy forget-me-not group 

is summarized in Figure 5.7.  The genetic variation contained in each newly circumscribed 

species is detailed in Table 5.6. All species or subspecies had lower observed 

heterozygosity than expected, and overall M. brevis had the lowest observed 

heterozygosity, and highest F-statistics (Table 5.6). Myosotis glauca had the lowest 

percentage of polymorphic loci, but also the smallest number of sampled populations 

(Table 5.6). 

Discussion 
Considering data from morphological, genetic and ecological niche modelling sources to 

delimit species within the pygmy forget-me-not group helps overcome the difficulties 

associated with species delimitation in a species radiation that has occurred over a 

relatively short time-frame (Winkworth et al., 2002; Meudt et al., 2015). Taking into 

account the ecological niche modelling data presented here, and in conjunction with 

morphological data (Chapter 2) and molecular data (Chapter 4), three species are 

recognised within the pygmy forget-me-not species group: Myosotis antarctica, M. glauca 

and M. brevis. Two subspecies of M. antarctica are also here recognised: M. antarctica 

subsp. antarctica and M. antarctica subsp. traillii. Note that M. antarctica is now 

circumscribed to include M. antarctica (sensu Moore 1961), M. drucei and M. pygmaea 

(Table 5.7). Furthermore M. antarctica subsp. traillii corresponds to the entity known by 

New Zealand botanists as M. pygmaea, although as the notes sections below the relevant 

description explains, that name has been misapplied. Myosotis brevis, M. glauca and M. 

antarctica subsp. traillii are all assessed as being Threatened (Nationally Vulnerable), 

whereas M. antarctica subsp. antarctica is assessed as being At Risk (Naturally 

Uncommon). For all of these species the majority of their genetic variation is partitioned 

between rather than within populations, meaning that conserving as many populations as 

possible should be the priority to minimise risk of extinction (Frankham et al., 2010).  

Modelling the niches of pygmy forget-me-nots 

In general, the environmental space inhabited by pygmy forget-me-nots was not found to 

be highly variable, probably reflecting the oceanic climate they inhabit (Figure 5.2). For 

example, mean precipitation seasonality only ranged from 13.1–20.5 mm, compared to 
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43.4–129.3 mm for a similar study of wild tomatoes from South America (Nakazato et al., 

2010). Similarly, the range in mean annual temperature was only 3.6 °C (6.6 – 10.6 °C) for 

the pygmy forget-me-nots vs. 8 °C for the tomatoes (13.8 – 21.8 °C). Overall the niches of 

M. brevis and M. glauca are characterised by low slope, relatively high mean temperature 

of the wettest quarter, and low mean annual rainfall (Figure 5.2). Even though their niches 

were found to be identical, their projected distributions were different, particularly 

around the coastal areas of southern North Island (Figure 5.3). The niche of M. “Volcanic 

Plateau” most obviously differed from that of M. antarctica subsp. antarctica based on the 

average soil particle size, but given the background test of niche similarity found that M. 

“Volcanic Plateau” did not differ from M. antarctica subsp. antarctica, there is not evidence 

that the two entities inhabit different niches. The niches of M. antarctica subsp. antarctica 

and M. antarctica subsp. traillii differ based on slope and mean annual temperature 

(Figure 5.2). However, they share quite high niche overlap (0.35; Table 5.3), even though 

their niches were not found to be identical. When the niche of M. antarctica subsp. 

antarctica was modelled across its entire range (i.e. including Chile) the projected maps do 

not fit the known distribution well (map for Chile shown in Figure 5.3G), probably due to 

the low number of  locations able to be included in the model. 

The success and accuracy of niche modelling depends heavily on the underlying data 

(Warren 2012). Both the occurrence points and the environmental layers used bring their 

own sources of error. Deciding which environmental layers to use, and whether these are 

a good estimation of the niche of the species of interest, is difficult to assess. Furthermore, 

each environmental layer has itself been modelled, which brings additional sources of 

error. The size of the grid used can also have important implications. For organisms that 

are large and mobile (such as a large mammal), 1 km2 grids could well be a good 

estimation, but for organisms that are small and less mobile (such as pygmy forget-me-

nots), such a scale is most likely concealing some of the important micro-habitat variation. 

Even a 25 m2 grid may be too coarse. In cases when the niche has been modelled well, the 

projected inhabited area can still be very different to a species’ geographic distribution. 

This difference can be due to dispersal barriers, or the difference between the 

fundamental (or ideal) and realized niche (Warren 2012). Nevertheless, the ecological 

niches modelled here do appear to have some biological meaning in that they match the 

current known geographic distributions (as confirmed by the generally high AUC scores 

[Table 5.2] and the maps in Figure 5.3). However, the 25 m2 or 1 km2 grids that the models 

are based on are likely too coarse. The problem of scale has been noted by other 
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researchers attempting to model the niches of New Zealand herbaceous plants, even when 

25 m2 scale is being used (Lehnebach 2008; Pufal 2010). 

Using ecological niche modelling data for species delimitation 

Niche modelling data has been used in species delimitation in the past (Raxworthy et al., 

2007) but there is still some debate over how useful a data source it is (Godsoe 2010; 

Tocchio et al., 2015). Tocchio et al. (2015) argue that niche modelling rarely offers 

informative data to aid in questions of species delimitation, as follows (see their Figure 6). 

When geographic distributions of two potentially different species are disjunct, ecological 

niche modelling provides no extra information to address taxonomic questions. In this 

case, niche differences may represent vicariant speciation in allopatry, or they may simply 

indicate that the species inhabits a broad niche (Godsoe, 2010). By contrast, when 

geographic distributions are contiguous and ecological niches are different, interruption of 

gene flow and species-level differentiation can be inferred. Finally, when geographic 

distributions are contiguous but niches are similar (as is the case here, see next 

paragraph), conclusions are limited: either no ecological differentiation has taken place, or 

ecological differentiation exists that has not been expressed in the niche model, so niche 

modelling is therefore not helpful for species delimitation. As such, Tocchio et al. (2015) 

suggest that ecological niche modelling approaches are best used to explore speciation 

mechanisms, rather than being applied to questions of setting species limits.  

In the system explored here, the ranges of Myosotis antarctica subsp. antarctica, M. 

antarctica subsp. traillii, M. glauca and M. brevis are overlapping, and their niches are also 

overlapping (ranging from 0.30–0.61; Table 5.3). Ecological niche differences therefore 

have not manifested or were not captured by the environmental layers assessed here, and 

ecological niche modelling does not contribute any data to the question of species 

delimitation for these entities. Whether or not the niche of M. “Volcanic Plateau” is 

different to that of M. antarctica subsp. antarctica is theoretically harder to assess given 

their ranges are disjunct (Tocchio et al., 2015). Nevertheless, the background test for niche 

similarity found no difference between the niche of M. “Volcanic Plateau” and M. antarctica 

subsp. antarctica. However, this is a pairwise test, and the opposite test, comparing M. 

antarctica subsp. antarctica to M. “Volcanic Plateau” was found to be significantly 

differentiated.  Interpreting the results here based on how similar results have been 

interpreted in other studies (e.g., wild tomatoes; Nakazato et al., 2010), means that the 

area inhabited by M. “Volcanic Plateau” contains a higher proportion of desirable habitat 

for both entities, and is not evidence that the two occupy different niches. Therefore, given 
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the lack of morphological (Chapter 2), genetic (Chapter 4) and ecological differentiation, 

there is no evidence to continue to separate pygmy forget-me-not plants from the central 

North Island (known as M. “Volcanic Plateau”) from M. antarctica subsp. antarctica. 

Given niche modelling has been shown to provide little useful data for species delimitation 

in the pygmy forget-me-not group, future niche modelling research could focus on 

gathering more fine-scale ecological data. For example, data recording boxes could be 

installed at relevant sites to help assess whether the WorldClim and LENZ layers used in 

this study are adequately describing the niches of the pygmy forget-me-not group. 

Threat status, rarity type, and genetic variation present in the pygmy forget-

me-nots: implications for conservation 

Myosotis glauca, M. brevis and M. antarctica subsp. traillii are all assessed as “Nationally 

Vulnerable”, with rarity types 1, 6 and 6 (Table 1.1; Reilly, 2010) respectively (see Table 

5.5). By contrast, M. antarctica subsp. antarctica is best considered as being “At Risk – 

Naturally Uncommon”, but also has a rarity type of 6. Rarity type numbers of 1–4 

correspond to the more threatened species in Reilly (2010), so it is interesting here that 

the three entities that have been assessed as either Threatened or At Risk all share one of 

the less threatened rarity types (i.e. 6).  

Previously it has been suggested that natural rarity (i.e. not declining due to 

anthropogenic factors) is associated with “old” species nearing extinction (Fiedler 1986) 

or with newly formed species (Willis 1922). But it is also accepted that species of any age 

can be rare, having persisted with low numbers for a long time (Stebbins 1980). Both 

recently expanding and declining populations are more likely to display low genetic 

diversity, because they are limited by either the few founding or the remaining survivor 

individuals (Ellstrand and Elam 1993). However, it may be possible to distinguish 

between rapidly declining vs. expanding scenarios. Binks et al. (2015) argue that declining 

species are likely to show evidence of recent bottlenecks, while expanding species often 

exhibit star-shaped haplotype networks. Star-shaped NeighborNet networks appear to be 

a feature of not only the pygmy forget-me-not group (Figure 5.6), but all of the New 

Zealand Myosotis (Meudt et al., 2015). Taken in conjunction with molecular dating of the 

genus which estimate the origin of the New Zealand radiation at ~2mya, it is hypothesised 

that the whole Myosotis radiation in New Zealand is relatively young, and the high number 

of rare and threatened species in the genus is a reflection of that. However, not all species 

radiations in New Zealand conatin such a high percentage of rare and threatened species, 
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so other factors, such as pollination and dispersal mechanisms, may be influencing their 

rarity also. 

The three species belonging to the pygmy forget-me-not group are all self-fertilizing, 

which contributes to the patterns seen in their morphological (Chapter 2) and genetic data 

(Chapter 4). For all three species, the same pattern whereby most of the genetic variation 

is partitioned between, rather than within subpopulations is evident (Table 5.6 this 

chapter, Table 4.4) and is characteristic of selfing species (Frankham 1995; Frankham et 

al., 2010).  The levels of genetic variation partitioned between populations seen here are 

high compared even to other self-fertilizing plants (e.g. Chen et al. 2008), which could be 

an indication of low levels of dispersal. The dispersal mechanisms of the pygmy forget-me-

nots are most likely water splash, wind, or possibly “foliage as fruit” (Thorsen et al., 2009). 

Foliage as fruit refers to seeds being eaten and dispersed incidentally by herbivores, and 

evidence for this has been found in the seeds of Myosotis having been located in moa 

coprolites (Wood et al., 2012). As moa are extinct it is possible that seed dispersal in New 

Zealand Myosotis has declined as a result. The population genetic metrics are similar 

between the two subspecies of M. antarctica, despite the differences in their overall census 

sizes and their rarity types, except for FIS which is counter intuitively reduced in the 

threatened M. antarctica subsp. traillii (Table 5.6). A reduction in % polymorphic loci is 

evident in the Nationally Vulnerable M. glauca as compared to M. antarctica, though this 

could be an artefact of the small number of M. glauca populations sampled. Myosotis brevis 

has very low observed heterozygosity compared to the other species and subspecies. This 

could indicate an even higher rate of selfing than in the other pygmy forget-me-not 

species; M. brevis does have even smaller corollas  than the already miniscule corollas of 

the other species (0.5–1.5 vs. 1.5–4.0 mm diameter). Alternatively—or additionally—the 

patterns of genetic variation in M. brevis could be influenced by their annual life cycle, 

which in conjunction with their fluctuating populations sizes (Rogers et al., 2002), could 

lead to high levels of genetic drift and corresponding fixation of alleles (Ellstrand and Elam 

1993). 

