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Thesis Summary 

 
Freshwater environments are threatened worldwide by external stressors and biodiversity 

decline, with major implications for ecosystem resilience. The genetic consequences so far 

have been neglected, especially for freshwater invertebrates, though their abundance, 

diversity, ease of sampling and functional importance renders them ideal candidates for 

genetic appraisal. 

For three freshwater invertebrates (Amphinemura sulcicollis, Isoperla grammatica and 

Baetis rhodani) novel microsatellite markers were developed so that genetic structure, and 

genetic diversity could be assessed throughout upland Wales. The aim was to investigate 

dispersal and the genetic response to environmental stressors. Genetic diversity in these 

species was compared to species diversity across whole macroinvertebrate assemblages to 

investigate what factors might cause a correlation between these fundamental levels of 

biodiversity. The demographic history of each species was also investigated with the aim of 

assessing whether reduced genetic diversity was due to bottlenecks and more broadly, what 

this indicates in terms of the populations’ resilience. 

Species differed in their genetic structure and genetic diversity. All three species showed 

effective dispersal and geneflow, with each species displaying panmixa across catchments in 

southern and mid-Wales. However, A. sulcicollis and I. grammatica revealed genetic 

isolation and reduced genetic diversity at specific northern sites. Genetic and species 

diversity were correlated positively only in A. sulcicollis, where isolation combined with a 

common driver were the likely cause. There was evidence of recent bottlenecks in all three 

species. 

All these results could be explained by an underlying genetic response to post-industrial 

acidification: reduced genetic diversity correlated significantly with acidity for A. sulcicollis, 

while reduced species diversity and genetic bottleneck signatures was consistent with 

chronic and episodic acidification across the Welsh region. 



xx 
 

Overall, these results show how a positive correlation between species and genetic diversity 

can never be assumed, and illustrate how assessments of genetic health expand insights 

available from traditional biodiversity assessment. 
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Chapter 1 - Part 1 

1.1 General introduction 

1.1.1 Why do we care about biodiversity? 

It is generally accepted that we are in the midst of a ‘sixth extinction’ (Leakey and Lewin 

1995). Accurately estimating the number of species that have already become extinct during 

this period is extremely difficult, particularly as many species remain undiscovered.   

According to Dr Dias, (Braulio Ferreira de Souza Dias, Executive Secretary of the Convention 

on Biological Diversity) estimates of extinction rates vary between 2 and 100 million species 

(Knight 2012). Humankind relies on the planet’s biodiversity for three main reasons. Firstly, 

for food, medicine, and a whole manifest of other materials and fibres. Secondly, for 

ecosystem services, for example, natural pest control and crop pollination (Frankham et al. 

2002), and thirdly, biodiversity provides social benefits in the form of recreation and 

ecotourism. These services have been valued at between 490 international dollars per 

hectare per year (int$/hr/yr) provided by environments such as the open ocean, to almost 

350,000 int$/hr/yr for environments such as coral reefs (de Groot et al. 2012). Ecosystem 

service demands will increase with an increasing population. Between 1997 and 2011, the 

global human population increased by 16% (from 5.83 to 7 billion), and is now estimated to 

be around 7.4 billion. As a consequence, ecosystems and the services they provide will 

become increasingly more stressed and less functional (Costanza et al. 2014; UN 2015). 

All levels of diversity are important, and both species and genetic diversity contribute to 

ecosystem diversity (Hughes and Stachowicz 2004). Greater species diversity has been 

linked with higher productivity (Moreira et al. 2012), as well as increases in a community’s 

resistance and resilience to a range of unpredictable events (Carreño-Rocabado et al. 2012; 

Bernhardt and Leslie 2013). Resilience is defined in ecology as the capacity of an ecosystem 

to respond to a disturbance by resisting damage and recovering quickly (Hodgson et al. 

2015). Genetic diversity is an essential determinant of a population’s evolutionary potential. 

It is this diversity that has allowed organisms to evolve and adapt to the environment. It is of 

particular relevance in the context of climate change, pollution, invasive species, disease, 
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pests and parasites (Frankham et al. 2002). For example, in dominant plants, genetic 

diversity has been shown to correlate with ecosystem resistance to disturbance (Hughes 

and Stachowicz 2004) and with ecosystem recovery after climatic extremes (Reusch et al. 

2005).  

 

1.1.2 Importance of freshwater ecosystems 

Freshwater ecosystems are the most threatened habitats worldwide, with their biodiversity 

declining at a greater rate than any other ecosystem (Sala et al. 2000; Dudgeon et al. 2006; 

Sievert et al. 2016). Though covering only 0.8% of the Earth’s surface, freshwater 

ecosystems contain 6% of all species (Dudgeon et al. 2006) and are worth an estimated 4 

trillion US$ in terms of ecosystem services to society (Costanza et al. 2014). Rivers and 

streams provide direct economic benefit to humankind from water supply, fisheries, energy 

generation and recreation, e.g. recreational fishing, which is a hugely popular and profitable 

industry (Moss 1998), as well as social and health benefits provided by their cultural 

importance and aesthetics. Experiencing nature, such as walking along a riverside, has been 

shown to relax mental fatigue and improve cognitive function, as well as relieving stress and 

depression (Wolf and Flora 2010). Freshwater ecosystems also provide a range of functions 

such as biogeochemical cycling, carbon storage and local climate regulation (Anas et al. 

2015; Williamson et al. 2016). 

This immensely important ecosystem is, however, being threatened due to over-

exploitation, pollution, flow modification, species invasion and habitat degradation (Postel 

and Richter 2003; Xenopoulos et al. 2005; Dudgeon et al. 2006; Jaramillo and Destouni 

2015). The effects of climate change will exacerbate these effects further (Heino et al. 2009; 

Dohet et al. 2015), creating major ecological pressures on freshwaters and their 

conservation. The effects of fluctuations or extreme events due to climate change are 

predicted to simplify food web network structure, impair energetic transfer efficiency; and 

reduce resilience (Woodward et al. 2016). The position of freshwater habitats, embedded 

and downhill of the terrestrial world, makes them vulnerable to the anthropogenic activities 

occurring in the drainage basin, for example, land clearing, industry, and fertilization 

(Strayer 2006). Conservation efforts to protect aquatic environments are critical to slowing 
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the decline in biodiversity and preventing future losses (Master et al. 1998; Sievert et al. 

2016). To plan for long-term biodiversity conservation, assessment of current biodiversity 

patterns is essential.  

 

1.1.3 Freshwater invertebrates 

Freshwater invertebrates are an integral and highly diverse part of the freshwater 

environment, with around 90,000 species described, representing 17 phyla and 570 families, 

with new species being frequently discovered  even in well know groups and geographical 

areas (Strayer 2006). They are economically important as food sources, both directly 

(human consumption, e.g. mussels) or indirectly through their essential role in food webs, 

which link them to other trophic levels important in industry and conservation (e.g. fish and 

water fowl (Whiles 2013; Resh and Rosenberg 2014)). These invertebrates have many 

functional roles within their environment, such as regulating primary production, 

decomposition, water clarity, thermal stratification and nutrient cycling (Strayer 2006). 

Macroinvertebrates also represent one of the most important elements in aquatic food 

webs, primarily because of their consumption of large volumes of terrestrial material which 

enhances the energetic balance of the whole ecosystem (López-rodríguez et al. 2010). 

 
Freshwater invertebrate populations make excellent models for basic ecological studies 

because of their abundance, diversity, ease of sampling and functional importance (Strayer 

2006). Invertebrates are the most commonly used organisms worldwide for biological 

monitoring of environmental quality, conservation assessment and ecological health 

(Pfrender et al. 2010; Resh and Rosenberg 2014; Buss et al. 2015; Cardoni et al. 2015). They 

are used as model organisms for toxicological studies, and as water quality indicators (Lock 

and Goethals 2008), and are recognised as such by the Water Framework Directive 

(2000/60/CE) (European Commission 2000). Freshwater invertebrates face the same threats 

as freshwater ecosystems, though scientific knowledge, although substantial for some 

groups of invertebrate, is still far less than for vertebrates (Strayer 2006). 
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1.1.4 Importance of genetic studies 

The International Union for Conservation of Nature (IUCN)  and the Convention on Biological 

Diversity (CBD) both recognise that biodiversity must be conserved at three different levels: 

ecosystem, species and genetic (McNeely et al. 1990). Reducing the decline of biodiversity is 

set out by the 2010 Aichi Targets to the United Nations as a priority international goal 

(Pereira et al. 2013). The importance of genetic diversity is highlighted by the CBD’s addition 

of Aichi Target 13, which seeks to minimise genetic erosion and safeguard genetic diversity. 

Unfortunately, this remains generally neglected in local, national and international 

conservation planning (Laikre et al. 2009; Taberlet et al. 2012), particularly in the freshwater 

environment (Crook et al. 2015). While assessments of the resulting risks in freshwater 

ecosystems are increasingly widespread, overwhelmingly they are based on traditional 

abundance and species compositional data and largely ignore indicators of genetic 

biodiversity, which may directly affect the resilience of the ecosystem (e.g. Villalobos et al. 

2013; Chessman 2015; Storey 2015). To achieve Aichi Target 13, genetic diversity 

assessment should be an integral part of any biodiversity study (Taberlet et al. 2012) 

because a strong foundation of genetic knowledge is essential to preserve and protect 

genetic diversity (Hoban et al. 2013). 

Molecular markers can be used to aid and inform biodiversity conservation. They can 

provide more cost-effective and reliable indicators of demographic change than some 

traditional approaches, providing information relevant to both ecological and evolutionary 

time-frames (Schwartz et al. 2007). For example, DNA barcoding can aid in monitoring the 

presence of a species, investigating hybridisation, and assessing for cryptic species (species 

which are morphologically identical but genetically distinct (Bickford et al. 2007)), that 

would otherwise be missed (Schwartz et al. 2007; Cardoni et al. 2015).  Other methods, such 

as the use of microsatellite loci, can determine current population structure (e.g. 

connectivity or isolation) and longer-term changes in abundance and distribution (effective 

population size and genealogy) (Theissinger et al. 2011). Without genetic techniques, 

tracking changes in abundance would be labour-intensive and require sampling over long 

time-periods. This could be expensive and, for invertebrates, be quite inaccurate. For 

example, studying invertebrate dispersal without genetic techniques can prove logistically 
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difficult and could lead to inaccuracies, particularly if the species occur over larger 

geographical distances, and if dispersal movements are rare. 

 

1.2 Main aims of study 

This study sets out to assess and explore biodiversity in the vulnerable environment of river 

catchments, specifically within the understudied macroinvertebrate community. In order to 

study this, three specific macroinvertebrate species were chosen, and their genetic health 

was assessed using newly developed molecular markers. A species ‘genetic health’ 

incorporates their evolutionary potential and to some extent their resilience, and in this 

thesis, is measured by their genetic diversity.  

Specifically, the main aims of this thesis were to investigate: 

Chapter 3 

1) The genetic structure of the macroinvertebrate species to explore dispersal and 

connectivity of streams in upland Wales. 

2) The genetic diversity of macroinvertebrate species and whether this is correlated 

with certain environmental stressors (e.g. pH and metal concentrations). 

Chapter 4 

3) Whether species and genetic diversity are correlated within the freshwater 

macroinvertebrate community. 

Chapter 5 

4) The demographic resilience of each species. Demographic resilience is defined here 

as the resilience of a population. For example populations that have undergone a 

bottleneck but have since grown or expanded could be said to have demographic 

resilience, because they would have responded to a disturbance by resisting damage 

and recovering quickly (as in Hodgson et al. 2015). Specifically, it will be investigated 

whether any differences in genetic diversity between sites is due to past bottlenecks. 

To provide appropriate background to these investigations, the remainder of Part 1 of this 

chapter sets out, firstly, to introduce the species studied; secondly, the reasons for choosing 
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microsatellite markers to achieve the above aims are discussed, and thirdly, to consider the 

limited availability of microsatellite loci for freshwater invertebrates and discuss previous 

studies in invertebrate genetics, focusing on the target species and species related to them. 

Part two of this chapter introduces the conceptual framework and contains a specific 

literature review of previous studies comparing species diversity and genetic diversity, 

(pertaining to aim 3). 

In Chapter 2 the study location and data collection methods are described, along with an 

investigation of cryptic diversity within target species using mitochondrial DNA.  The final 

design and description of novel microsatellite markers used in Chapters 3 to 5 will also be 

presented. Chapter 3 explores the genetic structure and diversity of each species and how 

this reflects on the individual’s dispersal, and hence their gene-flow. Correlations between 

genetic diversity and certain environmental stressors present in the freshwater environment 

are also investigated. In Chapter 4, correlations between genetic diversity and species 

diversity are investigated to determine the presence, if any, of a species-genetic diversity 

correlation (SGDC). Chapter 5 investigates the demographic history of each species to assess 

if any differences in genetic diversity could be caused by past bottlenecks and attempt to 

infer the resilience of each species. Finally, Chapter 6 synthesises the results found in all the 

previous chapters and discusses their significance and limitations.  

 

1.3 Study species 

Three macro invertebrate species, Amphinemura sulcicollis, Isoperla grammatica and Baetis 

rhodani were used to investigate the above aims in this study. These species were chosen 

because they represent different functional groups, yet, by reviewing past species data, 

were shown to co-occur at the same sites and are widespread enough to act as model 

organisms to study the genetic effects of a range of ecological pressures (Alp et al. 2012). 

Wide-ranging species with large population sizes are also the most likely to reveal historical 

population relationships, and allow the largest scope for comparison (Whiteley et al. 2006). 