Selfing species require a greater emphasis on conservation of multiple populations than 

do outcrossers—due to most of their genetic variation being partitioned between 

populations. Additionally, mutational accumulation is more of a threat (Paland and Lynch 

2006), meaning larger population sizes should be conserved when possible (Frankham et 

al., 2010). This could be challenging for the threatened pygmy forget-me-nots, given their 

usually small population size to begin with (Table 5.5). Another potential challenge to 

managing the conservation of pygmy forget-me-nots is that not all populations are found 
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on land managed by DOC (Table 5.5). Unsurprisingly, the entity that is least threatened, M. 

antarctica subsp. antarctica, has the highest proportion of populations growing on land 

managed by DOC (75 %; Table 5.5). Myosotis antarctica is also the species with the highest 

elevational range (sea level to 2300 m). This too is not an unexpected pattern; it has often 

been recognised that lowland plants are most at risk in New Zealand, due to greater levels 

of habitat modification (Rogers and Walker 2002). Most of the protected land in New 

Zealand is at higher elevation, and is less attractive for development. The pygmy forget-

me-not that has the highest rate of decline, M. antarctica subsp. traillii (Table 5.5), inhabits 

the lowland for most its range (sea level to 250 m), and has a relatively low percentage 

(ca. 25 %) of populations growing on DOC managed land. Populations that are at 

particular risk, or may be particularly important to conserve due to being genetically or 

morphologically unusual, are indicated in the notes section of the taxonomic treatment 

below.   

Summary and conclusions 

Integrating data from multiple sources is once again shown to be a useful method for 

delimiting species, even in recently radiating species groups. Although niche modelling 

was shown to be not particularly useful for species delimitation in the pygmy forget-me-

nots, the method of integrating data from the same individuals is found to be an effective 

method for lineage discovery. Multiple lines of evidence have been analysed to study the 

New Zealand native pygmy forget-me-not group, and as a result a taxonomic revision in 

which three species are recognised (with two subspecies) has been produced. This is both 

a taxonomic reduction relative to the taxonomy currently in use, which  comprises five 

species and several tag named entities (de Lange et al., 2010), as well as a taxonomic 

increase from the latest Flora (Moore 1961), which included two species and three 

varieties. Given the integrated analyses revealed two lineages (M. brevis vs. the remainder 

of the pygmy forget-me-nots; Figure 5.6) only recognising two species was considered. 

However, the morphological and genetic evidence that unites M. glauca, a lineage that is 

sympatric with respect to M. antarctica (both are present in Central Otago), meant that 

species level was considered the appropriate level to recognise this entity (Steussy 2009). 

By contrast, the two lineages recognised at subspecies rank are distinguished based only 

on small morphological differences, are not genetically differentiated, and their ranges are 

mostly allopatric (inland vs. coastal on the North and South Islands), meaning that 

subspecies rank is more appropriate (Steussy 2009). The informal name for the group was 

previously the “Myosotis pygmaea species group”, but as M. pygmaea is no longer 

recognised, I now refer to this group as the pygmy forget-me-nots. All of the pygmy forget-
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me-nots have a sparse distribution, which in conjunction with their small population size, 

and in some cases reduced geographic extent, means none of these species is common.  

Taxonomic treatment 

The pygmy forget-me-not group is a subgroup of the bracteate-prostrate group 

(Robertson 1989; Meudt et al., 2015), the limits of which are currently being addressed 

elsewhere as part of an ongoing project to revise the taxonomy of all native New Zealand 

Myosotis (Meudt et al. unpubl. data). The key and descriptions are based on herbarium 

material and live plants grown under standardised conditions in the growth room (see 

Methods). This key is for plants in the pygmy forget-me-not group only, and requires 

flowering or fruiting material. 

All pygmy forget-me-not plants have the following characteristics: decumbent annual, 

biennial or perennial rosette herbs, with multiple prostrate flowering and fruiting 

branches upon which each flower is associated with a cauline leaf (i.e., “bracteate 

prostrate”). Rosette leaves are obovate, with lamina (excluding the petiole) ranging from 

2.0–68.0 mm long × 0.8–27.0 mm wide. Flowers, calyces and nutlets are small: corolla 

diameter 0.5–4.0 mm, corolla lobe length < 1.5 mm, corolla tube length < 3.0 mm; anther 

placement usually wholly (but at least partly) below the faucal scales, anthers < 1.0 mm 

long, anthers (sub)sessile (i.e. filament length of 0–0.3 mm); style length < calyx length, 

calyx lobed about half way to the base, calyx length at flowering < 3.5 mm; pedicel length 

at fruiting < 2.0 mm. Nutlets 4, 0.9–1.9 mm long × 0.5–1.2 mm wide, margins scarcely 

forming ribs, sometimes only at apex, glossy brown-black when mature. Trichomes are 

densely distributed and antrorse on leaves, stems and calyces; they can be straight, 

flexuous or curved, and can vary from appressed to erect. Retrorse trichomes are never 

present on the leaves, but are occasionally a feature of the calyces. Hooked trichomes are 

not present anywhere on pygmy forget-me-nots. Number of branches and flowers per 

branch are not distinguishing characteristics, and leaf size, branch length and internode 

length are also highly plastic. The plasticity of these characters was revealed when 

growing plants in the common garden (Chapter 2), whereby plants in the common garden 

grow much larger than their parent plants in the field: this is demonstrated in Figure 2.7 

and Appendix 3. Measurements at the extreme high end of ranges given in brackets in the 

descriptions below are almost always from growth room grown plants. 
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Key 

1a. Corollas 0.5–1.5 mm in diameter; calyx at flowering 0.7–1.7 mm long, at fruiting 1.7–

3.7 mm long; nutlets 0.9–1.2 × 0.5–0.8 mm  1. Myosotis brevis 

1b. Corollas 1.5–4.0 mm in diameter; calyx at flowering 1.7–3.5 mm long, at fruiting 3.0–

7.8 mm long; nutlets 1.2–1.9 × 0.8–1.2 mm  2 

2a. Trichomes on leaves, calyces and stems straight and appressed; leaves glaucous; Otago 

and Canterbury only  2. M. glauca  

2b. Trichomes on leaves, calyces and stems flexuous or curved, and patent to erect; leaves 

green to brown; throughout New Zealand (North, South, Stewart, and Campbell Islands), 

also southern Chile  3. M. antarctica 

1. Myosotis brevis de Lange & Barkla in de Lange et al., Threat. Pl. New Zealand, 437 

(2010) 

≡ Myosotis pygmaea var. minutiflora G.Simpson & J.S.Thomson, Trans. & Proc. Roy. Soc. 

New Zealand 73: 161 (1943) 

=Myosotis pygmaea var. imbricata Cockayne, Veg. N.Z., 396 (1928) nom. nud. 

TYPE: Lake Lyndon, Canterbury, moist gravel at lake shores, G.Simpson & J.S.Thomson 

(HOLOTYPE: CHR 75725!). 

Description: Rosette plants with multiple prostrate branches up to 5(–11) cm long. 

Rosette leaves 1–9; petioles (0–)0.7–7.0(–11.6) mm long; lamina usually flat, oblanceolate 

to broadly obovate, 1.1–8.7(–19.2) mm long × 0.9–4.3(–6.8) mm wide (length:width ratio 

1.2–2.4(–3):1), green to brown; apex obtuse (or occasionally acute) and mucronate; 

trichomes densely distributed and often overlapping, flexuous, antrorse, appressed to 

erect, spreading or sometimes appressed on leaf margins, distributed evenly on leaf 

adaxial surface, but sparsely distributed, or on leaf midribs only, or glabrous on leaf 

abaxial surface, (0.2–)0.4–0.9(–1.6) mm long, deciduous with age. Basal cauline leaves not 

subtending flowers 1–5 per branch, lamina similar in size and shape to the rosette leaves, 

with petioles up to 2.7 mm; distal cauline leaves subtending flowers up to 30 per branch, 

lamina 1.3–6.2(–18.1) mm long × 0.5–2.2 mm wide, usually sessile. Flowers up to 30 per 

branch; pedicels up to 0.7 mm long (flowering) or 0.8 mm long (fruiting). Calyx 0.7–1.7 

mm long (flowering) increasing to 1.7–3.7 mm long (fruiting), 0.9–3.2(–4.9) mm wide at 

the top at fruiting, lobed to 1/3–2/3 the length of the calyx; with trichomes usually of 
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uniform length, denser along calyx ribs, occasionally of two different lengths, longer and 

antrorse on ribs vs. shorter and retrorse between ribs and near the base. Corolla 0.5–1.5(–

2.0) mm in diameter, white or cream, occasionally pale blue or cream striped with blue; 

faucal scales yellow; corolla lobes 0.2–0.5(–0.7) mm long × 0.2–0.4(–0.7) mm wide; corolla 

tube 0.3–0.5(–0.9) mm wide at faucal scales, 0.8–1.6 mm long from base to faucal scales, 

narrow cylindric. Stamens 5, included; filaments attached below faucal scales, 0–0.1 mm 

long; anthers 0.2–0.3(–0.5) mm long. Style 0.5–1.2 mm long (flowering) to 0.5–1.6(–2) mm 

long (fruiting). Nutlets 4, 0.9–1.2(–1.4) mm long × 0.5–0.8 mm wide.  

Illustrations: Figures 2.1E–F, 2.6E–G, 2.7A–B & D–E, 5.8. Threat. Pl. New Zealand (de Lange 

et al., 2010:300–301). Seeds of New Zealand (Webb and Simpson 2001:142) as M. pygmaea 

var. minutiflora. 

Phenology: Flowering September–April. Fruiting October–April. Peak flowering and 

fruiting October–December.  

Chromosome number: Unknown. 

Distribution: North Island: Taranaki, Wairarapa and Wellington coasts; South Island: 

Canterbury and Otago; see map in Figure 5.3D.  

Habitats: North Island: shore platforms, cliff top herb fields and turfs, or beach gravels. 

South Island, Canterbury: in shingle or mud at seasonally inundated lake or tarn edges; 

Otago: dry, exposed, sunny, sometimes seasonally moist, alpine fell field, cushion field, 

eroded pasture, or turf. Elevation: sea level to 1900 m. 

Representative specimens: see Appendices 2 and 7. 

Recommended conservation status: Threatened, Nationally Vulnerable: Extreme 

Fluctuations, Sparse (see Table 5.5). 

Notes:  

Identification: Myosotis brevis is the smallest New Zealand forget-me-not. Plants of this 

species can be distinguished from all other Myosotis, including other pygmy forget-me-

nots, based on their smaller corolla diameter of 0.5–1.5(–2.0), smaller calyx length at 

flowering of 0.7–1.7 mm and smaller nutlet size of 0.9–1.2(–1.4) mm long × 0.5–0.8 mm 

wide. When not in flower or fruit, plants of M. brevis can be difficult to distinguish from 

small plants of M. antarctica subsp. antarctica, as plants of both species have flexuous 
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trichomes. However, plants of M. brevis are usually spring annuals (Rogers et al., 2002; de 

Lange et al., 2010), and it is rare to find plants that are not in either flower or fruit. 

Taxonomic history: M. brevis was first described as a variety of M. pygmaea (as var. 

minutiflora; Simpson and Thomson 1943). It was then elevated to species rank based on 

its morphological distinctiveness (de Lange et al., 2010). Species is considered the best 

rank to recognise this entity given the multiple discrete morphological characters and 

molecular evidence that unites it (see below). The morphological description given here 

differs subtly to that given by de Lange et al. (2010). For example, the description here 

records rosette leaves as being smaller (1.1–8.7 × 0.9–4.3 vs. 8–25 × 4–10 mm), and calyx 

length at both flowering (0.7–1.7 vs. 2–3 mm) and fruiting (1.7–3.7 vs. 3–5 mm) as being 

shorter. Additionally the description here allows for slightly larger corolla diameter (0.5–

1.5 vs. 0.5–1 mm). These differences are considered minor. 