Amphinemura sulcicollis, I. grammatica and B. rhodani’s broad geographical range can be 

used to compare rivers and streams of contrasting types, while also meeting policy needs, 
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which increasingly requires biomonitoring and conservation policies over large spatial scales 

(Statzner and Bêche 2010). All three species have aquatic larval and terrestrial adult stages, 

allowing a focus on dispersal and connectivity. The three species do, however, differ in size, 

functional group and trophic level (Table 1.1). Baetis rhodani also had the added benefit of a 

small number of microsatellite loci already being established (Williams et al. 2002). 
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1.3.1 Amphinemura sulcicollis  

a) b) 

  

Figure 1.1 Amphinemura sulcicollis a) larva; b) adult (Photo credit: James Lindsey at Ecology of 

Commanster). 

 

Amphinemura sulcicollis (Stephens, 1836; Figure 1.1) is an abundant stonefly (Plecoptera) 

species. As a widely distributed species in Europe, A. sulcicollis inhabits various freshwater 

habitats (many orders of rivers and lakes (Fochetti and Tierno de Figueroa 2008; de Figueroa 

et al. 2009)) and its ecology is well studied. Amphinemura sulcicollis is the smallest of the 

three species studied and Graf et al. (2002) categorised this species’ functional feeding 

group as 20% shredder (feeding on fallen leaves, plant tissue and coarse particulate organic 

matter (CPOM)), 30% detritus feeder (collector-gatherer, eating sedimented fine particulate 

organic matter (FPOM)) and 50% grazer (feeding on epilithic algal tissues, biofilm, and 

POM). López-rodríguez et al. (2010), for example, categorised the species as collector-

gatherer as it was recorded feeding principally on detritus and, to a lesser extent, CPOM. 

However, previous classical studies had noted that A. sulcicollis nymphs were herbivorous 

and fed mainly on leaves, mosses, detritus and algae (Hynes 1941, 1961a). Intraspecific 

differences in diet and ontogenetic variations have, however, been frequently found within 

Plecoptera (López-rodríguez et al. 2010) and, as Macneil et al. (1997) warns, `functional 

feeding groups' may actually be `fictional feeding groups'. 

The life cycle of A. sulcicollis is generally univoltine (one generation per year). This has been 

observed in many studies (Hynes 1961b; Maitland 1966; Lavandier and Dumas 1971; Smith 

et al. 2000; Fjellheim and Raddum 2008; de Figueroa et al. 2009). Nymphs are present in the 

benthos from November to April-May, growing at a constant rate except towards the end of 

http://popgen.unimaas.nl/~jlindsey/commanster.html
http://popgen.unimaas.nl/~jlindsey/commanster.html
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their larval stage when the growth rate increases.  The flight period of this species ranges 

from mid-April to June (Svensson 1977; de Figueroa et al. 2009). 

Though the ecology of A. sulcicollis is well studied, the genetic knowledge of this species is 

very limited. Prior to this present study there were no known microsatellite loci, and 

GenBank, a comprehensive database that contains publicly available nucleotide sequences 

(Benson et al. 2013), only had 15 sequences associated with the species. Seven of these 

sequences are from mitochondrial DNA of the cytochrome oxidase subunit I gene (mtDNA 

COI), but were only used as a comparison for a study on a related species, Amphinemura 

palmeni (Boumans and Baumann 2012). Apart from this, there are a further six genes 

available from an unpublished study (histone H3 gene, COII and 12S, 18S, 28S, 16S 

ribosomal RNA), and one sequence each from Thomas et al. (2000) and Amore et al. (2009) 

(one 18S ribosomal RNA gene and one hexamerin mRNA sequence, respectively). From 

numerous literature searches, there is one study which, using somewhat outdated 

techniques, reports an electrophoretic survey of 16 enzyme loci to compare nine British 

stonefly species (Lees and Ward 1987). Answers to basic questions on the species’ cryptic 

diversity, genetic structure and genetic diversity are therefore unknown.  

 

1.3.2 Isoperla grammatica 

a) b) 

  

Figure 1.2.  Isoperla grammatica a) larva (Photo credit: Lars L. Iversen); b) adult (Source 

http://www.orthoptera.ch/orthoptera-galerie/item/steinfliegen). 

 

http://www.orthoptera.ch/orthoptera-galerie/item/steinfliegen
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Isoperla grammatica (Poda, 1761; Figure 1.2) is also a stonefly species that, based on 

observations in other European rivers, typically has a univoltine life cycle (Hynes 1941; 

Hynes 1961b; Malmqvist and Sjöström 1989; Smith et al. 2000; de Figueroa et al. 2009b). 

Unlike A. sulcicollis, I. grammatica is a predator (70% of their diet comes from prey 

according to Graf et al. (2002), but the species can supplement its diet as 10% each comes 

from shredding, detritus feeding and grazing activities); it is known to prey upon both other 

target species, particularly B. rhodani (Malmgvist et al. 1991; Elliott 2003a, b). Although 

there is considerable variability in the size of the last instar, I. grammatica is always larger 

than Baetis rhodani and A. sulcicollis (Hynes 1941; Malmqvist and Sjöström 1989). 

Nymphs are present in the benthos between November and mid-June; with the exact period 

depending on temperature (incubation period lasting 36 days at 16 °C (Elliott 1991)). The 

species has a large size range (explained by sexual dimorphism) and short flight period 

occurring between May and June (de Figueroa et al. 2009). 

Genetic knowledge of this species is more limited than for A. sulcicollis; there is only one 

study that looks into respiratory proteins (the same study which also included A. sulcicollis 

and culminated in just two mRNA sequences deposited on Genbank for I. grammatica 

(Amore et al. 2009)). The same questions as for A. sulcicollis remain unanswered for this 

species. 
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1.3.3. Baetis rhodani 

a) b) 

  

Figure 1.3. Baetis rhodani a) larva (Photo credit: Lars L. Iversen); b) adult (Source 

http://www.naturamediterraneo.com/forum/topic.asp?TOPIC_ID=10692). 

 

Baetis rhodani (Pictet, 1843; Figure 1.3) is a widespread and abundant mayfly 

(Ephemeroptera) species. Within freshwater ecosystems individuals of the species act as 

generalist detritivores as they can be both scrapers and collector-gathers, feeding on 

periphyton and detritus (Baekken 1981). They are mainly found clinging to submerged rocks 

or plants in the rifle (Elliott and Humpesch 1983). Their high abundance has meant that B. 

rhodani has been well-studied. The species sensitivity to acidity makes them important 

indicators of water quality (Elliott et al. 1988); B. rhodani is a pivotal test species for 

investigating recovery of streams to acidification (Bradley and Ormerod 2002b; Andrén and 

Wiklund 2013) and metal pollution (Fialkowski et al. 2003).  

Baetis rhodani can have either one or two generations per year. Adults will emerge between 

April and August/September, with a second generation over-wintering as nymphs (Elliott et 

al. 1988; Kowalik and Ormerod 2006). This pattern has also been observed within the 

current study sites (Tywi catchment, (Masters 2002)). Though subtle differences in growth 

and life cycles within this species have been observed, this can occur over short distances 

and be attributed to differences in riparian cover and stream water temperature (Imholt et 

al. 2010). 

 

http://www.naturamediterraneo.com/forum/topic.asp?TOPIC_ID=10692
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Of the three target species used in this study, B. rhodani is the only one that has previously 

been the test species of a large-scale molecular study (Williams et al. 2002; Williams 2003; 

Williams et al. 2006). Williams et al. (2002) designed seven microsatellite primers, which 

have continued to be used in other studies (Table 1.2). Two previous studies, assessing 

streams in Switzerland (Alp et al. 2012) and Italy (Rebora et al. 2005) found that B. rhodani 

had weak genetic structure due to its high level of dispersal. It has also been well 

established through genetic techniques that B. rhodani contains cryptic diversity (Williams 

et al. 2006; Bisconti et al. 2016). 

 

Table 1.1. A summary of certain similarities and differences between the three target freshwater 

invertebrate species that may be relevant to this study. 

 Amphinemura 

sulcicollis  
Isoperla 

grammatica 
Baetis rhodani 

Phylum Arthropoda Arthropoda Arthropoda 
Class Insecta Insecta Insecta 
Order Stonefly (Plecoptera) Stonefly 

(Plecoptera) 
Mayfly 
(Ephemeroptera) 

Family Nemouridae Perlodiae Baetidae 
Genus Amphinemura Isoperla Baetis 
Abundance and 
Distribution 

Dominant, widespread 
 

Dominant, 
widespread 
 

Dominant, widespread 
 

Functional group Collector-gatherer/ 
shedder/grazer 
 

Predator Generalist detritivore or 
scraper/grazer 

Body Size Smallest  Largest Medium 

 

1.4 Why microsatellites were chosen as the genetic marker 

To study the genetic structure and diversity of these three target species, a suitable genetic 

marker had to be chosen. When choosing a genetic marker for a study, three factors must 

be considered: 1) the biological question being asked (Sunnucks 2000); 2) the timescale to 

be investigated; and, to a lesser extent, 3) cost. For the current study’s aims, species-specific 

microsatellite markers (also known as simple sequence repeats / SSRs) were chosen as the 

most appropriate marker based on these three criteria. 
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Microsatellite markers are the most widely used molecular marker in population genetics; 

this is because of their co-dominance, hyper-variability among individuals, multiallelic 

nature and reproducibility (Ellegren 2004; Kalia et al. 2011; Liu et al. 2015). Microsatellites 

are frequently successfully used to aid in biodiversity conservation in freshwater 

ecosystems, for example: wetland birds (Corrêa et al. 2015), fish (Raeymaekers et al. 2005; 

Abdul-Muneer 2014; Junge et al. 2014) and a range of invertebrates (Jones et al. 2015; 

Lopes-Lima et al. 2015; Pérez-Portela et al. 2015). The variability of microsatellite markers 

results from variation in the number of repeat-motifs at a locus caused by replication 

slippage and/or unequal crossing-over during meiosis (Kalia et al. 2011). 

Microsatellite markers provide a finer resolution for investigating population genetics 

compared to mitochondrial DNA (mtDNA). This is mainly due to a faster mutation rate 

(Shaw et al. 1999b), meaning microsatellites are better for investigating more recent 

evolutionary events such as isolation or bottlenecks. Mitochondrial DNA is better suited to 

phylogenetic studies but not for population differentiation at local scales (Flook and Rowell 

1997). Mitochondrial DNA can be used to investigate more ancient branches of the 

phylogenetic tree and to separate species. For this reason, mtDNA was used to investigate 

cryptic diversity within the three target species (Section 2.2.3). Also, as mtDNA only 

provides the maternal side of the ‘story’, if, for example, levels of dispersal, and therefore 

gene flow, are different between males and females of the species due to behavioural 

differences, mtDNA would only reveal female dispersal. 

Single nucleotide repeats (SNPs) are frequently used in the study of human (Consortium 

2007; Yang et al. 2010) and domestic animal (Zhang et al. 2012) genetics. The wide 

availability of sequences in these species provide opportunities to generate millions of SNPs. 

In less well studied species, and in studies where there is a large sample size (this present 

study used 701 different individuals without any replication) however, SNPs can be less cost 

effective as they are identified by sequencing, which is more expensive compared to 

fragment analysis. Nuclear SNPs also have a slower mutation rate compared to 

microsatellites (Vignal et al. 2002), so unless there are a very large number available, 

microsatellite markers are more appropriate for studying recent events. Tenesa et al. 

(2007), for example, used 1 million SNPs to determine the recent human effective 

population size. Additionally, using the more cost effective microsatellite markers allowed 
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higher levels of repetition for the final genotype data, and therefore provided a more 

reliable dataset. 

Other genetic markers have been previously used for similar population genetic studies. 

Some of these include:  random amplified polymorphic DNA (RAPD, e.g. Baillie et al. (2000)), 

restriction fragment length polymorphism (RFLP; e.g. Carew et al. (2003)), amplified 

fragment length polymorphisms (AFLP, e.g. Gomez-Uchida et al. (2003)); intersimple 

sequence repeat (ISSR, e.g. Abbot (2001) and allozymes (e.g. Daniels et al. 2002). Allozymes 

are no longer used in population genetics and although the other techniques listed can still 

be useful in some studies, none of these techniques are as polymorphic as microsatellites 

(Powell et al. 1996; Garcia et al. 2004). Both RAPD and AFLP are multi-locus approaches, 

which although technically convenient, have weaknesses and limitations which have been 

shown in a variety of organisms: 1) a considerable proportion of polymorphism detected by 

these markers could be non-heritable or not even derived from the target organism; 2) 

many current genetic analysis software do not support multi-locus markers; and 3) neither 

RAPD nor AFLP are  codominant, like microsatellite markers, therefore can only be scored as 

present or absent, whereas codominant markers have two alleles at each locus and can 

therefore be analysed more precisely (Sunnucks 2000). Applications of RAPDs and other 

techniques are more likely to be used for species discrimination and only for population 

screening when microsatellites are unavailable (Smith 2005). 

Microsatellite markers were therefore deemed the most appropriate molecular marker for 

investigating fine scale genetic structure and genetic diversity within A. sulcicollis, I. 

grammatica and B. rhodani. 

 

1.5 Invertebrate genetics in freshwater environment 

Strayer (2006) suggested that, compared to vertebrate species, invertebrates are 

understudied. To investigate the current extent of this for genetic studies on freshwater 

invertebrates, a literature search of studies using microsatellite markers was conducted. The 

search, using Scopus and Web of Science, was carried out using the key words 
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‘invertebrate’, ‘microsatellite’ and ‘freshwater’. Suitable studies listed in the bibliography 

and ‘cited by’ references were also included in the database. Thus, it is hoped, that almost 

all studies within the Class Insecta (the same Class as all three target species, Table 1.1) 

were included (last search: June 2016). There are some microsatellites that have been 

described for species within Insecta, but not yet used in a published study; for example, 

Dragonflies (Kurita et al. 2014) and Damselflies (da Silva-Méndez et al. 2013; Cao et al. 

2015). Descriptions of loci are only included in Table 1.2 if they are in the same taxomonic 

order as one of the target species (i.e. stonefly (Plecoptera) or mayfly (Ephemeroptera)). 

Though concentrating on the Class Insecta, some examples are included from the Phylum 

Arthropoda (Table 1.2), for example, from the subphylum Crustacea. Freshwater 

invertebrates outside of the Arthropoda phylum have however been excluded (e.g. 

freshwater mussels (Froufe et al. 2013) and bryozoa (Freeland et al. 2000a, b; Freeland et al. 

2001)). 

Freshwater macroinvertebrate species make up a diverse and abundant community; it is 

thought that globally, more than 20,000 dipteran species breed in freshwater worldwide 

(Hutchinson 1993; Covich et al. 1999). In light of this, and the fact that freshwater 

ecosystems are so threatened and well-studied in other aspects, Table 1.2 represents the 

relative knowledge gap in terms of genetic studies on macroinvertebrates. A thorough 

literature search returned just 21 studies that used microsatellite markers to investigate 

population structure of 16 different species of freshwater invertebrates from the Class 

Insecta (Table 1.2). Paz-Vinas et al. (2015) conducted a literature review of all taxa living in 

river ecosystems to investigate the spatial distribution of genetic diversity. Of 79 case 

studies, only seven species were not fish or plants, and only three species were from 

Arthropoda. This highlights that, at least in terms of fine-scale genetic knowledge, the whole 

phylum is understudied. When looking within orders Ephemeroptera (mayflies) and 

Plecoptera (stoneflies), there are only five and three species studied respectively (Table 1.2). 

Mayflies’ genetic structure (Gibbs et al. 1998; Rebora et al. 2005; Leys et al. 2016) has 

generally been studied  to investigate either their dispersal (Williams 2003; Alp et al. 2012) 

or to identify areas of high genetic diversity for conservation (Taubmann et al. 2011). The 

number of loci used varies considerably between studies; one study only identifies two loci 

(Pathirana et al. 2012), while others range from five to ten loci (Table 1.2). It is unknown as 
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to how many unlinked loci are needed to distinguish between recently diverged 

populations, though a greater number of loci provides greater statistical power (Haasl and 

Payseur 2011; Putman and Carbone 2014). Many studies choose a minimum of ten 

polymorphic loci (Cervini et al. 2006; Östergren et al. 2015). There are three previous 

studies on target species, B. rhodani, which used a maximum of seven loci (4 – 7 loci, Table 

1.2). Williams (2003) compared three different catchments; all subsequent studies compare 

B. rhodani across sites within the same catchment (though Alp et al. (2012) did include one 

outgroup population from a different catchment).  

The two target stonefly species, A. sulcicollis and I. grammatica, have no previous studies 

using microsatellites and the number of studies on related species is small (Table 1.2). 

Dinocras cephalotes is the closest related species to I. grammatica, both being predatory 

stoneflies. This species had high connectivity between the sites analysed; the study used 

only four loci and all loci developed were significantly out of Hardy-Weinberg equilibrium 

(HWE). This study also found that D. cephalotes did not contain cryptic diversity as has been 

found for B. rhodani (Elbrecht et al. 2014). Arcynopteryx compacta was studied using six loci, 

though 11 were described and, again, departures from HWE were observed. Within this 

study strong population differentiation was found between mountain ranges, and genetic 

hotspots were identified. This information was used to shed light on freshwater 

invertebrate’s response to Pleistocene climate change (Theissinger et al. 2013). For the only 

other stonefly species, Brachyptera braueri, microsatellites have been designed but only 

tested on a small subset of samples (Geismar and Nowak 2013). 

One, if not the main reason resources for invertebrates are still limited when compared to 

vertebrates is largely due to the requirement to develop species-specific microsatellites. 

This constraint is diminishing as the cost of Next Generation Sequencing (NGS) declines 

while sequence output increasing; this has led to an acceleration in microsatellite locus 

discovery (Yu et al. 2011; Fernandez-Silva et al. 2013). 

The genetics of freshwater invertebrates have usually been studied through methods that 

do not require species-specific markers. Nukazawa et al. (2015) used non-neutral amplified 

fragment length polymorphism (AFLP) to study four stream invertebrates (three caddisflies, 

Hydropsyche orientalis, Stenopsyche marmorata and Hydropsyche albicephala, and one 
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mayfly, Ephemera japonica). This study predicted spatial patterns along an elevational 

gradient, and attempted to explain the results in terms of adaption whereby lowland 

habitats only accommodate genotypes adapted to severe thermal conditions. Most studies 

on stream macroinvertebrates use mitochondrial DNA, usually cytochrome c oxidase 

subunit I (COI), though as explained in Section 1.4, mtDNA is most appropriate for 

phylogenetic rather than fine scale population studies. Addison et al. (2015) used mtDNA 

(COI) to examine the population genetic structure and phylogeography of the predatory 

caddisfly, Rhyacophila minor; Wickson et al. (2014) investigated the dispersal potential of 

Australian caddisfly Lectrides varians, and Saito and Tojo (2016) investigated the genetic 

structure of habitat generalist mayfly, Isonychia japonica. Using mtDNA, multiple species 

can be screened with the same marker making studies involving many species more 

accessible, whereas most studies with microsatellites focus on just one species, especially 

when loci do not co-amplify (see only two exceptions in Table 1.2). Chester et al. (2015) 

compared the genetic structure of six different freshwater invertebrate species in Victoria, 

Australia, identifying many differences between species. They found that the large caddisfly 

(Lectrides varians) was panmictic indicating strong dispersal capacity, while the small 

caddisfly (Agapetus sp.) had limited gene flow, indicating that size may impact dispersal 

ability. Both mayflies (Koorrnonga AV3 and Nousia AV1) showed evidence of gene flow 

among streams, also Nousia AV1 (the more widespread species) appeared to disperse 

across land by adult flight. The water penny beetle (Sclerocyphon sp.) showed an unusual 

pattern of genetic structure that indicated limited dispersal while the freshwater crayfish, 

Geocharax sp., had high levels of genetic structure indicating limited dispersal among 

streams (Chester et al. 2015). 

Though results from mtDNA and microsatellite markers have been known to correlate, 

mtDNA has also been shown not to reveal genetic structure where microsatellites do (e.g. 

Feulner et al. 2004; Rodríguez et al. 2010; Teske et al. 2015). Therefore, when using mtDNA 

there is a chance that the fine scale genetic structure between populations could be missed.
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Table 1.2. Literature review of previous studies on freshwater invertebrates. This table represents the result of a comprehensive search for all studies of 

freshwater invertebrates of the class Insecta, which utilised microsatellite markers; also includes some examples of other invertebrates from the phylum 

Arthropoda (e.g. Crustaceans). References include description of microsatellite loci if published separately.  

No. Species Relevance to 
target species 

No. microsats 
(No. of sites) 

Region Main aims (Aim) and conclusions (Conc.) of 
study 

Reference 

1 Baetis alpinus Same Genus 
as target sp. 
Alpine mayfly 

10 loci 
(24 sites) 

Central Alps Aim: Access cryptic genetic variation within B. 

alpinus 

Conc.: Consists of two reproductively isolated 
units sharing the same geographical 
locations, which differed in relative 
abundance, overall levels of genetic diversity 
as well as patterns of population structure 

Leys et al. 
(2016) 

2 Drusus discolor Same Class 
(Insecta) as 
target spp. 
Montane 
caddisfly 

20 loci  
(44 sites) 

Two central German 
highlands 

Aim: How dispersal modes affect population 
structure, and how landscape structure 
affects dispersal. 
Conc.: High levels of overland dispersal up to 
20 km showing that surrounding landscapes 
or catchment boundaries did not drive 
population structure. 

Geismar et al. 
(2015) 

3 Heterotrissocladius 
marcidus 

Same Class 
(Insecta, Order 
Diptera) as 
target spp. 
Chironomid, 
Midge 

17 loci (21 loci 
developed) 
(6 sites) 

High Tatra 
Mountains, Western 
Carpathians, 
Slovakia, Central 
Europe 

Aim: Develop microsatellite markers and test 
their application 
Conc.: Bayesian cluster analysis revealed 
limited gene-flow between alpine lakes 

Goffová et al. 
(2015) 

4 Parabathynellidae Same Phylum 
as target spp. 
Crustacean 

8 loci 
(8 sites) 

New South Wales, 
Australia 

Aim: Assess small-scale genetic diversity and 
structure 
Conc.: Significant intraspecific genetic 
structuring was found, supporting the view of 
limited dispersal. 

Asmyhr et al. 
(2014) 

https://data.nbn.org.uk/Taxa/NBNSYS0000160231
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No. Species Relevance to 
target species 

No. microsats 
(No. of sites) 

Region Main aims (Aim) and conclusions (Conc.) of 
study 

Reference 

5 Dinocras cephalotes Same Genus 
as target spp. 
Predatory 
stonefly 

4 loci (15 
developed) 
Plus CO1 mtDNA 
(29 populations) 

Ruhr river basin of 
North Rhine-
Westphalia, 
Germany 

Aim: Investigate intraspecific genetic 
diversity and population connectivity and 
cryptic species.  
Conc.: Found high connectivity among all 
populations through dispersal of the adult 
female. Though two distinct haplotypes, 
D.cephalotes is considered a single valid 
species 

Elbrecht et al. 

(2014) 

6 Wangiannachiltonia 
guzikae 

Same Phylum 
as target spp. 
Crustacean 
Spring 
amphipod 

11 loci 
(14 springs) 

Springs of the Great 
Artesian Basin (GAB) 
in central Australia 

Aim: Investigate fine-scale dispersal 
mechanisms to aid conservation 
management that maintain gene flow genetic 
diversity. 
Conc.: Low levels of gene flow and significant 
population differences found. As this sp. has 
no terrestrial life stage connectivity between 
springs is needed. 

Robertson et al. 
(2014) 

7 Paratanytarsus 
grimmii 

Same Class 
(Insecta, Order 
Diptera) as 
target spp. 
Chironomid  

6 loci 
Plus 2 mtDNA 
markers 
(5 populations) 

Australia, England, 
Germany, Japan, and 
Canada 

Aim: Compare mtDNA and microsatellite loci 
Conc.: Extremely low mitochondrial diversity 
but high levels of genotypic endemism 
suggesting P. grimmii populations have 
remained relatively isolated after an initial 
spread. 

Carew et al. 
(2013) 

8 Brachyptera braueri Same Genus 
as target spp. 
Stonefly 

13 loci  
(2 populations) 

Germany Aim: Identify microsatellite loci 
Conc.: Identified loci for use in fine-scale 
population studies 

Geismar and 
Nowak (2013) 

9 Coenagrion 

mercurial 

(3rd study on this sp.) 

Same Class 
(Insecta, Order 
Odonata) as 
target spp. 
Southern 
Damselfly 

12 loci 
(19 sites) 

Oberaargau region, 
Switzerland 

Aim: Investigate dispersal habitats compared 
to mark and recapture. 
Conc.: Populations well connected. Short-
distance dispersal occurred along streams, 
and discontinuity of streams hindered 
dispersal. Long-distance dispersal was 

Keller and 
Holderegger 
(2013) 
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No. Species Relevance to 
target species 

No. microsats 
(No. of sites) 

Region Main aims (Aim) and conclusions (Conc.) of 
study 

Reference 

suggested to happen along more or less 
straight lines (≤4500 m). 

10 Abedus herberti Same Class 
(Insecta, Order 
Hemiptera) as 
target spp. 
Giant water 
bug 

10 loci  
(20 populations) 

Perennial stream 
habitats in arid 
regions of North 
America 

Aim: Investigate genetic connectivity and its 
association with landscape variables 
(representing hypotheses of landscape-level 
connectivity) 
Conc.: Strong population structure was 
found. Concluded that population 
connectivity may depend on the shape of 
local overland topography rather than direct 
connectivity. 

Phillipsen and 
Lytle (2013) 

11 Arcynopteryx 

compacta 
Same Genus 
as target spp. 
Arctic–alpine 
Stonefly 

6 used (11 loci 
designed) 
Plus mtDNA CO1 
(46 sites) 

Variety of European 
mountain ranges 

Aim: Investigated the glacial survival and 
post-glacial recolonization routes (European 
Pleistocene and Holocene history) of the sp. 
Conc.: Strong population differentiation 
between mountain ranges and genetic 
hotspots. Suggests that aquatic organisms 
may have reacted differently to Pleistocene 
climate change compared with terrestrial 
species. 

Theissinger et 

al. (2009) & 
Theissinger et 

al. (2013) 

12 1) Baetis rhodani 

(3rd study on this sp.) 
2) Gammarus 

fossarum 

(1) Target 
species 
(2) Same 
Phylum as 
target spp. 
Crustacean, 
Amphipod 

1) 6 loci  
(11 Sites) 
2) 9 loci  
(14 sites) 

Within 1 Swiss pre-
alpine catchment 
(looked within 
35.7km) 

Aim: Compared differences in small-scale 
connectivity (gene flow) between two spp’s 
contrasting dispersal-related traits. Utilises 
landscape genetic approaches. 
Conc.: Weak structure in B. rhodani 
compared strong in G. fossarum.  Attributed 
to dispersal capacity but also habitat 
specialisation and potentially the extent of 
local adaptation could be responsible for the 
differences in genetic differentiation. 

Alp et al. (2012) 

13 Coenagrion Same Class 12 loci Oberaargau region, Aim: Assess functional connectivity of Watts et al. 
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No. Species Relevance to 
target species 

No. microsats 
(No. of sites) 

Region Main aims (Aim) and conclusions (Conc.) of 
study 

Reference 

mercurial 

(2nd study on this sp.) 
(Insecta, Order 
Odonata) as 
target spp. 
Southern 
Damselfly 

(15 sites with 
≥10) 

Switzerland populations of the endangered damselfly. 
Conc.: Effective dispersal between sites 
linked by agricultural land (1.5–2 km), 
however substantial elevation change and 
larger forest patches separated populations. 