Patterns in the data: M. brevis specimens are united both morphologically (Chapter 2) and 

genetically (Chapter 4). In the nMDS analyses of morphological characters measured on 

herbarium specimens, all samples of M. brevis group together (Figure 2.3A). All plants of 

M. brevis were even more obviously differentiated from other pygmy forget-me-nots when 

grown in the growth room (Figure 2.5A). Multiple morphological characters were found to 

significantly differentiate M. brevis from other pygmy forget-me-not species in both the 

herbarium and growth room datasets, e.g., length of calyx at fruiting, floral lobe length and 

nutlet length (Tables 2.5 and 2.6).  When molecular data from microsatellites was 

integrated with the morphological data from herbarium specimens, all populations 

identified as M. brevis formed a significantly differentiated cluster (Figure 4.5A). When 

analysing just the molecular data, all M. brevis populations fall into a single cluster in the 

Structure analyses of K = 3 (Figure 4.3), and most populations of M. brevis form a group in 

the NeighborNet network (Figure 4.4). 

However, plants from three populations not identified as M. brevis also grouped 

genetically with M. brevis in the Structure analyses of K = 3 (Figure 4.3): H1-3 (M. 

antarctica subsp. traillii, WELT SP090629, SP090631 and SP090634), LT (M. antarctica 

subsp. antarctica, WELT SP100425) and HB & HW (M. antarctica subsp. antarctica. WELT 

SP102779 and SP102780) (see Table 4.4 or Appendix 2 for explanation of population 

codes). This may be due to an effect similar to that of long branch attraction (Chapter 4). 

The population from Lake Tennyson (LT) was identified as M. antarctica subsp. antarctica 

(not M. brevis) due to nutlet size (1.4 × 1.0 mm vs. the range for M. brevis nutlets of 0.9–1.2 

× 0.5–0.8 mm), but given it shares a habitat and morphology otherwise similar to M. brevis, 
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and plants at this location have been identified as M. brevis previously (Rogers et al., 

2002), this is a difficult population to classify.  

Threats: The main threats to M. brevis are habitat loss, and invasive weeds leading to 

overshading (de Lange et al., 2010). North Island populations of M. brevis are more at risk 

than the South Island populations. The North Island populations are smaller on average 

(190 vs. 1000 plants per population), and cover a smaller area on average (34 × 34 m vs. 

83 × 83 m). The M. brevis bare pavement habitat in Otago may be increasing (Rogers et al., 

2002), whereas the coastal habitat in the North Island is at risk, e.g., the populations PU, 

NG and TO (WELT SP090361, SP090545 and SP090550) grow in LENZ habitat types C and 

J which are considered acutely threatened (DOC 2014). Furthermore, none of the North 

Island populations inhabit Department of Conservation managed land (Table 5.5). The 

populations around the Taranaki coast appear particularly precarious; for example the 

population visited at Puketapu Road (PU; WELT SP090361) is less than 2 m from the edge 

of an eroding cliff, but the population cannot migrate inland due to farmland (pers. obs. 

2011). At least one population that has recently (~2005) gone extinct in the East Cape was 

most likely M. brevis; its habitat is thought to have been destroyed by wild goats (G. Atkins 

pers. comm. 2012). The two most genetically distinct M. brevis populations are one from 

the North Island (ST; WELT SP090543) and one from the South Island (BE; WELT 

SP102760) (Figure 4.4); these could be prioritised when it comes to potential 

conservation effort.  

2. Myosotis glauca (G.Simpson & J.S.Thomson) de Lange & Barkla in de Lange et al., 

Threat. Pl. New Zealand, 438 (2010) 

TYPE: Base of Mt Ida at 500 m altitude, grassland, Simpson & Thomson (HOLOTYPE: CHR 

75722!) 

≡ Myosotis pygmaea var. glauca G.Simpson & J.S.Thomson, Trans. & Proc. Roy. Soc. New 

Zealand 72: 26 (1942) 

Description: Rosette plants with multiple prostrate branches up to 12 cm long. Rosette 

leaves 4–15(–100); petioles 1.5–8.9(–22.5) mm long; lamina usually flat, curling when 

grown in the growth room, narrowly oblanceolate to broadly obovate, 3.7–16.9(–52.4) 

mm long × 1.5–7.0(–15.3) mm wide (length:width ratio 1.3–3.6(–5.9):1), dull greyish 

green (glaucous) or occasionally bright green; apex obtuse and mucronate; trichomes 

sparsely distributed, straight, antrorse, appressed to patent, appressed on leaf margins, 

distributed evenly on leaf adaxial surface, but usually glabrous, occasionally sparsely 
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distributed and on leaf ribs only on leaf abaxial surface, (0.2–)0.4–0.8(–1.2) mm long, 

deciduous with age. Basal cauline leaves not subtending flowers 1–5 per branch, lamina 

similar in size and shape to the rosette leaves, with petioles up to 7.3 mm; distal cauline 

leaves subtending flowers up to 19 per branch, lamina 1.8–11.4 mm long × 1.0–4.9 mm 

wide, usually sessile. Flowers up to 19 per branch; pedicels up to 1 mm long (flowering) or 

1.8 mm long (fruiting). Calyx 1.6–3.3 mm long (flowering) increasing to 2.5–7.8 mm long 

(fruiting), 1.3–4.3 mm wide at the top at fruiting, lobed to 1/4–1/2 the length of the calyx, 

with trichomes usually only along ribs both inside and outside the calyx, but occasionally 

present in between ribs. Corolla (1.0–)1.4–4.0 mm in diameter, white; faucal scales yellow; 

corolla lobes 0.3–1.3 mm long × 0.2–1.0 mm wide; corolla tube 0.4–1.1 mm wide at faucal 

scales, 1.2–2.5(–3.2) mm long from base to faucal scales, narrow cylindric. Stamens 5, 

included; filaments attached below faucal scales, 0–0.1 mm long; anthers 0.4–0.9 mm long; 

style 0.8–2.3 mm long (flowering) to 0.9–2.8 mm long (fruiting). Nutlets 4, (1.0–)1.2–1.5 

mm long × (0.7–)0.8–1.2 mm wide.  

Illustration: Figures 2.1A–B, 2.6A–D, 5.9. Threat. Pl. New Zealand (de Lange et al., 

2010:404–405). Seeds of New Zealand (Webb and Simpson 2001:142) as M. pygmaea var. 

glauca. Above the Treeline (Mark 2012:257). Flora of New Zealand (Moore 1961:808) as M. 

pygmaea var. glauca. 

Phenology: Flowering September–March. Fruiting October–April. Peak flowering and 

fruiting December–January. 

Chromosome number: Unknown. 

Distribution: South Island, Otago and Canterbury. See map in Figure 5.3A. 

Habitats: Fine semi-consolidated gravels on lake, tarn or stream edges, erosion fans, the 

base of tors, or old mine tailings. Depleted tussock-grassland, low grass turf. Elevation: 

180–1500 m. 

Representative specimens: See Appendix 2 (specimens identified as M. glauca and M. aff. 

glauca) and Appendix 8. 

Conservation status: Threatened, Nationally Vulnerable, Range restricted, Sparse (see 

Table 5.5) 
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Notes:  

Identification: Myosotis glauca plants can be distinguished from other pygmy forget-me-

nots by their straight, appressed trichomes and glaucous grey leaves. M. glauca as here 

circumscribed is only known from Central Otago and southern Canterbury. Specimens 

identified as M. glauca collected from the North Island Central Plateau (e.g. CHR 252337) 

do not solely have the straight, appressed leaf trichomes that unite all plants that fall 

under this species. Instead, a small number of straight, appressed trichomes are mixed 

with flexuous, patent trichomes, and therefore these specimens are better placed as M. 

antarctica subsp. antarctica. While most plants of M. glauca have glaucous green to grey 

leaves, some plants with brighter green leaves from the Pisa Range (previously identified 

as M. aff. glauca, e.g. WELT SP089898) are otherwise unable to be distinguished from the 

remainder of M. glauca. Leaf colour variation is known from other pygmy forget-me-

nots—most notably M. brevis (Figure 2.1F)—and thus these M. aff. glauca specimens are 

considered here to be M. glauca, which is variable in leaf colour. Recent collections of M. 

glauca? (CL; WELT SP103892) from the Clutha outwash are difficult to place due to their 

unusual combination of glaucous leaf colour with flexuous trichomes and deserve further 

study (more details below). 

Taxonomic history: M. glauca was first described as a variety of M. pygmaea (as var. 

glauca; Simpson and Thomson 1942). It was then elevated to species rank due to its 

morphological distinctiveness (de Lange et al., 2010). Species is considered the best rank 

to recognise this entity given the morphological and molecular evidence that unites it (see 

below). The morphological description given here differs subtly to that given by de Lange 

et al. (2010:405). Specifically, two characters they identified as distinguishing M. glauca 

where not found here to be diagnostic, i.e., “…inner calyx surface midline of M. glauca is 

furnished with 4–5 shortly erect, stiff hairs”, and “broadly ovate rather than narrowly 

ovate nutlets (seeds)”. The surface of the inner calyx of M. glauca specimens was found to 

be sometimes glabrous, sometimes covered in short stiff hairs, and sometimes as 

described above by de Lange et al. (2010) (data not shown). The length to width ratio of M. 

glauca nutlets was not found to differ from that of M. antarctica, though nutlets of M. brevis 

did have a slightly higher length to width ratio on average (visible in Figure 5.7 vs. 5.8). 

Additionally the description here has slightly longer corolla tubes to that reported by de 

Lange et al. (2010) (1.2–2.5 vs. 0.4–0.6 mm). In other respects the descriptions are similar. 

Patterns in the data: Specimens of M. glauca are united by morphological (Chapter 2) and 

genetic (Chapter 4) data. In the nMDS analyses of morphological characters measured on 
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herbarium specimens all samples of M. glauca group together (Figure 2.3B). Qualitative 

morphological characters differentiate M. glauca from all other pygmy forget-me-nots i.e., 

leaf colour (usually glaucous-green to grey), and trichomes that are straight and appressed 

on the leaf blade and leaf margins (Figures 2.4F and 2.6). In the analyses of microsatellite 

data all populations of M. glauca form a cluster in the Structure analyses above K = 10 

(Figure 4.3), and these populations group together in the NeighborNet network also 

(Figure 4.4).  

Specimens identified as M. aff. glauca (n = 5, see Appendix 2) cluster with those identified 

as M. glauca based on morphological data (Figure 2.3B), and appear to differ only by 

having brighter green leaves than is usual for M. glauca. Only one individual identified as 

M. aff. glauca was included in the genetic dataset (RM; WELT SP093282), so little is known 

regarding genetic relationships. Specimens identified as M. aff. glauca are therefore here 

considered part of M. glauca based on morphological similarity. Recent collections 

identified as M. glauca? (CL; WELT SP103892) from the Clutha outwash appear to be 

morphologically intermediate between M. glauca and M. antarctica subsp. antarctica or M. 

brevis, having a glaucous leaf colour yet flexuous trichomes. The nMDS analyses of 

morphological characters measured on herbarium specimens placed this sample within 

the cluster containing M. antarctica subsp. antarctica + M. brevis and not M. glauca, 

although with high uncertainty (Figure 2.3). Genetically M. glauca? does not appear to be 

affiliated to M. glauca based on the NeighborNet network of microsatellite data (Figure 

4.4). This entity possibly represents a hybrid between M. glauca and M. antarctica subsp. 

antarctica or M. brevis; plants of the latter of which have been collected from nearby 

(WELT SP103893); further collections and research are encouraged. 