(2004) & Keller 

et al. (2012) 

14 Chironomus riparius  
(Loci also cross 
amplify in 
Chironomus piger 
but have species-
specific alleles for 
discrimination 
between the two) 

Same Class 
(Insecta, Order 
Diptera) as 
target spp. 
Chironomid 

5 loci  
(over many 
generations) 

Laboratory 
experiment 

Aim: Experiment exposing spp. to pesticide 
tributyltin doses over multiple generations. 
Conc.: Inbreeding and the level of genetic 
diversity strongly impacts life-history of 
midges. Increasing genetic diversity rapidly 
restores population fitness. Highlights 
importance of considering genetic diversity in 
ecotoxicology 

Nowak et al. 
(2006) & 
Nowak et al. 
(2012) 

15 Rhithrogena 

japonica 

Same Genus 
as target sp. 
Mayfly 

2 loci 
(7 sites) 

Peninsula and 
central Honshu of 
Japan. 

Aim: Identify microsatellite markers 
Conc.: Isolated two polymorphic loci and 
found impaired genetic flow between 
populations as a result of geographic distance 
and physical barriers. 

Pathirana et al. 
(2012) 

16 Coenagrion 

mercurial 

(1st study on this sp.)
  

Same Class 
(Insecta, Order 
Odonata) as 
target spp. 
Southern 
Damselfly 

14 loci 
(9 sites) 

Southern England, 
UK 

Aim: Investigate whether there is 
demographic isolation between coexisting, 
but alternate, semivoltine cohorts. 
Conc.: Different cohorts differ in population 
size but gene flow is sufficient. 

Watts et al. 
(2004) & Watts 
and Thompson 
(2012) 

17 Macrobrachium 

australiensis 
Same Phylum 
as target spp. 
Crustacean 

4 loci  
(10 sites) 
 

Murray–Darling 
Basin, western 
Queensland, 
Australia 

Aim: Investigating connectivity and gene 
flow.  
Conc.: Found weak genetic structure but 
some significant FST values suggested that the 
population isn’t entirely panmictic 

Huey et al. 
(2011) 

18 Ameletus inopinatus Same Genus 
as target sp. 

8 loci (10 loci 
designed)  

Highlands of Central 
Europe and a more 

Aim: Identify area’s of high genetic diversity 
therefore areas of priority for conservation. 

Theissinger et 

al. (2008) & 
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No. Species Relevance to 
target species 

No. microsats 
(No. of sites) 

Region Main aims (Aim) and conclusions (Conc.) of 
study 

Reference 

Mayfly (31 sites, 18 with 
<10 samples) 

continuous 
distribution across 
Fennoscandia and 
Northern, Euro-
Siberia. 

Conc.: High genetic diversity areas isolated, 
that if preserved would maintain present-day 
genetic diversity and continue to provide 
long-term suitable habitat under future 
climate warming scenarios. 

Taubmann et 

al. (2011) 

19 Tasimia palpata Same Class 
(Insecta) as 
target spp. 
Stone-cased 
caddisfly 

2 loci 
Plus mtDNA (COI) 
(2 populations) 

Northern and 
Southern Australia 

Aim: Investigate the role of the adult 
emergence patterns in genetic patchiness 
and compare patterns of genetic 
differentiation in subtropical and emerging 
temperate populations. 
Conc.: Though distinct patterns of genetic 
structure and deviations from HWE were 
observed in both populations, no evidence 
was found suggesting that these were caused 
by differences in emergence patterns. 

Schultheis et al. 
(2008) 

20 1) Plectrocnemia 

conspersa 

(2nd study on this sp.) 
2) Plectrocnemia 

flavomaculatus 

Same Class 
(Insecta) as 
target spp. 
Caddisfly’s 
 
 

1)7 
(45 sites) 
2)9  
(10 sites) 

South-east 
and north-west 
England 

Aim: Investigate the hierarchical genetic 
structure both spp. and genetic structure of 
P. conspersa comparing the lowland south-
east with that in an upland region in the 
north west. 
Conc.: Weak genetic differentiation in P. 

conspersa but strong genetic differentiation 
P. flavomaculatus suggesting different 
dispersal abilities. 

Wilcock et al. 
(2001b); 
Dawson and 
Wilcock (2002) 
& Wilcock et al. 
(2007) 

21 Baetis rhodani 

(2nd study on this sp.) 
Target species 4 loci  

(6 sites from 3 
streams) 

Northern Italy Aim: Preliminary analysis of the genetic 
differentiation of the mayfly B. rhodani 
Conc.: No specific population pattern 
observed though high FST values suggested 
limited dispersal across sampling sites. 

Williams et al. 
(2002) & 
Rebora et al. 

(2005) 

22 Plectrocnemia 

conspersa 

Same Class 
(Insecta) as 

6 loci 
(200 m stretch) 

River Medway in 
south-east England, 

Aim: Investigating small-scale patterns in 
oviposition and genetic relatedness.  

Wilcock et al. 
(2001b) & 
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No. Species Relevance to 
target species 

No. microsats 
(No. of sites) 

Region Main aims (Aim) and conclusions (Conc.) of 
study 

Reference 

(1st study on this sp.) target spp. 
Caddisfly 

UK Conc.: Siblings did disperse away from each 
other quickly and that kin structure did not 
persist over time and refutes the patchy 
recruitment hypothesis 

Wilcock et al. 
(2005) 

23 Baetis rhodani 

(1st study on this sp.) 
Target species 7 loci 

(9 sites) 
Tywi, Wye and Usk 
catchments in south 
Wales, UK 

Aim: Testing hypothesis that B. rhodani had 
limited dispersal. 
Conc.: No genetic structure was detected, 
concluded that neither dispersal nor 
geographical isolation will limit the recovery 
of streams. 

Williams (2003) 

24 Siphlonisca 

aerodromia 
Same Genus 
as target sp. 
Tomah mayfly 
 

5 loci 
(6 sites) 

Maine, USA Aim: Assess genetic differentiation. 
Conc.: Found differentiation between sites. 
Suggested that differentiation was a result of 
geographical isolation and long-term 
reproductive isolation, due to climatic 
differences between these areas result in a 
substantial gap (∼20 d) in emergence times 
of the reproductively active, short-lived 
adults. 

Gibbs et al. 
(1998) 



Chapter 1 – Part 2 

25 
 

Chapter 1 - Part 2 Species-Genetic Diversity Correlation Conceptual Framework 

 

1.6.0 Abstract 

When facing global biodiversity decline from such threats as climate change and habitat 

loss, the need to accurately assess and conserve biodiversity has never been so great. One 

of the major gaps in knowledge is the possibility of a species-genetic diversity correlation 

(SGDC). Theory suggests that the underlying processes affecting species and genetic 

diversity could cause them to co-vary in response to environmental heterogeneity. Previous 

studies suggest that a positive SGDC is found more regularly than not, however caution 

must be taken because a positive correlation is not universal, and a conservation strategy 

that only considers one level of biodiversity may be missing vital information, which may 

affect its success. Further research is needed to discover in what environments and with 

what species a positive SGDC is found. Chapter 4 represents an empirical study into whether 

there is a relationship between species and genetic diversity within macro-invertebrate 

communities in freshwater streams across upland Wales. Meanwhile, here, the conceptual 

framework is laid out and the previous literature reviewed. 
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1.6.1 Introduction 

During the past decade, studies (e.g. Vellend and Geber 2005; Cleary et al. 2006) have 

hypothesised a correlation between what many believe are the two fundamental levels of 

biodiversity: species and genetic diversity. Some researchers have speculated that one 

should be able to predict the other (e.g. He et al. 2008) and that species diversity could be 

used as a surrogate for genetic diversity, and vice versa. This possibility is appealing, as it 

would greatly simplify biodiversity assessments, and make them significantly more 

affordable. But do empirical studies comparing species and genetic diversity support this 

assumption, or is an assumed relationship over-simplifying complex ecosystems? 

Janis Antonovics was one of the first to link species and genetic diversity, and suggested that 

a positive correlation might exist between them (Antonovics 1976, 1978, 1992). Prior to this, 

community ecology and population genetics tended to be treated and studied separately. 

More recently the number of multidisciplinary studies claiming to be part of either 

‘community genetics’ or ‘ecological genetics’ has been gradually increasing (Antonovics 

1976, 1992; LeRoy et al. 2012; Vellend et al. 2014; Xu et al. 2016). 

 

1.6.1.1 SGDC Theory 

Vellend and Geber (2005), in their review paper, synthesised the theory behind species-

genetic diversity correlation (SGDC) and formalised a conceptual framework onto which 

others have built. They suggested three different ‘cases’ to argue how species and genetic 

diversity may be linked (Figure 1.4). 
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Figure 1.4. ‘Potential connections between genetic diversity and species diversity’. Modified from 

Vellend and Geber (2005). 

 

Case one: How can heterogeneous environments cause parallel responses? 

Case one suggests that characteristics of different localities (a locality being defined as an 

area where the community may be found) offer spatially-varying selection pressures which 

may affect both species and genetic diversity. This is because the processes affecting both 

levels may be very similar and therefore cause a parallel response, meaning that both are 

either increased or reduced. Processes that may cause a parallel response include:  

1) Mutation and speciation. These processes create new genes and species, 

respectively, but each work on very different time-scales. Vellend and Geber (2005) 

suggest that these particular processes have the least influence on causing a parallel 

response.  

2) Immigration. The isolation and physical barriers of the locality will affect the rate of 

immigration and, consequently, the rate of individuals of different species and 

genotypes joining the community.  

3) Genetic and community drift. These are random fluctuations in the relative 

abundance of alleles and species, respectively. The amount of influence drift has on 

a community can also be a factor of the environment as different localities can 
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support different sizes of populations within a community; population size is 

intrinsically linked with drift. 

4) Selection. Certain genotypes and species have different relative fitness in different 

localities with different selection pressures, therefore spatial and temporal 

environmental heterogeneity can cause diversifying selection gradients.  

 

Within Case one, environmental heterogeneity appears to play a large part in driving 

parallel responses in species and genetic diversity. There are two main types of 

heterogeneity that can exist within a locality: 

1) Exogenous. This type of heterogeneity can be defined as the spatial or temporal 

variation in abiotic properties such as slope, temperature and soil quality, or in the 

freshwater environment, pH and water quality (Bell et al. 1993; Vellend and Geber 

2005). As different species show individualistic responses to abiotic properties, it is 

not easy to predict the consequences to diversity of, for example, a pH or land-use 

gradient.  

2) Endogenous. This is the effect of individuals interacting within the community, for 

example, the level of competition, and the proportions of predators and prey. A 

population of the same species is likely to be more successful in a locality with low 

compared to high predation. Again, individuals will respond in different ways to 

competition and immigration rates. 

 

When investigating SGDCs, Vellend and Geber (2005) recognised that to make comparisons 

in genetic heterozygosity communities with similar composition must be used. Endogenous 

heterogeneity may therefore potentially have less of an effect, or certainly a harder one to 

investigate, compared to exogenous heterogeneity.  

 

Case two: How could genetic diversity affect species diversity? 

Case two describes the scenario where genetic diversity of the individuals in a locality could 

influence the species diversity and cause a SGDC. Case two seems to have the most diverse 

outcomes depending on the exact circumstances and composition of the community, 
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though usually relies on genetic diversity having a consequence (either positive or negative) 

on the individuals’ present fitness rather than their evolutionary potential. Vellend and 

Geber (2005) reflected upon this relationship using a number of scenarios. 

 

Scenario 1 - Population level effects 

At the population level, high genetic diversity is thought to increase the population’s fitness 

and hence reduce extinction risk, therefore preserving species diversity. There are three 

central mechanisms that might lead to a positive correlation between genetic and species 

diversity in an unstable environment, without a strong selection pressure: 

1) If different genotypes utilise different resources, this may encourage co-existence 

(Antonovics 1978; Vellend and Geber 2005). 

2) If genetic diversity can offer protection against natural fluctuations in environmental 

conditions in time and space (Williams 1975; Vellend and Geber 2005). 

3) If genetic diversity acts as a cushion against the undesirable effects of competitors 

(Burdon 1987; Vellend and Geber 2005). 

 

Scenario 2 – In a stable environment 

If however the environment is stable and a strong selection pressure favours a few 

genotypes, then at first genetic diversity might reduce the fitness of the population, though 

this ‘genetic load’ would be swiftly removed from the population as species specialise and 

niche widths narrow (Crnokrak and Barrett 2002; Vellend and Geber 2005; Zheng et al. 

2012). Under this scenario species and genetic diversity may show a negative correlation.  

 

Scenario 3 – With a dominant species 

Population level effects can transcend to community level effects if there are either only a 

small number of species in a community, or if there is a dominant species (Whitham et al. 

2003; Vellend and Geber 2005; LeRoy et al. 2012). If there are only a few species and low 

genetic diversity is the cause of one of these species becoming locally extinct then this could 

cause a positive relationship between species and genetic diversity (Vellend and Geber 
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2005). For communities containing a dominant species, Vellend and Geber (2005) put 

forward two opposing scenarios which might lead to genetic diversity affecting species 

diversity: 

1) If there is a widespread dominant species with different genotypes existing in 

different localities, then this species, subject to genotype, could differentially affect 

other species around them, perhaps through competition. This dominant species 

could therefore be driving its own form of ‘spatially varying selection’ (Vellend and 

Geber 2005) and would result in a positive or negative relationship between species 

and genetic diversity, depending on how it changed the competitive relationship. 

This hypothesis is Vellend and Geber’s (2005) variation on Whittaker (1975) 

‘Diversity begets Diversity’ Hypothesis which states that greater species richness 

drives higher rates of diversification.  

2) If high genetic diversity in the dominant meant they were more productive or 

efficient at resource use, this could exclude less productive species and therefore 

reduce species diversity (driving a negative relationship). This is Vellend and Geber’s 

(2005) variation on Elton (1958)’s Theory of Invasibility, where high diversity reduces 

the likelihood of invasive species from colonising. 

 

Scenario 4 – Without a dominant species 

What about communities without a dominant species? If species in a community were 

independent then they would follow the population-level effects and cause a positive 

relationship with higher genetic diversity reducing the probability of local extinction. It is 

however more likely that species within a community will not be independent and that 

some form of competition will exist between them. Competing populations with high 

genetic diversity may encourage co-existence and consequently retain high species 

diversity; genetic diversity is needed for evolution and co-evolution of competitors 

(Macarthur and Levins 1967; Pimentel 1968; Aarssen 1983; Taper and Case 1992; Vellend 

and Geber 2005). Though initial genetic diversity can cause high species diversity, in more 

stable environments genetic diversity can be lost through selection of fitter genotypes via 

competition, so a negative relationship may be seen (see Scenario 2).  
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Case three: How could species diversity affect genetic diversity? 

Case three describes the theory of how species diversity may influence genetic diversity to 

cause a SGDC. Species diversity can be an important selection factor for individual 

populations. As in Case two, the hypotheses Vellend and Geber (2005) proposed for this 

causal relationship were variants of the Diversity Reduces Invasibility and Diversity Begets 

Diversity hypotheses. There are two hypotheses suggesting a causal effect of species 

diversity on genetic diversity, with opposing correlation predictions: 

1) The number of competitors within a community could act as a form of ‘stabilizing 

selection’. When there are many diverse competitors, only certain genotypes within 

the population can compete. With fewer competitors more genotypes could 

compete and gain access to resources (Vellend and Geber 2005). Such a situation 

could result in a negative relationship between species and genetic diversity. 

Karlin et al. (1984) and Xu et al. (2016) found a negative correlation with genetic diversity 

and the number of conspecifics (see Section 1.8.2). Both of these studies support the 

hypothesis that interactions between species can act as directional selection, decreasing 

niche width and therefore reducing genetic diversity (Karlin et al. 1984; Vellend 2003). This 

supports Van Valen’s ‘Niche Variation Hypothesis’, which states that niche widths should be 

greater in species-poor communities and narrower in species-rich communities (Van Valen 

1965; Vellend and Geber 2005). 

2) Similarly, with genetic diversity in case two (scenario 3 (1)), greater species diversity 

could act as a cause of ‘diversifying selection’ (Vellend and Geber 2005). In 

competition, different species may be able to co-exist with different genotypes of 

the dominant species (Harper 1977; Vellend and Geber 2005), thus causing a 

positive SGDC. 

Vellend (2005) modelled relationships between species and genetic diversity in plant 

communities and found that area and immigration drove positive correlations. Although 

spatial heterogeneity had a positive effect on species diversity, the relationship was not 

always reciprocated in genetic diversity; in fact, positive, negative and unimodal 

relationships were found (Vellend 2005). One possible explanation for a negative 
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relationship is using Hubbell (2001)’s zero-sum assumption (resources are continually 

saturated therefore the community is at its carrying capacity). In Hubbell’s Neutral Theory 

scenario, if different species immigrate into the community, the population size of each 

species must decrease, in turn potentially the genetic diversity within populations may 

decrease because of genetic drift.  Hubbell’s assumptions have however been criticised for 

being over simplified (Etienne et al. 2007). 

 

1.6.2 Conclusions 

The theory of community ecology and population genetics can both be stripped back to 

their own ‘big four’ fundamental underlying processes: selection, drift, speciation, and 

dispersal for community ecology; and selection, drift, mutation, and gene flow for 

population genetics (Vellend 2010). Analogues between these underlying processes were 

the reason researchers sought connections between species and genetic diversity. Many 

researchers feel, however, that such a simple framework could not be used to fully describe 

the apparently boundless number of processes that could affect a community within 

seemingly unique environments. There are many reasons why species and genetic diversity 

would not correlate because although the ‘big four’ have parallels at both species and 

genetic level, they are not the only processes to affect them. For example, genetic diversity 

is greatly influenced by recombination and random mutations (though population size is a 

factor in this), but species diversity has no obvious counterpart to the effects of 

recombination (Vellend and Geber 2005). 

In all three cases (Figure 1.4), the theories depend heavily on the separate set of 

assumptions in each scenario. This helps illustrate that much depends on the context of the 

community and the environment. Whether species are independent; whether they are 

dominated by a few species or more evenly spread; the number of competitors; whether 

there is a gradient of environmental heterogeneity; and the stability of the interaction and 

environment are all factors that play a part in the direction and strength of a relationship 

between species and genetic diversity. 
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In some instances, the genetic models are very naïve. For example, Hubbell (2001)’s 

predictions only include neutral theory processes, which assume that all individuals have the 

same fitness and neglect any effect of selection. Though theories based on these models are 

a very useful starting point, inferring the selection constraints requires empirical 

experiments.  

 

1.7 Empirical studies 

As theory suggests, species and genetic diversity can be linked in many different ways, 

producing positive and negative correlations, and sometimes no correlation at all. The 

relationship that is observed depends on the exact processes that are controlling the 

ecosystem and which species are used to investigate genetic diversity. The variability 

evident in theory is reflected in the empirical literature (Table 1.3), with studies presenting 

positive, negative and no correlation. For this latter literature search the same technique as 

in Section 1.5 was used (keywords, ‘species diversity’ and ‘genetic diversity’). As a result, a 

comprehensive list of articles was established that focus on the suspected correlation 

between species and genetic diversity in many different species and environments (Table 

1.3 focuses on empirical studies therefore some reviews (Vellend et al. 2014), models 

(Laroche et al. 2015) and non empirical studies (Marske et al. 2013) are excluded). Studies 

vary greatly in the experimental approach taken to explore this issue; comparing the genetic 

diversity from five (Evanno et al. 2009) or ten (Odat et al. 2004) local sites, to 249 sites, 

spanning several countries (Taberlet et al. 2012). The studies vary between having a 

minimum of three (Taberlet et al. 2012) and 24 (Vellend 2004) individuals per species 

analysed per site. A range of different methods (Table. 1.3) have been used to detect 

genetic diversity, for instance, using amplified fragment length polymorphism (AFLP) (e.g. 

Odat et al. 2010; Taberlet et al. 2012; Frey et al. 2016), allozyme and isozyme alleles (e.g. 

Hosius et al. 2001) and microsatellite markers (He et al. 2008; Blum et al. 2012; Lamy et al. 

2013; Xu et al. 2016), and sometimes more than one method combined (Vellend 2003; 

Vellend 2004; Fady and Conord 2010). Studies also vary in the number of species used, 

ranging from one, which is the most common (He et al. 2008; Evanno et al. 2009; Odat et al. 

2010; Blum et al. 2012), to ten (Wehenkel et al. 2006) and  29 (Taberlet et al. 2012) species. 
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1.7.1 Studies showing a positive SGDC  

The most common conclusion from these various studies has been that a positive 

correlation exists between species and genetic diversity (28 studies, Table 1.3). In such a 

wide range of environments as explored here, many suggestions of explanations for the 

positive correlation have been proposed. There are some that occur repeatedly: 

 

Island biogeography 

Vellend (2003) reported one of the first studies to explore this correlative relationship; 

compiling 14 datasets ranging from 5 to 14 different islands (see Table 1.3). The study found 

positive correlations in 13 of these datasets (including birds, reptiles, mammals and plants). 

Only five datasets yielded results that were significant at probability P<0.05 and another 

three deemed significant at P<0.1. This meta-analysis explains the positive correlations as 

being a consequence of parallel effects of area and isolation (supporting Case one). Area 

and Isolation are perhaps particularly relevant when investigating populations on islands, 

considering that area and dispersal limitations are the main elements of island 

biogeography (Kadmon and Allouche 2007). 

 

Land-use 

Vellend et al. (2004) and Odat et al. (2004) both looked at the effect different land-use had 

on SGDC and found similar results. Vellend et al. (2004) investigated whether this 

relationship extended beyond island ecosystems, and compared forest herbs between 

primary and secondary forestry sites. The effects of size and land-use history on the two 

levels of diversity drove a significant, albeit weak, positive correlation. Isolation and soil pH 

also had significant effects. Land-use effects were such that secondary forests had lower 

genetic and species diversity compared to that of primary forests. Higher divergence of 

genetic diversity within secondary forests was also found. The cause of this was thought 

likely to be genetic drift through bottleneck and founder effects. 
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Odat et al. (2004) on the other hand, found that meadow buttercups in five 'semi natural' 

and five 'agriculturally improved' grassland communities also had a positive SGCD. Overall 

genetic diversity between populations (beta) was significantly correlated with species 

evenness. The study gave two possible reasons for this: 

1) Different communities may create different selection pressures on the individual 

species within it and that this shapes genetic diversity (supporting Case three).  

2) Properties of the individual habitat in localities may create ecological barriers to gene 

flow and thus enhance beta genetic heterogeneity (supporting Case one). 

 

Genetic diversity was also found to be higher, but not significantly so, in agriculturally-

improved sites compared with semi-natural. Considering the relatively low sample size 

(five), this result is encouraging and perhaps with increased sample size a significant result 

would have been recorded. Although no substantial gene-flow obstructions were observed 

between the two land-use types, the correlation was thought to be the result of the two 

land-uses being very different in abiotic (management intensity and past usage) and biotic 

(species composition) factors. Therefore this study supports Case one, that both exogenous 

and endogenous heterogeneity drove a parallel SGDC.  

Not all of Odat et al. (2004)’s data, however, presented positive correlations; within 

population (alpha) genetic diversity was not correlated with species evenness or richness. 

These authors hypothesised that this was potentially due to low statistical power or to the 

species chosen. Most of the genetic variation occurred within rather than between 

populations, the chosen plant species (R. acris) was perhaps the reason for the high alpha 

diversity; it is known to be a widespread, long-lived and outbreeding species. 

As Odat at al. (2004) and Vellend et al. (2004) indicated, land-use, and hence the level of 

disturbance, may produce positive correlations in species and genetic diversity. Cleary et al. 

(2006) and Evanno et al. (2009) both looked at the effect of recent habitat disturbance. The 

former investigated this effect using butterfly communities within rainforests in Indonesia 

where the habitats are regularly disturbed by fires and logging; while Evanno et al. (2009) 

observed freshwater gastropod species within floodplain pools in France where the habitats 
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endured large periods of drought. Both studies found that species and genetic diversity had 

parallel responses to disturbance and supported case one (Figure 1.4).  

Blum et al. (2012) also looked at the effect of environmental heterogeneity and land-use on 

the SGDC in stream fishes. They found that allelic richness showed a positive correlation 

with species richness, and that both declined with deleterious conditions related to 

agricultural land-use. Species richness and species Shannon diversity was in turn 

significantly correlated with the following: 1) water chemistry factors (total nitrates, 

ammonia, chlorides and sulphate), and 2) distance from the mainstream. The study also 

found that predictors of genetic diversity were: 1) population size of the target species; 2) 

certain elements in water chemistry (total phosphorous, nitrogen, Kjeldahl nitrogen, 

suspended solids and volatile solids); 3) substrate measures (embeddedness, % fines, % 

gravel and % bedrock); and 4) land-use cover. No relationship was found between Shannon 

diversity and allele Shannon diversity, so again, like Odat et al. (2004), not all of the results 

show positive correlation. From Blum et al. (2012)’s study however, many significant 

correlations were found between population size, genetic and species diversity, and it 

served to highlight that when environmental gradients are recorded, then predictors of 

species and genetic diversity can be found.  

 

Disturbance 

Cleary et al. (2006), Evanno et al. (2009), Wei and Jiang (2012) and Frey et al. (2016) all 

found a positive significant SGDC and attributed this to disturbance, though with different 

consequences according to the level of disturbance. Cleary et al. (2006) concluded that a 

range of factors could drive a correlation in the face of El Nino Southern Oscillation-induced 

disturbance, particularly fires, for example: 1) individual sites’ environment; 2) fragmented 

habitat; 3) dispersal capability of the constituent taxa. Disturbance through fires caused 

reduced species and genetic richness, and potentially reduced the communities’ resilience 

to future disturbances (Pease et al. 1989; Cleary et al. 2006). In Cleary et al. (2016) species 

richness was higher in logged rather than pristine areas. This was thought to be because 

slightly disturbed areas created greater environmental heterogeneity, which in turn opened 

up new niches and reduced previous dominant competitors (Rosenzweig 1995; Cleary et al. 
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2006). Another possible explanation is that disturbance could lead to source/sink dynamics 

where the sink (i.e. more disturbed) localities may be sustained, through immigration (of 

genes and species), by the source localities (i.e. less disturbed) (Zaccarelli et al. 2008). 

Evanno et al. (2009) found that within site (alpha) species and genetic diversity both 

decreased over a short time period after a disturbance occurred. Species diversity was 

thought to have reduced because of the decrease in average water levels and the increased 

predation pressure that resulted when pool volume was reduced. In parallel, genetic 

diversity was thought to have decreased because of the reduced population size amplifying 

the effects of drift, and the drought causing reduced rates of migration. On the contrary, 

among-site (beta) species and genetic diversity increased. This was thought to be partly due 

to community and genetic drift that caused separated sites to diverge and partly because 

the five different localities had different intensities of disturbance, and therefore differed in 

selection pressure. 

Frey et al. (2016) looked at SGDC along varying levels of disturbance, both natural and 

anthropogenic (in the form of landscape alteration) in sand dune plant community along 

240 km of coastline. They found positive correlation and concluded that anthropogenic 

disturbance (specifically recreational infrastructure within 10 km of the site) significantly 

lowered genetic and species diversities. 

Wei and Jiang (2012), focusing on one tree species within riparian forests in central China, 

however, had a contradictory result to other studies concerning the effect of disturbance, 

finding a positive correlation in undisturbed environments but not disturbed forests. They 

suggested that disturbance may result in reduced species diversity but unaffected genetic 

diversity, indicating non-parallel response to disturbance. This study furthermore cautions 

against generalizations about SGDC following disturbance. 