Threats: The main threat to M. glauca is considered to be weed invasion (de Lange et al., 

2010). Myosotis glauca is the rarest pygmy forget-me-not based on estimated census size, 

it is only found in Central Otago and southern Canterbury, and only five of its populations 

(31%) grow on Department of Conservation managed land (Table 5.5). At one of those 

populations (Lake Ohau, AK 280800), plants of M. glauca were not found in 2013 and 

further searches are recommended. Populations from two locations included in the 

molecular data set (N1&2; WELT SP093284&5 and M1&2; WELT SP100497), are from 

areas both managed by DOC. With the recent decision to reject a proposal to dam the 

Nevis Valley (Environment Court decision, 2013, available at http://www.nzlii.org/cgi-

bin/sinodisp/nz/cases/NZEnvC/2013/131.html?query=nevis), the future of populations 

N1&2 (WELT SP093284&5) has become more secure.  
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3. Myosotis antarctica Hook.f. Bot. Antarct. Voy. I. (Fl. Antarct.) Part I, 57, t. 38 (1844) 

TYPE: “Campbell’s Island; on the debris at the base of precipices and in the most exposed 

places along with Cardamine stellata and in clefts of rock on the very summits of 

mountains” (Hooker, 1844). (LECTOTYPE here designated: K000787899!). Moore (1961) 

identified that the type specimen was housed at K, but did not indicate a particular 

specimen. There are two specimens at K collected by Hooker: K000787899 and 

K000787901. The specimen designated as the lectotype, K000787899, has a 

“Herbariorum hookerianum 1867” stamp, and a note that reads “1609 Myosotis antarctica 

Hook.f. On rocky debris near the sea and at considerable elevation (1000 ft) Campbells 

Island Dec 1840”. There is also a pencil illustration pinned to the sheet with the number 

“1609” in the corner. The drawing consists of recognisable drafts of the colour plate 

published in the Bot. Antarct. Voy. I. (Fl. Antarct.) (reproduced here as Figure 5.10). “TYPE 

specimen!” is written on the sheet in a different pen. There are five plants making up the 

specimen, which is clearly distinguishable from the other specimen on the sheet 

(K000787898; collected by J. Kirk, 1884, from “Dog Island”). The second specimen, 

K000787901, which is on a separate sheet, has a “Herbariorum benthamianum” stamp on 

it, and a note that reads “Myosotis antarctica Hook.f. Fl. Ant. p. 57 & 305 Campbell Island 

Hooker 1845”. Hooker therefore collected these two specimens on the same visit to 

Campbell Island, but the specimen designated as the lectotype is more clearly linked to the 

publication of the name.  

Description: Rosette plants with multiple prostrate branches up to 15(–31) cm long. 

Rosette leaves (0–)4–22(–40); petioles 1.0–19.6(–26.0) mm long; lamina margins and 

apex sometimes curling under, especially in common garden conditions, narrowly 

oblanceolate to very broadly obovate, 3.1–26.1(–67.5) mm long × 1.5–11.2(–26.9) mm 

wide (length:width ratio 1.1–3.9(–6.4):1), bright to dull green to reddish–brown, often 

with red–brown petioles and midveins; apex obtuse and mucronate; trichomes densely 

distributed and often overlapping, curved or flexuous, antrorse, patent to erect, appressed 

or spreading on leaf margins, distributed evenly on leaf adaxial surface, but sparsely 

distributed, or on leaf ribs only, or glabrous on leaf abaxial surface, (0.2–)0.5–1.1(–2.0) 

mm long, deciduous with age. Basal cauline leaves not subtending flowers 1–5 per branch, 

lamina similar in size and shape to the rosette leaves, with petioles up to 8.8 mm; distal 

cauline leaves subtending flowers up to 46(–75) per branch, lamina 1.4–16.0(–31.2) mm 

long × 0.8–6.5 mm wide, usually sessile. Flowers up to 46(–75) per branch; pedicels up to 

1.2 mm long (flowering) or 1.9 mm long (fruiting). Calyx (1.2–)2.0–3.0(–3.5) mm long 

(flowering) increasing to (2.1)–3.0–6.2(–8.0) mm long (fruiting), 1.5–5.8(–10.2) mm wide 
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at the top at fruiting, lobed to 1/3–3/4 the length of the calyx; with trichomes sometimes 

of two lengths, longer and antrorse on ribs vs. shorter and retrorse in between ribs and 

near the base (in other instances the two length classes are not so obvious, and retrorse 

trichomes are not always present). Corolla (1.0–)1.5–4.0 mm in diameter, white, cream, 

blue or occasionally orange; faucal scales yellow; corolla lobes (0.3–)0.5–1.5 mm long × 

(0.2–)0.4–1.1(–1.3) mm wide; corolla tube 0.5–1.2(–1.5) mm wide at faucal scales, 1.2–

2.8(–3.2) mm long from base to faucal scales, narrow cylindric. Stamens 5, included; 

filaments attached below faucal scales, 0–0.3 mm long; anthers 0.3–0.9 mm long; style 

(0.7–)1.1–2.3 mm long (flowering) to (0.8–)1.1–2.8(–4.8) mm long (fruiting). Nutlets 4, 

(1.1–)1.2–1.9 mm long × (0.7–)0.8–1.2 mm wide.  

Two subspecies of M. antarctica are recognised: 

1a. Trichomes on rosette leaves flexuous, patent to erect on 

blade and margins; usually found at inland localities of the 

North and South Islands, can be coastal in Fiordland, 

Campbell Island and Chile  3a. Myosotis antarctica subsp. 

antarctica. 

1b. Trichomes on rosette leaves curved, and appressed to 

patent on lamina surfaces and margins; coastal localities of 

North, South and Stewart Islands (rarely inland).   3b. 

Myosotis antarctica subsp. traillii 

3a. Myosotis antarctica subsp. antarctica. 

= Myosotis pygmaea Colenso, Trans. & Proc. New Zealand Inst. 16: 334 (1883 [1884])  

= Myosotis ramificata G.Simpson, Trans. Roy. Soc. New Zealand 79: 426 (1952) 

= Myosotis pygmaea var. drucei L.B.Moore in Allan, Fl. New Zealand 1, 816, 973 (1961) 

= Myosotis drucei (L.B.Moore) de Lange & Barkla in de Lange et al., Threat. Pl. New Zealand, 

438 (2010) 

Description: same as for M. antarctica except rosette leaf trichomes are flexuous and 

patent to erect, not curved or appressed. 

Illustration: Figures 2.1G–J, 2.6H–K, 2.7C, F, G & J, 5.10 and 5.11. Above the Treeline (Mark 

2012:256) as M. drucei. Seeds of New Zealand (Webb and Simpson 2001:142) as M. 
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pygmaea var. drucei. Wild Plants of Mt Cook National Park (Wilson 1996:221) as M. 

pygmaea var. drucei. Stewart Island Plants (Wilson 1994:245) as M. pygmaea var. drucei. 

New Zealand Alpine Plants (Mark and Adams 1973:87) as M. pygmaea s.l. Flora of New 

Zealand (Moore 1961:808) as M. pygmaea var. drucei. Die Gefässpflanzen der 

Magellansländer (Dusen 1900:134) as M. albiflora. Bot. Antarct. Voy. I. (Fl. Antarct.) Part I, 

(Hooker 1844) plate 38 (reproduced here as Figure 5.10).  

Phenology: Flowering August–April. Fruiting September–April. Peak flowering and 

fruiting December–January. 

Chromosome number: Counts from two individuals have been undertaken: 1. as M. 

pygmaea s.l., n = 24, CHR 101449 (Beuzenberg and Hair 1983); 2. as M. aff. drucei / M. 

“Volcanic Plateau”, n = 22, AK 331000 (Murray and de Lange 2013). 

Distribution: North Island, South Island, Stewart Island, Campbell Island; southern Chile 

(Magallanes Region). 

Habitats: From coastal turf to sub-alpine damp semi-stable scree, cliff faces, incised 

runnels and fell-fields. Elevation: sea level to 2200 m. 

Representative specimens: See Appendix 2 (specimens listed as M. antarctica, M. drucei, M. 

“intermedia” and M. “Volcanic Plateau”) and Appendix 8. 

Conservation status: At Risk, Naturally Uncommon, Threatened Overseas (see Table 5.5).  

Notes:  

Identification: M. antarctica subsp. antarctica can be distinguished from M. glauca and M. 

antarctica subsp. traillii based on its flexuous, patent to erect trichomes. It can be 

separated from M. brevis due to its generally larger size; e.g. corolla diameter of (1.0–)1.5–

4.0 mm, calyx length at flowering of (1.2–)2.0–3.0(–3.5) mm long and nutlets of (1.0–)1.2–

1.9 mm long × (0.7–)0.8–1.2 mm wide.  

Taxonomic history: Myosotis antarctica was first published by Hooker in 1844, from 

collections he had made on Campbell Island. The name was then also applied to specimens 

collected from the rest of New Zealand (e.g., WELT SP043359 collected by T. Kirk, 1877, 

Otago, Dart Valley, identified as M. antarctica, and UPS V-702353 collected by J. Hector, 

collection date unknown but likely in the 1860s, from Mt Aspiring Range, identified as M. 

antarctica Hook.f.). The name was first applied to Chilean specimens by Skottsberg (1915). 
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In 1884 the name M. pygmaea was published by Colenso, based on specimens he collected 

in the North Island. Although a few specimens collected from mainland New Zealand after 

this time were still identified as M. antarctica (e.g. WELT SP002665 collected by F. Gibbs in 

1894, Western Nelson, Mt Arthur, identified as M. antarctica), it became common usage to 

reserve the name of M. antarctica for plants from Campbell Island, and use M. pygmaea for 

all plants from the North, South and Stewart Islands, which was formalised in the 

treatment by Moore (1961). For example, the T. Kirk 1877 specimen mentioned above 

(WELT SP043359) was re-identified later as M. pygmaea. Several varieties of M. pygmaea 

were also published in the 1940s and 1960s, and elevated to species rank by de Lange et 

al. in 2010 (i.e., M. pygmaea var. glauca  M. glauca, M. pygmaea var. minutiflora  M. 

brevis and M. pygmaea var. drucei  M. drucei). Two of those entities are recognised here 

at species rank (see M. glauca and M. brevis above), but M. pygmaea, M. drucei and M. 

antarctica are not considered sufficiently differentiated morphologically or genetically to 

individually warrant that rank, and instead are considered to make up a single species, for 

which M. antarctica is the earliest published name. The specimens that were previously 

identified as M. antarctica and M. drucei are considered best recognised as a single entity 

at the rank of subspecies, as M. antarctica subsp. antarctica, given they are united by 

morphological (Chapter 2) but not genetic data (Chapter 4), and they are mostly allopatric 

with respect to M. antarctica subsp. traillii (which is made up of specimens that were 

previously identified as M. pygmaea, see below) (Figure 5.3B, E, H). 

Not only does this circumscription of M. antarctica subsp. antarctica comprise several 

previously described species, it also subsumes two informal tag-named entities currently 

in use by some New Zealand botanists. Those examined which are here considered to be 

part of this enlarged M. antarctica subsp. antarctica are M. “Volcanic Plateau” (e.g., CHR 

244442) and M. “intermedia” (e.g., WELT SP089911). An additional published name, 

which has not been applied since its publication, M. ramificata (Simpson 1952) was also 

unable to be distinguished morphologically from this circumscription of M. antarctica 

subsp. antarctica (Figure 2.3). 