 

Observational vs manipulated 

While most of the empirical studies employ an observational field experiment to investigate 

SGDCs, some studies have looked at this relationship through manipulated experiments, for 

example, Booth and Grime (2003) and Fridley and Grime (2009). The former set up a 
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manipulated experiment to look at 11 long-lived plant species. The experiment consisted of 

three treatment groups: 1) where all 16 individuals per species were genetically unique; 2) 

where the 16 individuals were represented by four randomly selected genotypes for each 

species, and 3) all individuals per species were identical. Genetic diversity within the 

constituent species of each treatment group was found to reduce the rate at which species 

diversity declined, giving support to the theory that genetic diversity promotes resilience. 

Adam and Vellend (2011) corroborate this as they found testable predictions of beneficial 

effects of species diversity effecting genetic diversity (Case three) in a model on grass-clover 

dynamics. This study showed that communities with greater species richness of grasses 

retained greater genotypic richness within the clover population. 

Fridley and Grime (2009) tested whether genetic diversity (in the form of one, four and eight 

genotypes per species) influenced community composition and annual aboveground 

productivity across different species diversity (communities of one, four and eight species) 

in a manipulated experiment. Their results support Case two because they found a marginal 

increase of species diversity with increased genetic diversity in four- and eight-species 

communities, and genetic diversity altered the performance of genotypes in monospecific 

communities of F. ovina though increased genetic diversity did not effect community 

productivity. 

 

1.7.2 Studies showing a negative SGDC 

Magurran (2005) stated that negative correlations between species and genetic diversity are 

rarely seen in nature. This does seem to be reflected in the literature (see Table. 1.3), with 

only a limited number of examples where a negative correlation has been found. However 

some studies that conclude that there is no correlation, still show negative relationships 

with certain diversity indices (e.g. Taberlet et al. 2012 with genetic and species endemism 

and rarity, see Section 1.7.3).  

Only two studies found a negative relationship, Karlin et al. (1984) and Xu et al. (2016). 

Karlin et al. (1984) found that allozyme heterozygosity of a species of salamander was 

negatively correlated with the number of species of the same genus. Marshall and Camp 
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(2006), however, found the opposite result when they studied salamanders. They even 

suggested that Karlin et al. (1984)’s result could be biased because the samples they 

recorded did not fully represent the entire area (Marshall and Camp 2006). The most recent 

study to have recorded a negative relationship between SD and GD was Xu et al. (2016) 

within tropical seasonal rainforest. Silvertown et al. (2009) also suggested a type of negative 

relationship when studying the effect of resource addition on genetic and species diversity. 

Though they did not find a negative correlation, they did find that in separate plots genetic 

diversity increased with resource addition, whereas species diversity decreased.  

All of the above go some way in supporting the Niche Variation Hypothesis which states that 

populations with decreased species diversity (hence less interspecific competitors) promote 

broader niches that are expected to have greater genetic diversity (Van Valen 1965). Adding 

more resources will increase the availability for the existing species, which may broaden 

their niches and enable more genotypes to persist (Silvertown et al. 2009). Silvertown et al. 

(2009) used the Resource Competition Theory (Tilman 1982) to explain why species diversity 

would decrease. The theory states that when supplying one nutrient too fast, this might 

favour one species and enable it to remove its competitor. This experiment however, does 

have the limitation that different resource elements (N, P, K, and Mg) were added to 

different plots, so different resources may have had different effects on species and genetic 

diversity. 

Xu et al. (2016) had a similar explanation for their negative SGDC, suggesting that increased 

soil pH and phosphorus availability positively influenced tree diversity, which lead to a 

reduced niche breadth for their target species B. roxburghiana; which in turn, through 

competition, reduced its genetic diversity. 

 

1.7.3 Studies showing no SGDC 

As expected not all studies show just a positive or negative result, some show a mixture of 

all outcomes or show no correlation at all. There are six studies that found no correlation 

and six studies that found a mixture of correlations. 

Fady and Conord (2010) and Taberlet et al. (2012) both presented broad, ambitious meta-
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analysis studies that concluded that no correlation existed between species and genetic 

diversity. The former study found that the species diversity of vascular flora had no 

apparent spatial structure, however genetic diversity of 27 plant species (mainly woody 

trees) co-varied with an east to west gradient throughout the Mediterranean Basin. This 

was thought to be due to the east to west climate gradient during the last glacial maximum, 

although they acknowledge that this was not reflected in species diversity. The study could 

have been improved by recording more environmental heterogeneity like Blum et al. (2012); 

this might have led to other predictors of species and genetic diversity being found. Also, 

species diversity was calculated from presence–absence data, it may be more appropriate 

to consider species evenness or richness so that patterns could be explored on a smaller 

scale. 

Taberlet et al. (2012), one of the largest studies in this subject area, looked at vascular 

plants in the Alps (spanning France, Italy, Switzerland, Germany, Austria and Slovenia) and 

the Carpathian Mountains (spanning Austria, Slovakia, Poland, Hungry, Ukraine and 

Romania). Patterns of species and genetic diversity did not co-vary across the study area 

and the results highlighted different areas as biodiversity hotspots for genetic and species 

diversity. A conservation strategy based only on species diversity would therefore not 

protect the genetic diversity of these vascular plants. This supports a similar previous study; 

Puşcaş et al. (2008) investigated this relationship with just one species in the same 

European mountain regions as Taberlet et al. (2012).  Puşcaş et al. (2008) also found 

discrepancies between species and genetic diversity; they even found that the highest 

genetic diversity was actually in species-poor areas, indicating a negative relationship. 

Similarly to the Mediterranean Basin, the Alps and Carpathian Mountains are unique 

environments, and environmental heterogeneity was not recorded in either study. 

Furthermore, based on particular selection criteria for localities for this study (>1,500 m in 

altitude, >50 species, and >10 genetic species), all localities investigated had relatively high 

species diversity and high altitude, therefore presented less heterogeneity. Taberlet et al. 

(2012) also chose the genetic diversity samples arbitrarily, rather than basing their choice on 

environmental heterogeneity gradients. Another possible limitation was that to calculate 

genetic diversity only three individuals were sampled per species per site. Though the 
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authors attempt to test whether this influenced the results, this appears a very low figure to 

find significant differences.  

Molecular marker, AFLP, were used in Taberlet et al. (2012)’s study to find genetic diversity, 

a cheap, easy and reliable method that was very practical in a study of this size. Mueller and 

Wolfenbarger (1999), however, suggested that there was a disadvantage in using AFLP to 

identify homologous markers (alleles). This method, they argued, may be less useful for 

studies that require precise assignment of allelic states, such as heterozygosity. Perhaps, for 

this type of study, using microsatellite markers would have identified greater 

heterozygosity. 

Taberlet et al. (2012) did, however, find some correlations: 

1) Genetic rarity was positively correlated with species rarity. This, they argued, may be 

because genetic diversity may be linked to the glacial history of the mountains. Small 

refugia may have been able to harbour numerous different species, but population sizes 

would be small leading to decreased genetic diversity via drift.  

2) Genetic diversity was averaged over all species per cell and this overshadowed some 

species-specific response: the genetic diversity of two (of 24) species were significantly 

correlated with total species richness in the Carpathians, and two (of 27) in the Alps. Six 

Alp species showed significantly negative relationships. 

3) Negative correlations were found when comparing genetic endemism and diversity to 

species rarity and endemism. This was also the case when investigating the legume 

functional group.    

 

The numerous conflicting results observed in Taberlet et al.’s study suggest that a general 

correlation cannot be applied. Studies at this scale potentially loose ‘the devil in the detail’; 

if both genetic and species diversity are averaged over a large area (Fady and Conord 2010) 

based on a few point samples then smaller scale heterogeneity within that environment 

could be overshadowed.   
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1.8 Limitations/ knowledge gaps 

1.8.1 Species  

Number of species assessed 

Many of the empirical studies discussed above share the same limitation in that they base 

their correlations on data from just one species within each community. Only 18 of the 42 

studies explored the genetic diversity of more than one species within the community 

(Table 1.3). Patterns of genetic diversity can vary substantially, even amongst relative 

species (Zhou et al. 2016), therefore caution has to be exhibited in extrapolating from one 

species  to whole communities. Even studies that do look at a larger number of species 

usually use a very low sample size, for example Frey et al. (2016) and Baselga et al. (2013) 

both study a range of species within their environment but are restricted to a maximum of 5 

samples per site. Most genetic studies would exclude sites with less than 10 individuals (e.g. 

Keller et al. 2012). 

 

Plant bias  

A large proportion of the studies directly comparing species and genetic diversity have used 

a plant or tree as the focus species (Table 1.3). Given that invertebrates constitute a large 

proportion of the biodiversity of our planet (estimated to be up to 850,000+ species with 

80–95% insect species not yet collected, named and described (Stork 2007)), it is surprising 

that there is such limited knowledge for invertebrates and SGDCs. Considering the global 

decline in biodiversity and the essential roles that invertebrates have in ecosystem 

functioning, it is vital that our knowledge of invertebrate diversity distributions is widened 

and that invertebrates are considered in conservation strategies (Schuldt and Assmann 

2010). Determining whether, and to what extent, a relationship exists between species and 

genetic diversity in invertebrates remains a priority question. It has however already been 

acknowledged that certain plant communities and invertebrate populations are directly 

linked through their trophic interactions; Knops et al. (1999) found that a reduction in 

grassland plant diversity led to a reduction of invertebrate community richness. Conclusions 
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arising from correlations of species diversity to genetic diversity in different plants cannot, 

however, be automatically transferred to other species. 

Freshwater environment and active dispersal  

There are just six studies that take place within the freshwater environment. There is one 

study on fish (Blum et al. 2012), the rest use invertebrates: two work on freshwater 

gastropods (Evanno et al. 2009; Lamy et al. 2013) two on Crustacea spp. (Derry et al. 2009; 

Sei et al. 2009) and one on aquatic beetles, of which Dytiscidae (predaceous diving beetles) 

was the dominant type of species (Baselga et al. 2013). With the possible exception of the 

predaceous diving beetles (active dispersal of which is greatly dependent on the individual 

species (Bilton 2014)), none of these species possesses the ability of terrestrial flight. This 

life history trait has a huge impact on dispersal and connectivity, therefore may have a large 

effect on whether a SGDC is observed. Even within the marine and terrestrial systems there 

are only the bat (Struebig et al. 2011) and the butterfly (Cleary et al. 2006) that have 

potentially unhindered movement around their environment.  

Csergo et al. (2014) attributed the positive correlation they found to habitat size, isolation 

affect, immigration rate and population size. This suggests that an individual’s dispersal and 

corresponding gene-flow may have a huge effect on whether genetic and species diversity 

correlate. Considering the effects of isolation on genetic diversity and its suggested effect at 

driving a positive SGDC (Vellend 2003), not investigating species with greater dispersal 

ability represents a knowledge gap within the study of SGDC. 

 

1.8.2 Genetic analysis 

As a result of the effort involved in studies of large-scale genetic analysis, most studies, 

especially those that look at more than one species, tend to use mitochondrial DNA markers 

or another form of marker that is less polymorphic than microsatellite markers (Section 1.4). 

For example, Wehenkel et al. (2006) found a significant correlation between ‘trans-specific 

genetic diversity per species’ and species diversity. The approach they used to reach this 

genetic diversity measure however was very different from other studies.  Wanting to use a 

genetic diversity assessment that would cross the species boundary, so that genetic 
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diversity could be compared across and between different species, they used isozymes and 

compared the electrophoretic patterns to find matching patterns across species. If patterns 

were found in different species that matched then Wehenkel et al. (2006) argued that this 

indicated the same functional characteristic. Three functionally similar enzymes were found 

among the chosen species, and to make the trans-specific genetic diversity measure, 

frequencies of all variants of each enzyme system were considered units and entered into 

the same diversity measure. Wehenkel and his colleagues compared ‘trans-specific genetic 

diversity per species’ (trans-specific genetic diversity, divided by species diversity, which 

they used as proxy for how well overall genetic variation matches species variation) and 

species diversity and found a significant positive correlation. Possible limitations of this 

study are: 1) it may have been difficult to compare enzyme patterns accurately; they do not 

state exactly how they decided which enzyme pattern matched in charge and size; and 2) 

considering species diversity was only recorded for a functional group of ten species, then it 

could not have varied much between sites.   

Unlike Wehenkel et al. (2006), who used isozymes, nine studies chose to use microsatellite 

markers to find heterozygosity (Table 1.3). Although, the results from isozymes and 

microsatellites should not contradict each other (as shown by both markers frequently 

being used together within many studies, for example Chavarriaga-Aguirre et al. 1999; 

Vellend 2004), it may be difficult to compare them accurately. Isozymes are limited by a low 

number of loci and alleles per locus, whereas microsatellites are characterised by high 

heterozygosity and multiple alleles (Karasawa et al. 2012). Microsatellites should give higher 

resolution, and can differentiate between populations of the same species, whereas when 

using isozymes it depends which protein is chosen to compare; if it’s a non-essential protein 

then it may vary between species, but if it is an essential protein, the likelihood is that it will 

not.  

There are only two studies that use microsatellites to look at more than one species; 

Struebig et al. (2011) used between 8 and 15 loci to study three bat species and Lamy et al. 

(2013) used between 8 and 10 loci to study two species of gastropod. Both studies found a 

positive relationship between SD and GD.  
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1.9 Conclusion 

Published studies suggest that overall, positive correlations are more frequent than negative 

or no correlations; however the results remain confused and controversial. Between, and 

sometimes within studies, different results arise as a result of a wide range of factors. It is 

perhaps to be expected that a definitive answer over a range of environments and species is 

non-existent. Without empirical evidence on a case by case basis, conservation strategies 

only considering species diversity may not be safe guarding a population’s genetic diversity. 

Although there is considerable evidence supporting both a theoretical (Vellend and Geber 

2005) and empirical (Table 1.3) relationship between species and genetic diversity, caution 

needs to be exercised in assuming a positive relationship in all cases (as some papers 

suggest, e.g. Cleary et al. 2006). From available evidence, the extent and direction of the 

correlation is very changeable depending on the focal species and environment, as well as 

the way in which the data are collected and analysed. Instead of attempting to find a one-

size-fits-all approach to conservation assessment, environments and their constituent 

species should possibly be considered individually. Patterns do however seem to have 

emerged in the literature, with a number of studies with different species and environments 

recording a positive correlation after a recent land-use change or disturbance.  Potentially, 

the same conservation assessment blue print could be used in the future on environments 

undergoing particular situations. This research is however still in its infancy and further 

investigation is needed to know when a correlation can be assumed and when it cannot, in 

order to assure the accuracy of biodiversity conservation assessments in the most 

economical way possible. 
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Table 1.3. Summary of 42 empirical studies and models whose focus was to compare genetic and species diversity (most recent - oldest). In the Species 

used column, blue indicates when a plant species has been used. In the conclusion column: pink = positive, blue= no correlation; green = mixed results and 

yellow =negative. 

No. Species used Environment Marker used Conclusion Reference 

1 7 species from a  coastal 
sand dune plant community 
(max. sample size of 5 
individuals) 

240 km of coastline, Atlantic 
shoreline of southwestern France 

2-3 primers 
AFLP (Amplified 
fragment length 
polymorphism) 

Positive 
(negative impact of urbanization) 

Frey et al. (2016) 

2  1 common tree species 
Beilschmiedia roxburghiana 

Tropical seasonal rainforest south-
western China 

10 
microsatellite 
loci 

Negative  
(driven by soil properties) 

Xu et al. (2016) 

3 1 habitat specialist plant, 
Saponaria bellidifolia  

Limestone outcrops in the 
Carpathian Mountains, Southeastern 
Carpathian Mountains, Romania. 

2 primers RAPD 
(Random 
Amplified 
Polymorphic 
DNA) 

Parallel patterns  
(number of plant communities had a 
significant effect on both diversity 
levels) 

Csergo et al. 
(2014) 

4 1 Red Oak tree species 
Quercus castanea 

Transmexican Volcanic Belt 
(mountain range), Mexico 

14 
microsatellite 
(6 from nuclear 
DNA and 8 from 
chloroplast 
origin) 

Positive Valencia-Cuevas 

et al. (2014) 

5 1 Dominant grass species, 
Andropogon gerardii 

Experiment - Rainfall manipulated 
plots 

AFLP No correlation Avolio and Smith 
(2013) 

6 Aquatic beetle communities 
(max sample size of 5 
individuals) 

Lakes, ponds and small streams mtDNA Positive Baselga et al. 
(2013) 
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No. Species used Environment Marker used Conclusion Reference 

7 Two freshwater snails  
1) Aplexa marmorat 

2) Drepanotrema 

depressissimum) 

Pond network, The Guadeloupe 
archipelago, French West Indies. 

1) 10 
2) 8  
Microsatellite 
loci 

Positive 
(due to habitat connectivity) 

Lamy et al. 
(2013) 

8 Central stonerollers 
(Campostoma anomalum) 

Stream fishes in Little Miami River 
Basin 

8 Microsatellite 
loci 

Positive Blum et al. 
(2012) 

9 Dominant plant species 
(Ammophila breviligulata) 

Great Lakes Sand dune ecosystem in 
a manipulated field experiment 

3 primers of 
ISSR 
(Intersimple 
sequence 
repeat) markers 

Interaction between SD and GD 
influenced biomass 

Crawford and 
Rudgers (2012) 

10 11 coral reef fish species Pacific Ocean mtDNA Positive Messmer et al. 
(2012) 

11 Widespread high mountain 
species: 27 spp. in 149 cells 
in the Alps, and 29 spp. in 30 
cells in Carpathians 

Vascular flora of the Alps and 
the Carpathians 

AFLPs No correlation Taberlet et al. 
(2012) 

12 Dominant tree species 
(Euptelea pleiospermum) 

Riparian forests of the Shennongjia 
Mountains in central China 

14 nuclear 
microsatellite 
loci 

Positive correlation found in natural 
forests but not in disturbed 

Wei and Jiang 
(2012) 

13 Tenebrionid beetle 
communities 

Aegean archipelago on 15 islands of 
different sizes 

1 mtDNA and 1 
nuclear protein 
coding marker  

Positive Papadopoulou 

et al. (2011) 

14 Clover  Grass – clover dynamics model Simulated data Positive Adams and 
Vellend (2011) 
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No. Species used Environment Marker used Conclusion Reference 

15 3 bat species: Blyth’s 
horseshoe bat (Rhinolophus 

lepidus), the trefoil 
horseshoe bat (Rhinolophus 

trifoliatus) and the papillose 
woolly bat (Kerivoula 

papillosa) 

In a tropical rainforest, in central 
peninsular Malaysia, undergoing 
fragmentation due to oil palm 
conversion 

8-15 
microsatellite 
markers 

Positive Struebig et al. 
(2011) 

16  12 species of silicicolous 
alpine plants 

The silicicolous flora of the European 
Alps 

AFLP Positive Thiel-Egenter et 

al. (2011) 

17 27 species of vascular plants 
mainly Woody trees 

Mediterranean basin (25 counties) Genetic data 
came from the 
literature 
(isozyme, 
organelle DNA) 

No correlation Fady and Conord 
(2010) 

18 Eight limestone grassland 
species 

Lab experiment synthesised 
communities propagated from a 
small (100m2) limestone Grassland 
community 

Artificial 
selection. 
Comparing 1, 4 
and 8 
genotypes 

SD was increased with GD on deep soil 
but not shallow soil when compared to 
single genotype mixtures 

Fridley and 
Grime (2009) 

19 Nitrogen-fixing plant 
(Daviesis triflora) 

Meta-community of the 
species-rich southwest Australian 
flora 

11 
microsatellite 
markers 

Positive within plant functional groups He and Lamont 
(2010) 

20 Grass species (Plantago 

Ianceolata) 
15 Grassland communities, central 
Germany 

AFLP Positive correlation between 
populations but not within 

Odat et al. 
(2010) 

21 Eight salt marsh species (e.g. 
snail, oyster, crab and the 
barnacle Spartina 

alterniflora) 

Marshes of the Georgia coastal 
ecosystems 

mtDNA (CO1) Positive (but not significant per species) Robinson et al. 
(2010) 

22 Calanoid copepod species, 
(Leptodiaptomus minutus) 

Zooplankton in Boreal lakes mtDNA (CO1) Did not correlate Derry et al. 
(2009) 
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No. Species used Environment Marker used Conclusion Reference 

23 Gastropod (Radix balthica) Ain river floodplain in south-eastern 
France. Meta-community comprising 
16 Freshwater Gastropods 

AFLP After a drought alpha SD and GD 
decreased, whereas beta SD and GD 
increases. 

Evanno et al. 
(2009) 

24 Amphipods (monophyletic 
Gammarus spp.) and Pecos 
gambusia (Gambusia 

nobilis). 
 

Fish and benthic macro-invertebrate 
communities in Springs of the 
northern Chihuahuan Desert 

Allozyme Positive (via drift and isolation) Sei et al. (2009) 

25 Grass species 
(Anthoxanthum odoratum) 

Park grass experiment  AFLP Negative or no correlation, in response 
to resource addition 

Silvertown et al. 
(2009) 

26 Woddy shrub (Banksia 

attenuate) 
Sandplain shrublands of South-west 
Austraila in the functional group 
made up of five species 

11 
microsatellite 
markers 

Positive He et al. (2008) 

27 Sedge (Carex curvula) Siliceous European alpine grasslands AFLP No correlation or Negative correlation Puşcaş et al. 
(2008) 

28 Investigating competition 
and facilitation 

Model Simulated data Variety of different diversity-diversity 
relationships 

Vellend (2008) 

29 Weedy plant (Brassica nigra) Within a functional group  (B. nigra, 
heterospecific forbs, grasses, and 
bare ground) 

Artificial 
selection. 
Concentration 
of allelopathic 
secondary 
compound, 
sinigrin’s 

Positive - mutual feedback Lankau and 
Strauss (2007) 

30 Butterfly species (Drupadia 

theda) 
Rainforest habitats, Indonesia 5 microsatellite 

markers 
Positive Cleary et al. 

(2006) 
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No. Species used Environment Marker used Conclusion Reference 

31 29 species (5 Plants and 
algae , 4 Bivalves, 7 
Crustaceans, 3 other 
invertebrates, 6 Fishes and 4 
Mammals) 

low saline Baltic Sea Mixture of 
allozymes, 
microsatellites, 
mtDNA; RAPD 
and 
haemoglobin 
(Hb) variation. 
Microsatellite 
loci only in 3 
mammals, 3 
plants and 3 
fish species (3-
12 loci)   

Positive Johannesson 
and AndrÉ 
(2006) 

32 Salamanders (D. 

ochrophaeus and P. jordani) 
Salamanders of the family 
Plethodontidae across North America 

Allozyme 
richness 

Positive Marshall and 
Camp (2006) 

33 10 shrub to tree species 
(climax and pioneer species: 
Abies alba L.; Acer 

pseudoplatanus L.; Betula 

pendula Roth; Carpinus 

betulus L.; Fagus sylvatica L.; 
Picea abies L.; Pinus 

sylvestris L.; Rhamnus 

frangula L.; Sorbus aucuparia 
L.; Tilia cordata M.) 

Forest tree communities, Germany Starch gel 
electrophoresis 

Positive, negative and not correlated 
results 

Wehenkel et al. 
(2006) 

34 Plant communities model Simulated Simulated Positive, negative and not correlated. 
(though most common was weak -
moderate positive correlation)  

Vellend (2005) 

35 Meadow buttercup 
(Ranunculus acris)  

Grassland communities, central 
Germany 

AFLP Positive Odat et al. 
(2004) 
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No. Species used Environment Marker used Conclusion Reference 

36 Forest herbs (Trillium 

grandiflorum) 
Forests, New York state Allozymes, 

chloroplast 
DNA RFLP and 
microsatellites 

Positive (weak) Vellend (2004) 

37 11 long-lived herbaceous 
plant species (Festuca ovina, 
Koeleria macrantha, 
Helictotrichon pratense and 
Briza media (grasses), Carex 

flacca, C. panicea and C. 

caryophyllea (sedges) and 
Leontodon hispidus, Succisa 

pratensis, Campanula 

rotundifolia and Viola 

riviniana (forbs) 

Manipulated field experiment in 
Ancient limestone pasture, 
Derbyshire 

Artificial 
selection. Three 
levels of genetic 
diversity 

Positive Booth and 
Grime (2003) 

38 14 datasets including Birds, 
Mammals, Reptiles and 
plants 

Between 5-14 Islands (2 Canary 
Islands, 3 Galápagos, Gulf of 
California, Caribbean, Baja California, 
2 California channel, British Isles, 
Gulf of Maine, Great Barrier Reef and 
West Indies)   

Allozyme, 
minisatellite 
and mtDNA 

Positive Vellend (2003) 

39 Spruce and beech Norway spruce-beech forest 
communities 

Isozyme loci No correlation  Hosius et al. 
(2001) 

40 Salamander (Desmognathus 

fuscus)  
Co-occurring conspecifics North 
America 

unknown Negative relationship Karlin et al. 
(1984) 

41 Drosophila Hawaiian Islands Enzyme 
polymorphism 

No correlation after reanalysis by 
(Gotelli and Colwell 2001) 

Johnson (1973)  

42 Iguana (Uta stansburiana) Species of Iguanidae among islands 
in the Gulf and California 

unknown Positive Soule and Yang 
(1973) 
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Chapter 2 - Methods 

 

Highlights 

 Describing the sites where Amphinemura sulcicollis, Isoperla grammatica and Baetis 

rhodani were collected. 

 Investigating cryptic diversity within each species and designing a diagnostic tool to 

remove cryptic species within B. rhodani. 

 Creating bioinformatics library for each species, described in Macdonald et al. 

(2016a) and Appendix B. 

 Development of computer program PrimerPipeline to find microsatellite loci and 

design primers from next generation sequencing data (available to download from 

its website here: http://www.scrufster.com/primerpipeline/default.htm) and the 

manual is available in Appendix C) 

 Developing novel microsatellites for each species, published in Macdonald et al. 

(2016b) and available in Appendix E. 

  

http://www.scrufster.com/primerpipeline/default.htm
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2.0 Abstract 

This chapter contains methods that are central to the rest of the thesis as it describes 

everything that had to be completed before correct samples could be genotyped for the 

three target species, Amphinemura sulcicollis, Isoperla grammatica and Baetis rhodani. The 

flow of the chapter follows the order in which tasks were completed. Firstly samples were 

collected from a large number of sites, and then final sites for each species were chosen 

from these for genetic analysis. Afterwards, DNA was extracted from samples from these 

chosen sites, and mitochondrial barcoding was implemented to verify correct identification 

and detect cryptic diversity within each species. For B. rhodani it was necessary to develop a 

diagnostic tool using restriction enzymes to differentiate B. rhodani between 

morphologically identical cryptic species. In order to address the aims of subsequent 

chapters, species-specific microsatellite markers were developed. Here, the bioinformatics 

pipeline which lead to the identification of these microsatellites is described, involving the 

development of the software PrimerPipeline, microsatellite testing and at last choosing the 

final microsatellites that would be used in the analysis of subsequent chapters. Finally the 

completion of the genotyping dataset for each species is described, including how high 

levels of accuracy were ensured during the scoring and binning stages. It became apparent 

that all three species are characterised by high levels of heterozygote deficiency than would 

be expected when compared to populations in Hardy-Weinberg Equilibrium, therefore, also 

in this chapter the issue of putative null alleles are discussed for these chosen newly 

developed markers. 
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2.1 Site Selection 

2.1.1 All Sites Visited 

Sixty sites were chosen for this study, across 15 different catchments in upland Wales, 

covering an area of 145 by 90km (Figure 2.1). These sites were deemed characteristic of 

upland Wales (from past River Habitat Survey data), and represent a broad range of 

different land-uses and altitudes (ranging from 111m to 440m) (Appendix A: Table A1). Fifty 

three of the chosen sites were also site-locations of a much more extensive research 

program funded by the Natural Environment Research Council (NERC): DURESS (Diversity of 

Upland Rivers for Ecosystem Service Sustainability: http://nerc-duress.org). At these sites 

DURESS is investigating food webs, fish production and genetic diversity at various trophic 

levels (biofilm, invertebrates, fish and birds). Of the remaining seven sites, six were in an 

area surrounding Llyn Brianne where ecological data have been collected over the past 25 

years (Durance and Ormerod 2007).  