Patterns in the data: Specimens of M. antarctica subsp. antarctica are united 

morphologically (Chapter 2) but not genetically (Chapter 4). In the nMDS analyses of 

morphological characters measured on herbarium specimens all samples of M. antarctica 

subsp. antarctica group together (identified as M. antarctica, M. drucei, M. “intermedia” 

and M. “Volcanic Plateau”; Figure 2.3A). All plants of M. antarctica subsp. antarctica were 

even more obviously differentiated from other pygmy forget-me-nots when grown in the 

growth room (Figure 2.5A). Qualitative morphological characters found in both the 
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herbarium and growth room datasets differentiate M. antarctica subsp. antarctica from M. 

glauca and M. antarctica subsp. traillii, i.e., trichomes that are flexuous and patent to erect 

on the leaf blade and leaf margins (Figures 2.4F and 2.6). Despite the similarity in 

trichome types, multiple quantitative morphological characters distinguish this entity 

from M. brevis (see notes under that species).  

The only morphological character found to distinguish between specimens identified as M. 

drucei and an earlier narrow circumscription of M. antarctica that referred to plants from 

Campbell Island and Chile only, was that of trichome density. However, the ranges in 

trichome density overlap considerably, and so this character is not considered useful in 

this context (Table 2.5). Furthermore, no morphological characters were found to 

differentiate specimens identified as M. “Volcanic Plateau” or M. “intermedia” (Chapter 2), 

and so these tag-names are no longer considered to refer to separate entities.  

In the analyses of microsatellite data, not all populations of M. antarctica subsp. antarctica 

form a cluster in any Structure analyses (Figure 4.3), and neither do these populations 

group together in the NeighborNet network (Figure 4.4). There is geographic structuring 

present in the genetic data, whereby populations that grow closer together are often more 

closely related, but this pattern is not universal (Figure 4.2). For example, some of the 

populations from Central Otago cluster together in the Structure and NeighborNet 

network (e.g. CO; WELT SP091599 and C1&C2; WELT SP093286&291), but the 

populations collected from Campbell Island (CT; WELT SP102775, AZ; WELT SP102777, 

HB&HW; WELT SP102779&80) are not more closely related to each other than they are to 

other populations on the North and South Islands. Some of the populations identified as M. 

“Volcanic Plateau” do cluster together genetically (CP; WELT SP089738; T1&T2 WELT 

SP089909; see Figure 4.3, K = 24), but given the lack of morphological differentiation, and 

the presence of geographic clustering in the genetic data discussed already, this is not 

considered sufficient evidence to recognise this entity. The two populations identified as 

M. “intermedia” (BP; WELT SP093292 and M3; WELT SP100498) included in the 

microsatellite dataset do not cluster together genetically (Figure 4.3). 

Threats: This subspecies is not threatened in New Zealand, but is listed as At Risk: 

Naturally Uncommon, Threatened Overseas. Over 70% of the populations on the North, 

South and Campbell Islands are growing on DOC managed land. However, little is known 

regarding the Chilean populations. A total of nine herbarium specimens are known from 

southern Chile (Magallanes Region), and these have only been collected from two 

locations. Six of these specimens represent two collection events of M. antarctica from 



 

 165 

Punta Arenas (Lechler, 1852: S15-37467, S15-37492 and K000573650; Dusén, 1895: UPS 

V-702363, UPS V-702365 and UPS V-702371). Therefore, the most recent collection of M. 

antarctica from Punta Arenas was by Per Dusén in 1895. Punta Arenas is now a city with 

over 100,000 inhabitants and this population and any suitable habitat may no longer exist. 

There is a later collection possibly from the same area but with the less precise locality 

information of “Magellans Land” collected by Andersson in 1905 (S15-37494). By contrast, 

when Carl Skottsberg visited the second known location, Puerto Altamirano, and collected 

two specimens in 1908 (UPS V-702372 and S15-37481), he encountered “…a resident (at 

that time the only one) in Puerto Altamirano…” (Skottsberg 1941), and the area is still 

sparsely populated today. The modelled niche for this species, projected into southern 

Chile, does not fit the known distribution in that region well at all, but nevertheless does 

suggest there may be additional suitable habitat for this species (Figure 5.3G).  As most 

recent herbarium specimen was collected over 100 years ago in Magallanes, M. antarctica 

must be considered data poor in Chile, and potentially at a severe risk of extinction there. 

Botanists, landowners and conservation staff working in the area are encouraged to look 

for populations of M. antarctica at Puerto Altamirano and other locations nearby.  

3b. Myosotis antarctica Hook.f. subsp. traillii Kirk in Trans. & Proc. New Zealand Inst. 16: 

373 (1883 [1884]).  

≡ Myosotis pygmaea var. traillii (Kirk) Cockayne in Veg. N.Z. 1921, 69, 72 and index.  

TYPE: “Sandy places on west coast of Stewart Island” T. Kirk, 13 Jan 1882, W 2666! 

Description: Same as for M. antarctica except rosette leaf trichomes are always appressed 

to patent and curved, never flexuous or erect; corollas are cream or white, not blue or 

orange. 

Illustration: Figures 2.1D, 2.6L–M, 2.7H–I & K–L, 5.12. Above the Treeline (Mark 2012:256) 

as M. pygmaea. Seeds of New Zealand (Webb and Simpson 2001:142) as M. pygmaea var. 

pygmaea. Stewart Island Plants (Wilson 1994:245) as M. pygmaea var. pygmaea (with note 

“=M. antarctica var. traillii”). Flora of New Zealand (Moore 1961:808) as M. pygmaea var. 

pygmaea. 

Chromosome number: A count from one individual has been undertaken (as M. pygmaea), 

n = 22, AK 303514 (Murray and de Lange 2013). 

Distribution: North Island and South Island, mostly coastal.  
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Habitats: Coastal turfs, sand dunes, fell fields, river terraces, and rock tors. Elevation: sea 

level to 250(–1500) m. 

Representative specimens: See Appendix 2 (as M. pygmaea) and Appendix 8. 

Conservation status: Threatened, Nationally Vulnerable, Sparse (see Table 5.5). 

Notes:  

Identification: Plants of M. antarctica subsp. traillii can be distinguished from M. glauca 

and M. antarctica subsp. antarctica based on their curved, appressed to patent trichomes. 

Like M. antarctica subsp. antarctica, it can be separated from M. brevis due to its generally 

larger size, e.g. corolla diameter of (1.0–)1.5–4.0 mm, calyx length at flowering of (1.2–

)2.0–3.0(–3.5) mm long and nutlets of (1.0–)1.2–1.9 mm long × (0.7–)0.8–1.2 mm wide. 

Plants of M. antarctica subsp. traillii usually grow coastally (Figure 5.3B), but 11 inland 

populations with curved, appressed to patent trichomes have been identified (Appendix 

8), these are the populations that reach the higher elevations indicated above.  

Taxonomic history: M. antarctica subsp. traillii was first published by Kirk (1884). The 

name was not often applied to herbarium specimens (though see CHR 357370 collected by 

L. Cranwell in 1940), and in the Flora treatment Moore (1961) considered it a synonym of 

M. pygmaea. However, the vast majority of specimens identified as M. pygmaea do not 

match the type specimen of M. pygmaea (WELT SP004743!), which has flexuous trichomes 

(Figure 2.3). The name M. pygmaea was published on an earlier page of the same journal 

as M. antarctica subsp. traillii, and Lucy Moore noted the apparent similarities in the 

descriptions of these two entities (Moore 1961: 815), but did not discuss the differences in 

the trichomes between the two type specimens themselves. Thus the epithet “pygmaea” is 

unable to be used to name this subspecies, as it has previously been applied to a type 

specimen that falls within my circumscription of the other subspecies, M. antarctica subsp. 

antarctica. The original description of M. antarctica subsp. traillii mentions the trichomes 

are “appressed” which matches those plants generally identified as M. pygmaea in recent 

years (trichomes are appressed to patent, Table 5.7). Furthermore in nMDS analyses of 

morphological characters, the type of M. antarctica subsp. traillii clusters with all other 

specimens identified as “M. pygmaea” apart from the type specimen of M. pygmaea (Figure 

2.3).  

Additional characters identified by Moore (1961) as characteristic of M. pygmaea var. 

pygmaea vs. M. pygmaea var. drucei e.g., protruding nutlets, were not found to vary 
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significantly between plants identified as M. pygmaea and those identified as M. drucei 

(Chapter 2). Given there is only a single morphological character that does distinguish 

these two subspecies, the possibility of not recognising them at any taxonomic rank, or 

recognising them at the rank of variety was considered. However, given the morphological 

differentiation seen here is usually correlated with allopatry (i.e. inland vs. coastal on the 

North and South Islands), it was decided that it was appropriate to recognise these entities 

at subspecies rank. This decision follows the common practise identified by Hamilton and 

Reichard (1992), whereby the rank of subspecies is most often used for lineages united by 

morphological and either evolutionary OR ecogeographic data (see also Meudt 2006; 

Stuessy 2009). 

Patterns in the data: All specimens of M. antarctica subsp. traillii are united 

morphologically (Chapter 2) but not genetically (Chapter 4). In the nMDS analyses of 

morphological characters measured on herbarium specimens, all samples of M. antarctica 

subsp. traillii group together (identified as M. pygmaea, excluding the M. pygmaea type 

specimen; Figure 2.3B). All plants of M. antarctica subsp. traillii were even more obviously 

differentiated from other pygmy forget-me-nots when grown in the growth room 

(identified as M. pygmaea; Figure 2.5A). Qualitative morphological characters found in 

both the herbarium and growth room dataset differentiate M. antarctica subsp. antarctica 

from M. glauca and M. antarctica subsp. traillii, i.e., trichomes that are curved and 

appressed to patent on the leaf blade and leaf margins (as M. pygmaea; Figures 2.4F and 

2.6).  

In the Structure analyses of microsatellite data not all populations of M. antarctica subsp. 

traillii form a cluster (as M. pygmaea; Figure 4.3), and neither do these populations group 

together in the NeighborNet network (as M. pygmaea; Figure 4.4). There is geographic 

structuring present in the genetic data, whereby populations that grow closer together are 

often more closely related, but this pattern is not universal (Figure 4.2). Five populations 

from the northwest South Island and coastal Taranaki are united genetically (SC, WELT 

SP100460; PR, WELT SP100462; AR, WELT SP090542; MN, WELT SP090544; OK, WELT 

SP090540); these land areas would have been connected during the last glacial maxima 

(Lewis et al., 1994), so this can be interpreted as a geographic pattern. No morphological 

characters were found to unite these five populations. 

Conservation: It has been recognised that M. antarctica subsp. traillii is declining (de 

Lange et al., 2009; de Lange et al., 2013). As is the case with M. brevis (see above), the 

North Island populations are most at risk, as none of them inhabit DOC managed land, and 
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the same pressures of cliff edge erosion and farmland proximity were seen at coastal 

Taranaki populations i.e. OK (WELT SP090540), AR (WELT SP090542) and MN (WELT 

SP090544). Two populations previously collected from the Wairarapa and Taranaki coasts 

(e.g. CHR 245912 and WELT SP095607) were not found when searching for them in 2011. 

The most genetically distinct M. antarctica subsp. antarctica populations that could be 

considered a priority for conservation are from the North Island Hawke’s Bay region (H1-

3; WELT SP090629, 31 & 34; Figure 4.3), where they grow on rock outcrops on privately 

owned farmland.  
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Figure 5.1 Maps displaying all 290 occurrence points used for Myosotis pygmy species 
group niche modelling (Appendix 8). Maps, clockwise from top: World, New Zealand, 
Campbell Island, and southern South America. Dark blue circles = Myosotis antarctica 
subsp. antarctica. Grey triangles = M. “Volcanic Plateau” (= M. antarctica subsp. 
antarctica). Green circles = M. antarctica subsp. traillii. Yellow circles = M. brevis. Light-
blue circles = M. glauca.  
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Figure 5.2 Ecological niche modelling results for pygmy forget-me-nots. Different colours 
represent different species. Vertical grey bars represent the 9 (or 7) environmental 
variables studied. A number symbol (#) indicates samples from Campbell Island and Chile 
are excluded, whereas an asterisk (*) indicates those samples are included. A: 
Environmental variation among pygmy forget-me-not species and subspecies. Population 
mean values for each species indicated where each species line crosses the vertical bar. 
Numbers indicate the maximum and minimum of the mean species values for each 
environmental variable. Short horizontal lines on the grey bars show the 1st standard 
deviation of the environmental values for species with respective colours (lines above and 
below the maximum and minimum values are omitted). B & C: Contributions of each 
environmental variable to MaxEnt predictions for pygmy forget-me-nots. Percentage 
contributions of each environmental variable to MaxEnt predictions for each species are 
indicated where each species line crosses the vertical bar, as indicated by the scale for 
percentage contribution given on the right hand side.   
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Figure 5.3 Maps of MaxEnt niche models for pygmy Myosotis in New Zealand and southern South 
America. A: Myosotis glauca (light blue circles). B: M. antarctica subsp. traillii (green circles). C, F, I: 
M. “Volcanic Plateau” (grey triangles). D: M. brevis (yellow circles). E:  M. antarctica subsp. 
antarctica (dark blue circles; excluding Subantarctic locations and individuals identified as M. 
“Volcanic Plateau”). G: M. antarctica (dark blue circles; Chilean locations), note scale is the same as 
for maps of New Zealand. H: M. antarctica subsp. antarctica (dark blue circles and grey triangles) 
and M. antarctica subsp. traillii (green circles). A, B, D, E, F & H are models based on nine 
LENZ+WorldClim environmental layers (see Table 5.1), C is based on four LENZ layers at higher 
resolution (Table 5.1), G&I are based on seven WorldClim layers. 
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Figure 5.4 Plots displaying omission/commission values (A & C) and area under the 
receiving operating characteristic curve (AUC) curves (B & D) for two pygmy forget-me-
not entities: M. “Volcanic Plateau” (A & B) and M. antarctica subsp. antarctica (C & D) 
modelled using MaxEnt and all nine environmental layers for the New Zealand extent. 
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Figure 5.5 PCA of environmental variables, showing high degree of niche overlap between 
species within the pygmy forget-me-not group. A. LENZ only dataset (four layers). B. 
LENZ+WorldClim dataset (nine layers) and C. WorldClim only dataset (seven layers). For 
explanation of datasets see Table 5.1. A number symbol (#) indicates samples from 
Campbell Island and Chile were excluded, whereas an asterisk (*) indicates only samples 
from Campbell Island and Chile are included. Ovals represent normal data ellipses for each 
species. 
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Figure 5.6 Integrated analysis of morphological, molecular and environmental datasets of 
31 populations of pygmy forget-me-nots. Non-metric multidimensional scaling (nMDS) 
plot showing the first dimension of the morphological data vs. the first dimension of the 
molecular data. Points are colour coded by morphological species. Groups identified by 
“mclust” when analysing the nMDS points of molecular, morphological and environmental 
datasets combined are shown with the grey dotted lines. Population LT is shown as belong 
to both clusters, as the analyses based on LENZ environmental layers clustered it with the 
M. brevis populations, whereas the analyses based on WorldClim environmental layers 
clustered it with the remainder of the pygmy forget-me-nots. See Table 4.4 and Appendix 
2 for explanation of population codes and voucher information. Compare to Figure 4.5A. 
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Figure 5.7 Summary of the morphological (Chapter 2) and molecular (Chapter 4) data 
pertaining to the pygmy forget-me-nots. A NeighborNet network of 497 individuals based 
on 12 microsatellite loci, groups identified at K = 3 of a Structure run with the same 
dataset are indicated in colours. Morphological groupings that are recognised with 
taxonomic ranks are indicated with black lines and symbols as follows: black squares = M. 
brevis, black upward triangles = M. glauca, black diamonds = M. antarctica subsp. 
antarctica, black downward triangles = M. antarctica subsp. traillii, and grey upward 
triangle = M. glauca? 
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Figure 5.8 Myosotis brevis A: Habit, from photograph of plant growing at Lake Lyndon, 
Canterbury, South Island late in the season (February, population voucher WELT 
SP093294). B: Habit, from photograph of plant growing at Stent Rd, coastal Taranaki, 
North Island early in the season (October, population voucher WELT SP090543). C: 
Nutlets. D: Calyx containing nutlets and cauline leaf. E: Branch showing extended 
internodes when grown in cultivation compared to A. F: Corolla and calyx at flowering. C-F 
from plant grown in growth room, originally collected at Lake Lyndon (WELT SP104515). 
Original photos and all drawings by JMP.
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Figure 5.9 Myosotis glauca A: Habit, from photograph of plant grown in cultivation (photo 
by John Barkla accessed on www.nzpcn.org.nz). B:  Nutlet. C: Corolla and calyx. B & C from 
the type specimen (CHR 75722). Drawings by JMP. 
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Figure 5.10 Myosotis antarctica subsp. antarctica. Illustration reproduced from Bot. 
Antarct. Voy. I. (Fl. Antarct.) Part I, plate 38 (Hooker 1844). Draft pencil drawings for this 
figure are attached to the type specimen of M. antarctica (K00078799) which was 
collected by J. D. Hooker from Campbell Island. Illustration by W. H. Fitch. 
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Figure 5.11 Myosotis antarctica subsp. antarctica. A: Habit, from photograph of plant 
growing at Mt Maungamahue, Ruahine Ranges, North Island, which is the type locality of 
M. drucei (WELT SP100445). B: Nutlet. C: Corolla and calyx from type specimen (CHR 
76820). D: Calyx at fruiting. E: Flowering stem. B, D, E from plant grown in growth room, 
originally collected from Mt Peel, Kahurangi National Park, north western South Island 
(WELT SP104500). Original photos and all drawings by JMP.  
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Figure 5.12 Myosotis antarctica subsp. traillii. A: Habit B: Habit, from photograph of plant 
growing at Arawhata Rd, coastal Taranaki, North Island early in the season (October, 
population voucher WELT SP090542). C: Habit, from plant growing at Waituna, Southland, 
later in the season (February, WELT SP100487). D: Flower cut in half from photograph by 
Carlos Lehnebach taken of a plant growing in cultivation at Percy’s Reserve, Wellington 
(no voucher). E: Flowering branch. F & G: Calyx at fruiting. H: Nutlet. A, E-H from plant 
grown in growth room, originally collected from Stewart Island (WELT SP104518). 
Original photos and all drawings by JMP. 
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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.  

 LENZ (4 
layers) 

LENZ (2 layers)+ WorldClim (7 
layers) 

WorldClim (7 
layers) 

Background extent Default Default 200 km 80 km Default 
M. antarctica subsp. 
antarctica # 

0.890 0.903 0.827 0.834 0.896 

M. antarctica subsp. 
antarctica * 

NA NA NA NA 0.878 

M. antarctica subsp. 
traillii  

0.617 0.756 0.773 0.794 0.761 

M. brevis 0.874 0.927 0.930 0.911 0.926 
M. glauca 0.922 0.922 0.804 NA 0.925 
M. “Volcanic Plateau”  0.915 0.924 0.936 0.931 0.914 
Note: a number symbol (#) indicates samples from Campbell Island and Chile are 
excluded, whereas an asterisk (*) indicates those samples are included as was 
environmental data from southern South America. Samples identified as M. “Volcanic 
Plateau” were excluded from all M. antarctica subsp. antarctica datasets and analysed 
separately. 

 

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. Niches compared in this 
table were modelled using the nine-layer dataset (LENZ+WorldClim) with default 
background sampling, and in brackets the overlap between niches modelled using only the 
7 WorldClim layers are given. An asterisk (*) indicates the pair of niches were found to be 
indistinguishable using the niche identity test. Samples identified as M. “Volcanic Plateau” 
were excluded from all M. antarctica subsp. antarctica datasets and analysed separately. 

 M. antarctica 
subsp. 
antarctica 

M. antarctica 
subsp. traillii 

M. 
brevis 

M. 
glauca 

M. “Volcanic 
Plateau” 

M. antarctica 
subsp. 
antarctica 

- 0.35 (0.33) 0.37 
(0.38) 

0.37 
(0.48) 

0.17 (0.56) 

M. antarctica 
subsp. traillii 

 - 0.46 
(0.51) 

0.30 
(0.26) 

0.20 (0.50) 

M. brevis   - 0.62* 
(0.57) 

0.17 (0.35) 

M. glauca    - 0.11 (0.30) 
M. “Volcanic 
Plateau” 

    - 
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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. For explanation of rarity number and type see Table 
1.1. 

1. Extent of occupancy was calculated using an online tool (http://geocat.kew.org/editor). 
2. Geographic range was interpreted as being “large” if the area of occupancy was greater 
than 20,000 km2. 3. Abundance is the average population size in number of adult 
individuals (see Table 4.4). 4. Local population size was considered “small” if the average 
was less than or equal to 500 individuals. 5. Niche breadth was calculated using 
ENMTools. 6. Numbers of LENZ environments inhabited are given at Levels 4, 3, 2, 1 (out 
of a possible 500, 200, 100, 20). 7. Habitat specificity was considered “wide” if niche 
breadth was greater than or equal to 0.5; see methods for more details

 M. antarctica 
subsp. 
antarctica 

M. antarctica 
subsp. traillii 

Myosotis 
brevis 

M. glauca 

Extent of 
occupancy 
(km2)1 

7,403,000 (NZ, 
CI & SA); 
244,000 (NZ 
only) 

214,000 109,000 14,000 

Geographic 
Range2 

Large Large Large Small 

Abundance3  40  50  500  70  
Local population 
size4 

Small, non-
dominant 

Small, non-
dominant 

Small, non-
dominant 

Small, non-
dominant 

Niche breadth5 0.50 0.59 0.53 0.24 
Number of LENZ 
environments 
occupied6  

61, 36, 27, 11 24, 18, 23, 10 16, 13, 10, 8 12, 9, 7, 2 

Habitat 
specificity7 

Wide Wide  Wide  Narrow 

Rarity number 
and type, see 
Table 1.1 for 
explanation 

6: constantly 
sparse over a 
large range 
and in several 
habitats 

6: constantly 
sparse over a 
large range 
and in several 
habitats 

6: constantly 
sparse over a 
large range 
and in several 
habitats 

1: constantly 
sparse and 
geographically 
restricted in a 
specific habitat 
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Chapter 6 general conclusions and future directions 
In this thesis, morphological, population genetic and ecological niche modelling data were 

integrated to identify lineages within the pygmy forget-me-not group. The work presented 

here expands our understanding of evolution, systematics, taxonomy, rarity and 

conservation, particularly as these pertain to the New Zealand native pygmy forget-me-

nots (Chapters 2–5).  

The morphological research involved measuring herbarium specimens from both field-

collected plants and those grown in a common garden. This approach revealed high levels 

of morphological plasticity and highlighted the importance of undertaking common 

garden experiments to understand which morphological characters have a more genetic 

vs. environmental basis, and therefore are potentially most useful for delimiting species 

(Chapter 2). The population genetic research involved developing 12 microsatellite 

markers (Chapter 3) and genotyping over 500 specimens (Chapter 4). This research 

represents an increase in our knowledge of how population genetic data can be used for 

species delimitation, and specifically emphasises the benefits of integrating data for 

species delimitation (Chapters 4 & 5). A taxonomic revision of the pygmy forget-me-nots 

comprised three species, one divided into two subspecies. The taxonomic revision of the 

New Zealand native pygmy forget-me-nots is a major output of this thesis, and is of 

importance from a biodiversity as well as conservation standpoint. For each of the pygmy 

forget-me-nots, their ecological niches were modelled, rarity type determined, and threat 

status assessed. Chapter 5 is thus an example of implementing a rigorous, objective 

method for determining rarity type and threat status, a process for which the 

methodologies are often so clearly defined. The population genetic data generated also 

was used for assessing differences in genetic variation and structure between species with 

different rarity types.  

The aims for this thesis that were introduced in Chapter 1 mostly related to this final 

point, i.e., the relationships between population genetic variation and rarity. Below I 

briefly summarise how each of those aims was addressed by this thesis, and highlight 

conclusions that can be drawn relevant to those aims. A section highlighting the 

implications of this research for conservation management is included. Finally in this 

chapter there is a section on potential future research projects inspired by the work 

undertaken for this thesis. 
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Aims of the thesis 

The main aims of this thesis were to address the two following questions: 1) How can 

population genetic information be used to inform species delimitation and conservation 

management in rare plants? And 2) How is population genetic variation structured in rare 

plants? Specifically are there differences in the population genetic structure or variation 

between naturally uncommon species and those that are thought to be rare due to human-

influenced decline?   

To understand the relevance of population genetic data to species delimitation (Aim 1), 12 

microsatellite loci were developed for the pygmy forget-me-not group (Chapter 3). Over 

500 individuals were then genotyped, and the population genetic data was used to delimit 

lineages within the pygmy forget-me-nots using both iterative and integrative taxonomic 

approaches (Chapter 4). Population genetic variation was shown to be most useful for 

informing species delimitation when integrated with data from additional sources, and 

morphological data (Chapter 2) was shown to be particularly useful in this regard 

(Chapters 4 & 5). The thesis concludes with a taxonomic revision (Chapter 5), in which the 

lineages discovered in previous chapters were translated directly into taxonomic changes, 

which has practical implications for conservation (Kim and Byrne 2006). Taxonomic 

revision is therefore one of the chief means by which population genetic data can also be 

used to inform conservation management, as threat classification systems are based upon 

taxonomy at the species level (Townsend et al., 2008). In general, most of the genetic 

variation found in the pygmy forget-me-nots is partitioned between, rather than within, 

populations (Chapters 4 & 5). This pattern most likely reflects high levels of self-

fertilisation coupled with low levels of seed dispersal (Loveless and Hamrick 1984). 

Interpreting the implications of this pattern for conservation management, the conclusion 

is that each population is equally important in terms of its contribution to the genetic 

diversity of each species. A more detailed interpretation of the conservation implications 

was included in the notes sections of the taxonomic revision, and is summarised in the 

section below. 

To understand in more detail the pattern of genetic structuring found in naturally 

uncommon vs. rare plants (Aim 2), the population genetic metrics from the same 500+ 

individual microsatellite dataset of 12 loci were analysed for M. antarctica subsp. 

antarctica (Naturally Uncommon) vs. other pygmy forget-me-nots (M. antarctica subsp. 

traillii, M. brevis and M. glauca, all Nationally Vulnerable). Myosotis antarctica subsp. 

antarctica does have higher % polymorphic loci than the other pygmy forget-me-nots, and 
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a slightly higher number of effective alleles (Table 5.6), however no other general trends 

are evident.  Indeed M. antarctica subsp. traillii was counter intuitively found to have 

lower FIS than M. antarctica subsp. antarctica (Table 5.6), indicating higher levels of 

observed heterozygosity relative to expected heterozygosity. Lower levels of observed 

heterozygosity in M. brevis and M. glauca may be due to their smaller number of 

populations relative to M. antarctica subsp. antarctica, but could also be due to a different 

life history (in the case of the annual M. brevis) or lower numbers of populations sampled 

(in the case of M. glauca). To tease apart the effects of pollination syndrome, life cycle and 

rarity on the population genetic structure and variation of New Zealand Myosotis, 

additional Myosotis species, including species considered to be “Common” (i.e. not 

threatened) could be studied in a comparative framework as outlined below under the 

future directions section. It should also be noted that inclusion of a “Common” species was 

planned for this thesis to more fully assess Aim 2. Before the taxonomic revision and 

threat classification were undertaken (Chapter 5), M. drucei was thought to be a 

“Common” pygmy forget-me-not species.  However, after the taxonomic revision and 

threat classification assessment, M. drucei became a synonym of M. antarctica subsp. 

antarctica, which was reassessed as “At Risk, Naturally Uncommon”.  

Implications for conservation management 

Each of the species and subspecies of pygmy forget-me-nots assessed in this study were 

found to be Threatened or At Risk in some way, but some were found to be more at risk 

than others. In terms of practical management implications of this research, there are 

different recommendations for each entity, and these are summarised below. For more 

details regarding specific populations referred to please see the notes sections of the 

taxonomic revision. In general, most of the genetic diversity across all species in the group 

is partitioned between, rather than within populations. As discussed in chapter 4 this is 

most likely due to the selfing nature of the pygmy forget-me-nots, coupled with low levels 

of seed dispersal. The main implication is that an emphasis on conservation of multiple 

populations of each species and subspecies is a priority in order to maintain genetic 

diversity. For each entity, the number of populations known to exist, the percentage of 

populations growing on DOC managed land, the observed rate of decline and any observed 

threats were taken into account to propose the following recommendations regarding 

which entities and which populations may require more active management.  

Myosotis antarctica subsp. antarctica is the least threatened entity of the group and is 

considered Naturally Uncommon despite being fairly widespread, due to the small 
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estimated overall census of ~12000 plants. However, this could well be an underestimate, 

as new populations are often discovered when subalpine areas are surveyed in detail (JMP 

pers. obs). Approximately 70% of known populations are growing on land managed by 

DOC, which offers them some protection. The sites visited were not usually weedy (JMP 

pers. obs.), and other than recording new locations for this species, and recording the 

persistence of populations when they are re-visited, no other direct management 

requirements are recommended in New Zealand. However, this species was last recorded 

in southern Chile in 1908, and botanists, landowners and conservation staff are strongly 

encouraged to look for populations at Puerto Altamirano, Punta Arenas and surrounding 

areas with suitable habitat. 

In contrast, M. antarctica subsp. traillii is considered to be Nationally Vulnerable with an 

overall census of ~2900 plants, and has the highest observed rate of decline (Table 5.5), 

coupled with a relatively low percentage (ca. 25 %) of populations growing on DOC 

managed land. None of the populations growing on the North Island inhabit DOC managed 

land, and the coastal populations of Taranaki are at risk from cliff edge erosion and 

farmland proximity. These populations are known to DOC, and if the landowners are 

willing, it is recommended that the populations on the edge of farmland be monitored 

regularly and protected from farming activities. 

Myosotis brevis is also considered to be Nationally Vulnerable with an overall census of 

~17600 plants, and as with M. antarctica subsp. traillii it is also the North Island 

populations that are most at risk. Again none of the North Island populations inhabit DOC 

managed land, and the coastal habitat they grow in is considered acutely threatened. 

Myosotis brevis is also at risk of overshading due to invasive weeds, and it is recommended 

that the North Island populations be monitored and weeding trials implemented if 

necessary. In particular the population at Stent Road on the Taranaki Coast is genetically 

distinct compared to other North Island populations and could therefore be prioritised.  

The final entity, M. glauca, is also considered Nationally Vulnerable based on estimated 

census size (~4600 plants), and only four known populations (31 %) grow on DOC 

managed land. Efforts to find, record, and protect more populations are a priority, as is 

monitoring known populations to assess the effects of invasive weeds.  
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Future directions 

While undertaking this research, several projects were initiated or identified, but for 

various reasons were unable to be included or completed in the thesis. Three of these 

represent potential future directions for research, and are briefly outlined below. 

Chromosome counts 

There are only three published chromosomes counts of pygmy forget-me-nots (Table 5.7), 

and these potentially show two different chromosome races within Myosotis antarctica (n 

= 22 and n = 24). The advantages to making additional counts was recognised while 

undertaking the morphological research, and are discussed in the introduction to Chapter 

2. With the help of Prashant Joshi (Massey University, Palmerston North) counts were 

attempted both from floral bud tissue and root tip tissue, taken from additional plants 

grown in the growth chamber (under the same conditions used for plants grown for the 

common garden experiment). To collect root tips, seeds were germinated on filter paper in 

Petri dishes, and harvested between 0900–1000 into colchicine 0.05% (w/v) as soon as 

the root tip was visible. The root tips remained in colchicine in the dark for 3 hours before 

being fixed in 3:1 ethanol:acetic acid fixative. Floral buds were harvested directly into in 

3:1 ethanol:acetic acid fixative; buds were collected at a range of ages for comparison. We 

found that it was easier to use tissue taken from root tips of just germinated seeds rather 

than floral buds, due to difficulties in determining the best time to fix the buds. Overall, 

150 root tips were fixed from 11 populations of pygmy forget-me-nots, representing M. 

antarctica subsp. antarctica (five populations), M. antarctica subsp. traillii (four 

populations) and M. brevis (two populations); see Table 6.1 for details. Several 

photographs of squashes were taken, however, we struggled to get photographs showing 

sufficient separation of the chromosomes in good focus. The small size of the 

chromosomes of New Zealand Myosotis present challenges (e.g., Figure 2B; Murray and de 

Lange 2013), but nevertheless future endeavours to count the chromosomes of pygmy 

forget-me-nots would be beneficial and is encouraged. 

Sequencing microsatellite loci 

In Chapter 3, the development of 12 microsatellite markers was outlined, and over 500 

forget-me-nots were genotyped using those markers in Chapter 4. The number of alleles 

found at each locus varied between 5 and 19 (when considering just the pygmy-plus 

dataset; Table 4.3). In a number of instances, those alleles differed by a single base pair in 

size, despite the microsatellite repeat being di- or even tri-nucleotide (data not shown). 

When microsatellite alleles differ by numbers other than the size of the nucleotide repeat, 
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it can be due to mutations other than those altering the number of microsatellite repeats 

having occurred, for example small indels in either the microsatellite itself, or in the 

flanking regions (Adams et al., 2004). Sequencing the microsatellites allows the detection 

of such mutations, with the additional benefit of being able to assess whether individuals 

presenting with the same allele when genotyped are indeed homologous (Adams et al., 

2004). Although sequencing microsatellite regions has long been an option using Sanger 

sequencing, the process was time consuming and costly, whereas now with the advent of 

high-throughput sequencing technologies it can be undertaken in a more efficient and 

cost-effective manner (e.g., Germain-Aubrey et al., 2016). Using high-throughput 

sequencing, microsatellites have been sequenced for New Zealand Veronica (Mayland-

Quellhorst, Meudt and Albach, under review) and New Zealand Myosotis could be a good 

contender for the method, particularly as microsatellite loci have already been developed.  

Comparisons between different types of rarity and different breeding systems 

The patterns of genetic variation within and between populations in the pygmy forget-me-

nots are reflective of high levels of self-fertilisation coupled with low levels of seed 

dispersal (Chapter 5). The one species with a different life cycle (M. brevis is a spring 

annual vs. other pygmy forget-me-nots are usually biennial or perennial), also had on 

average larger population sizes, and in conjunction with self-fertilization these influences 

appeared to have a greater effect on the population genetic structure and variation than 

the rarity type of each species (Chapter 5). To help identify the different effects of 

breeding system, population size and rarity type on genetic variation and structure, 

population genetic studies of New Zealand Myosotis species with different breeding 

systems and rarity types could be undertaken. To this end, specimens from populations of 

outcrossing species (M. macrantha and M. arnoldii) as well as species with unknown 

outcrossing rates (M. matthewsii and M. spathulata) were also collected during field 

seasons from 2011–2015. In the outcrossing pair, M. macrantha is widespread and Not 

Threatened, whereas M. arnoldii is a basicole known only from two locations and is 

classified as At Risk – Naturally Uncommon, Range Restricted. Myosotis spathulata and M. 

matthewsii both have exserted stamens, but their outcrossing rates are unknown. Neither 

species is common in this pair, but M. spathulata has a widespread distribution (Naturally 

Uncommon, Data Poor, Extreme Fluctuations, Sparse), whereas the Nationally Endangered 

M. matthewsii is only known for certain from a single population near Kaitaia, Northland. 

The number of recent collections of these species is indicated in Table 6.2, along with the 

number of specimens for which their DNA has already been extracted. The 12 

microsatellite loci developed for the pygmy forget-me-nots were trialled on M. macrantha 
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(n = 6), M. arnoldii (n = 6) and M. spathulata (n = 3) in Chapter 3. The amplification rates 

were relatively low (M. spathulata 50%; M. arnoldii 62.5%; M. macrantha 73.6%) and 

often produced alleles that were of different sizes to those found in the pygmy group (data 

not shown). Therefore genotyping these species using the 12 published microsatellites 

may not be the best method for generating population genetic data for these outcrossing 

comparisons, and alternative genetic methods, e.g. GBS or Rad-Seq, may need to be 

pursued (Hodel et al., 2016). 

Concluding remarks 

Rarity is a complex concept; there are many ways to “be” a rare plant, as well as many 

factors influencing how and why a species may be rare. Understanding the effects of 

different types of rarity on genetic variation and structure, especially if this can be linked 

to extinction risk, will have useful implications for conservation. New Zealand Myosotis is 

an eminently suitable study system to address these questions, given the range of rarity 

types, breeding systems and life history traits exhibited. This thesis has laid the 

groundwork and addressed these questions for New Zealand Myosotis by developing a 

genetic resource and describing in detail how rarity and threat classifications can be 

undertaken in a rigorous way. By utilising the genetic resource for both species 

delimitation and to help answer questions regarding rarity, the research in this thesis has 

also helped to highlight the importance of taxonomy, and methods whereby taxonomic 

questions can be addressed alongside more theoretical questions.  
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Appendix 1 Reproduction of Chapter 3, as published in Applications in Plant Sciences
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subsequent fragment separation on an ABI 3730 Genetic Analyzer (Applied 
Biosystems) by the Massey Genome Service. 

 Alleles were visualized and scored using GeneMapper version 3.7 (Applied 
Biosystems). Of the 48 primer pairs tested, 25 were polymorphic, two were 
monomorphic, seven were unscorable, and 14 did not amplify. Twenty-four of 
the polymorphic loci were further tested using the above PCR conditions on 15 
individuals from fi ve  Myosotis  species. The 12 markers ( Table 1 )  with the best 
amplifi cation rates were selected for further investigation using four popula-
tions of  M. drucei  to demonstrate the utility of the markers in a population ge-
netic framework. For these four populations,  Table 2   shows the number of 
alleles, and observed ( H  o ) and expected ( H  e ) heterozygosities, which were de-
termined using GenAlEx ( Peakall and Smouse, 2012 ). The average number of 
observed alleles per locus was 3.75, and average  H  o  was 0.059 ( Table 2 ).  H  o  
was typically lower than  H  e , which matches the hypothesized mostly selfi ng 
nature of the  M. pygmaea  species group ( Robertson and Lloyd, 1991 ;  Brandon, 
2001 ). The 12 markers amplifi ed well across the other four species (one popula-
tion each) in the  M. pygmaea  group (voucher information in Appendix 1) and 
were also trialed in an additional 18 species of  Myosotis , 14 endemic to New 
Zealand, one from Australia, and three introduced to New Zealand from Eu-
rope. Amplifi cation rates and polymorphism are reported in  Table 3  . 

 CONCLUSIONS 

 We describe 12 polymorphic microsatellite loci that will be 
useful for exploring species limits within the  M. pygmaea  spe-
cies group, as well as determining the population genetic varia-
tion within and among other species of Southern Hemisphere 
 Myosotis . 
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   APPENDIX  1 . Voucher and location information for all  Myosotis  populations used in this study.  

Species Location a Voucher no. b 

  Myosotis pygmaea   species group 
 Myosotis antarctica  Hook. f. New Zealand, Campbell Island, clif fs near Menhir WELT SP102775
 Myosotis brevis  de Lange & Barkla New Zealand, Coastal Taranaki, Puketapu Rd. end* WELT SP090361
 Myosotis brevis  de Lange & Barkla New Zealand, Coastal Taranaki, Stent Rd. WELT SP090543
 Myosotis drucei   (L. B. Moore) de Lange & Barkla New Zealand, North Island, Ruahine Ranges, near Mt. Maungamahue* WELT SP100445
 Myosotis drucei   (L. B. Moore) de Lange & Barkla New Zealand, South Island, Marlborough, Tapuae-o-Uenuku WELT SP100440
 Myosotis drucei   (L. B. Moore) de Lange & Barkla New Zealand, South Island, Central Otago, Coronet Peak WELT SP091599
 Myosotis drucei   (L. B. Moore) de Lange & Barkla New Zealand, South Island, Marlborough, Mt. Altimarlock* WELT SP100428
 Myosotis glauca   (G. Simpson & J. S. Thomson) 

de Lange & Barkla
New Zealand, South Island, Central Otago, Ne vis Valley* WELT SP093284

 Myosotis pygmaea   Colenso New Zealand, North Island, Coastal Taranaki, Opunake treatment ponds WELT SP090540
 Myosotis pygmaea   Colenso New Zealand, South Island, Northwest Nelson, near Sandhill Creek ri ver mouth* WELT SP100460

 Other New Zealand  Myosotis  
 Myosotis arnoldii   L. B. Moore New Zealand, South Island, Marlborough, Mt. Benmore WELT SP100439
 Myosotis arnoldii   L. B. Moore New Zealand, South Island, Northwest Nelson, Hoary Head WELT SP100473
 Myosotis cheesemanii  Petrie New Zealand, South Island, Central Otago, Pisa Range WELT SP092210
 Myosotis colensoi   (Kirk) J. F. Macbr. New Zealand, cultivated (Origin: South Island, Canterb ury, Castle Hill) WELT SP092419
 Myosotis forsteri  Lehm. New Zealand, North Island, Ka weka Ranges WELT SP089928
 Myosotis forsteri  Lehm. New Zealand, North Island, Raukumara, Waioeka Conservation Area WELT SP089691
 Myosotis forsteri  Lehm. New Zealand, South Island, Northwest Nelson, Kahurangi National P ark WELT SP092179
 Myosotis glabrescens  L. B. Moore New Zealand, South Island, Central Otago, Hector Mountains WELT SP089801
 Myosotis macrantha  (Hook. f.) Benth. & Hook. f. New Zealand, South Island, Central Otago, Queensto wn, Moke Creek WELT SP100494
 Myosotis macrantha  (Hook. f.) Benth. & Hook. f. New Zealand, South Island, Northwest Nelson, Lak e Peel WELT SP100468
 Myosotis     pansa  (L. B. Moore) Meudt, Prebble, 

R. J. Stanley & Thorsen subsp.  pansa 
New Zealand, North Island, Auckland Region, Anawhata stream WELT SP089670

 Myosotis pansa   (L. B. Moore) Meudt, Prebble, 
R. J. Stanley & Thorsen subsp.  pansa 

New Zealand, North Island, Auckland Region, Pararaha Valley WELT SP089674

 Myosotis     pansa  subsp.  praeceps  Meudt, Prebble, 
R. J. Stanley & Thorsen 

New Zealand, North Island, Taranaki, Paraninihi/White Cliffs WELT SP089686

 Myosotis pansa   subsp.  praeceps  Meudt, Prebble, 
R. J. Stanley & Thorsen 

New Zealand, North Island, Waikato, Ngarupupu Point WELT SP089685

 Myosotis petiolata   Hook. f. New Zealand, North Island, Ha wkes Bay, Te Waka Range WELT SP089853
 Myosotis     pottsiana  (L. B. Moore) Meudt, Prebble, 

R. J. Stanley & Thorsen
New Zealand, North Island, Bay of Plenty , Ohutu Stream WELT SP089689

 Myosotis pottsiana   (L. B. Moore) Meudt, Prebble, 
R. J. Stanley & Thorsen

New Zealand, North Island, Bay of Plenty , Waikokopu Stream WELT SP089687

 Myosotis pulvinaris   Hook. f. New Zealand, South Island, Central Otago, Pisa Range WELT SP092196
 Myosotis  “small white” New Zealand, South Island, Northwest Nelson, Kahurangi National P ark WELT SP090251
 Myosotis  “small white” New Zealand, South Island, Northwest Nelson, Kahurangi National P ark WELT SP090247
 Myosotis spathulata   G. Forst. New Zealand, North Island, Ha wkes Bay WELT SP090628
 Myosotis spathulata   var.  radicata  L. B. Moore New Zealand, cultivated, origin Kaweka Ranges, North Island WELT SP092757
 Myosotis tenericaulis   Petrie New Zealand, South Island, Northwest Nelson, Kahurangi National P ark WELT SP092404
 Myosotis unifl ora  Hook. f. aff. New Zealand, South Island, Central Otago, Pisa Flats WELT SP089883

 Other  Myosotis  
 Myosotis arvensis   (L.) Hill New Zealand, North Island, Wellington, Karori WELT SP094173
 Myosotis australis  R. Br. Australia, New South Wales, Barrington Tops National Park MPN 44757
 Myosotis discolor   Pers. New Zealand, South Island, Central Otago, Ranfurly Holiday P ark WELT SP089930
 Myosotis laxa   Lehm. New Zealand, South Island, Canterb ury, Arthurs Pass WELT SP090206

  a  A written description of the population location is included rather than GPS locations due to the threatened status of these species. An * indicates the 
fi ve populations on which the mark ers were initially trialed. 

  b  One voucher was collected for each population used; all vouchers are deposited in the herbaria of the Museum of New Zealand Te Papa Tongarewa 
(WELT) or Massey University (MPN  ). 
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Appendix 3 Non-metric multidimensional scaling (nMDS) plot of combined herbarium 
and growth room data for the Myosotis pygmaea species group based on 52 characters and 
two dimensions retained. 
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Appendix 6 Structure plots of multiple datapartitions based on morphological clusters recovered 
in Chapter 2. Plots shown are of the K identified following the Evanno method (see each 
corresponding deltaK plot) with higher Ks shown that are of interest. A M. glauca morpho groups, K 
= 2 & 4. B M. brevis morpho group, K = 2, 4 & 10. C M. pygmaea morpho group, K = 2, 5 & 7. D M. 
drucei-plus morpho group, K = 2, 7 & 15. Population codes are shown in Figure 4.2 and Table 4.4, 
voucher details are in Appendix 2, and more details about each dataset is in Table 4.1. 
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Appendix 7 Structure plots of multiple datapartitions based on clusters recovered in the Structure 
analyses of the “pygmy-only” datasets at K = 3. Plots shown are of the K identified following the 
Evanno method (see each corresponding deltaK plot) with higher Ks shown that are of interest. A 
M. brevis-plus Structure group, K = 5 & 12. F M. drucei-plus Structure group, K = 2, 5, 13 & 28. G M. 
pygmaea-reduced Structure group, K = 2 & 5. Population codes are shown in Figure 4.2 and Table 
4.4, voucher details are in Appendix 2, and more details about each dataset is in Table 4.1. 
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