Primary sampling (sites 1 - 60) was completed between 11.05.12 and 05.06.12. In 2013, 27 

of these sites were re-visited (sites 93 – 119; though they are the same locations they were 

given new site numbers to easily distinguish between years), between 9.05.13 and the 

21.05.13 (note sites 61-92 were terrestrial sites subsequently dropped from this study). 

These latter sites were chosen for resampling, not only because of successful initial sampling 

in 2012, but also as they represented all 15 catchments, a large geographical range and 

encapsulated the multiple land-uses and altitudes mentioned above. All samples were 

labelled with the site code number, followed by the initial of genera name (e.g. A = 

Amphinemura sulcicollis, B= Baetis rhodani etc.), and the individual sample number. In this 

way, Sample “93A4” indicated Afon Colwyn (site 93), A. sulcicollis, of which this was the 

fourth individual of the species at that site. 

A large number of sites were visited to ensure sufficient samples (Figure 2.1). Sites failed for 

three main reasons: 1) insufficient number of the required species; 2) misidentification of 

species in the field; and 3) the presence of cryptic taxa which would have to be dropped 

after preliminary genetic analysis. The lack of knowledge on the genetic structure of these 

species (especially for A. sulcicollis and I. grammatica) throughout Wales also made 

http://nerc-duress.org/
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selecting a relatively large number of sites necessary. Full information on the sites and the 

samples collected from them is included in Appendix A, Table A1. 

 

2.1.2 Choosing the final sites used for genetic analysis 

It was not possible (due to time and financial constraints) to analyse all sites using genetic 

methods, therefore a subset of final sites had to be chosen for each species. First of all, 

failed sites were excluded; the success of collecting sufficient numbers of each species 

differed considerably between sites. For example, Baetis rhodani are known to be acid- 

sensitive so tended to be absent from more acidic sites where coniferous forests were 

prevalent (Kowalik and Ormerod 2006). 

To gain preliminary knowledge of the genetic structure of these species throughout Wales, 

10 sites were analysed using molecular markers (from 2013) for each species, ensuring that 

the sites represented a wide range of geographical locations and covered many different 

catchment areas. More than one site was sampled within the Tywi catchment, thus enabling 

both intra- and inter-catchment studies to be carried out. Following preliminary analysis, 

additional sites were selected. For example, preliminary data for Amphinemura sulcicollis 

suggested possible isolation in North Wales. As a result, all north Wales sites with an 

appropriate number of samples were analysed. Example sites for each species that were 

sampled in 2012 and 2013 were analysed for both years to investigate inter-annual 

variation. Inter-annual comparisons also provided validation of the sampling method. Sites 

that contain 10 samples or more were considered ‘full’ sites; occasionally a site containing 

less than 10 samples was used (four sites within A. sulcicollis and one within I. grammatica). 

When analysis was performed per site, these incomplete sites were not reported however 

all samples were used when looking at combined datasets or groups within the data (e.g. 

when running individual-based algorithms implemented in the coalescent software). 
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2.1.2.1 Amphinemura sulcicollis  

Seventeen sites, comprising a total of 278 individuals, were chosen for Amphinemura 

sulcicollis. These sites represented 10 catchments and altitudes, ranging from 190 to 440 m 

(Table 2.1a). Thirteen of these sites are considered full sites, four of which were used to 

compare 2012 and 2013 datasets (at Afon Pistyll and Brefi) and three full sites were selected 

within the Tywi catchment for intra-catchment assessment (Figure 2.2). Four sites 

comprised eight or fewer samples, and three of these were due to misidentification of A. 

sulcicollis in the field. Amphinemura sulcicollis and A. standfussi co-existed in the same 

locations and typically cannot be separated without the aid of a high resolution microscope. 

In the case of very small-sized specimens such as those collected in the more northern sites 

(e.g. Afon Fechan and Nant y Gwryd), genetic analysis was necessary to enable identification 

(e.g. site 4, contained just one correctly identified sample while 21 samples were found to 

be A. standfussi).  

 

2.1.2.2 Isoperla grammatica 

Thirteen sites comprising a total of 237 individuals were chosen for Isoperla grammatica, 

representing altitudes ranging from 160 to 310 m. Sites represented eight different 

catchments including four sites within the Tywi catchment, and two samples comparing 

2012 with 2013 within site CI1 (Figure 2.3, Table 2.1b).  

 

2.1.2.3 Baetis rhodani 

Baetis rhodani was investigated at 10 sites, yielding a total of 186 individuals (Figure 2.4). 

The sites represented eight catchments, and altitudes ranging from 210 to 400 m (Table 

2.1c). The data also contain two sites within the Tywi catchment and site Brefi was used to 

compare 2012 and 2013. 
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Figure 2.1. The location of all 60 freshwater invertebrate sampling sites throughout upland Wales. 

Blue circles represent sampling in 2012, yellow circles represent sampling in 2012 and 2013. Site 

codes numbered 1 to 60 which correspond with Table A1 in Appendix A. 



 
 

Figure 2.2. The 14 sites from which Amphinemura sulcicollis samples were analysed. Blue circles 

represent sampling in 2013, Red circles represent sampling in 2012, yellow circles represent 

sampling in 2012 and 2013. All are labelled with their site code (See Table 2.1a). 
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Figure 2.3. The 12 sites from which Isoperla grammatica samples were analysed. Blue circles 

represent sampling in 2013, Red circles represent sampling in 2012, yellow circle represents 

sampling in 2012 and 2013. All are labelled with their site code (See Table 2.1b). 
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Figure 2.4. The 9 final dataset sites from which Baetis rhodani samples were analysed. Blue circles 

represent sampling in 2013, yellow circle represents sampling in 2012 and 2013 and are labelled 

with their site code (see Table 2.1c). 
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Table 2.1a-c. Details of the final sites used for a) Amphinemura sulcicollis, b) Isoperla grammatica 

and c) Baetis rhodani. Sites are ordered approximately from south to north Wales, and by 

catchment. 

Table 2.1a 

N Site code Site name Year Sample size Altitude Catchment 

1 104 Grwyne Fawr 2013 20 374 Usk 

2 109 LI7 2013 18 330 Tywi 

3 108 LI6 2013 20 326 Tywi 

4 102 GI1 2013 20 216 Tywi 

5 112 Nant Dar 2013 20 220 Cothi 

6 46 Nant Clawdd 2012 5 210 Cothi 

7 96 Brefi 2013 19 210 Teifi 

8 9 Brefi 2012 20 210 Teifi 

9 116 Nant Peiran 2013 20 280 Ystwyth 

10 113 Nant Gelli Gethin 2013 20 288 Severn 

11 95 Afon Pistyll 2013 22 440 Dwyryd 

12 6 Afon Pistyll 2012 21 440 Dwyryd 

13 94 Afon Fechan 2013 5 400 Dee 

14 4 Afon Fechan 2012 1 400 Dee 

15 55 Nant y Gwryd 2012 8 210 Conwy 

16 59 Upper Llugwy 2012 20 262 Conwy 

17 93 Afon Colwyn  2013 19 190 Glaslyn 

 

Table 2.1b 

N Site code Site name Year Sample size Altitude Catchment 

1 105 Honddu at Capel 2013 15 318 Wye 
2 106 Ithon at Llandewi 2013 20 235 Wye 
3 108 LI6 2013 20 326 Tywi 
4 12 CI1 2012 20 370 Tywi 
5 97 CI1 2013 17 370 Tywi 
6 98 CI4 2013 20 364 Tywi 
7 112 Nant Dar 2013 20 220 Cothi 
8 46 Nant Clawdd 2013 5 210 Cothi 
9 114 Nant Glan dwr 2013 20 285 Rheidol 

10 115 Nant Helygog 2013 20 215 Mawddach 

11 10 Cerist (Afon) 2012 20 160 Dyfi 

12 118 Nant y Gwryd 2013 20 210 Conwy 

13 93 Afon Colwyn  2013 20 190 Glaslyn 
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Table 2.1c 

 

2.2 Genetic Methods 

2.2.1. Sample collection 

Larval specimens of Amphinemura sulcicollis, Isoperla grammatica and Baetis rhodani were 

collected by kick sampling (from sites described in Section 2.1); samples were sorted and 

identified to genus level on site (e.g. Baetis for Baetis rhodani) and stored in absolute 

ethanol. The aim was to collect at least 20 individuals per species, per site, although often 

many more were collected to anticipate misidentification in the field (please see Appendix 

A, Table A1 for number of samples collected per site). In the laboratory each larva was 

identified to species level using Elliott et al. (1988) and Hynes (1977) and stored in absolute 

alcohol (2012 samples were also stored at -80 oC). 

 

2.2.2 Extraction methods 

Four different methods for extracting DNA from tissue samples were used due to cost and 

availability constraints (see Appendix F, Table F1, F4 and F7, for information on the method 

used for each sample): 

1) The High Pure PCR Template Preparation Kit for blood and tissue (Roche Diagnostics 

GmbH Mannheim, Germany) was used for preliminary experiments and initial extractions, 

N Site code Site name Year Sample size Altitude Catchment 

1 112 Nant Dar 2013 19 220 Cothi 
2 102 GI1 2013 21 216 Tywi 
3 97 CI1 2013 19 370 Tywi 
4 96 Brefi 2013 18 210 Teifi 
5 9 Brefi 2012 11 210 Teifi 
6 106 Ithon at Llandewi 2013 20 235 Wye 
7 113 Nant Gelli Gethin 2013 18 288 Severn 
8 115 Nant Helygog 2013 19 215 Mawddach 
9 94 Afon Fechan 2013 20 400 Dee 
10 118 Nant y Gwryd 2013 21 210 Conwy 
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following the manufacturer’s instructions; 27, 2 and 175 samples were extracted using this 

method for A. sulcicollis, I. grammatica and B. rhodani, respectively. 

2) The DNeasy 96 blood and tissue kit (Qiagen, Hilden, Germany), following the 

manufacturer’s instructions, was used to increase efficiency (as 96 samples can be extracted 

at one time with this method); 173 and 190 samples were extracted using this method for A. 

sulcicollis and I. grammatica, respectively. 

3) The Chelex® 100 resin (Bio-Rad, Richmond, CA) (Walsh et al. 1991) was tested on a small 

number of samples because it was a very cost-effective; 13 and 5 samples were extracted 

using this method for A. sulcicollis and I. grammatica, respectively). 

4) Gentra Puregene Core Kit A, DNA purification from tissue (Qiagen, Hilden, Germany) 

following the manufacturer’s instructions, was used for the last samples extracted because 

the Chelex method had varying success; 65, 40 and 11 samples were extracted using this 

method for A. sulcicollis, I. grammatica and B. rhodani, respectively. 

To ensure that the extraction method did not affect the results, a number of samples were 

extracted twice using different methods and their genotypes compared to ensure there was 

no major difference in DNA quality and that the genotype was identical. Additionally after 

genotyping was completed, samples were chosen representing different sites for each 

extraction method (where more than 10 samples were available), for each species and Na, 

Ho and He were compared using GenAlEx (Peakall and Smouse 2012) (see Section 2.4.2 for 

methods). A. sulcicollis was compared at all four extraction methods (1= 19 samples from 11 

sites, 2= 20 samples from 10 sites, 3=13 samples from two sites, 4= 20 samples from four 

sites). I. grammatica and B. rhodani were both compared at two different extraction 

methods (2= 20 samples from 10 sites, 4= 20 samples from two sites for I. grammatica; 1= 

20 samples from nine sites, 4= 11 samples from one site for B. rhodani). All three species 

showed narrow ranges between different extraction methods, therefore indicating that 

extraction method had limited impact on the results (Na = 8.3 – 11.2, 19.6 – 20.6, 8.5 – 11.2; 

Ho = 0.588 – 0.675, 0.683 – 0.713, 0.603 – 0.640; He = 0.801 – 0.806, 0.937 – 0.949, 0.812 – 

0.814 for A. sulcicollis, I. grammatica and B. rhodani respectively). 
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Past studies with Baetis rhodani (Williams 2003) identified extraction method specific issues 

with polymerase chain reaction (PCR) inhibitors, however these challenges were not 

encountered in this study. Therefore, throughout this study, whole (if the individual was 

small) or partial (usually lower half of the thorax and abdomen if individual was larger, so 

that the sample could be extracted again, if needed) specimens could be used. Invertebrate 

legs were not used, as often legs would become detached during storage or confused with 

the appendages of other organisms. 

 

2.2.3 DNA Barcoding 

One of the first challenges before the main genetic analysis was correctly identifying 

samples to species; especially before any Next Generation Sequencing (NGS) was performed 

for primer development. Each larva was identified to species level based on morphological 

features using Elliott et al. (1988) and Hynes (1977). However, where a sample was 

damaged (e.g. legs missing) or very small, misidentifications were expected. Cryptic species 

(Pfenninger and Schwenk 2007) could also confuse patterns of genetic data. 

Cryptic diversity has been well documented in B. rhodani (Williams et al. 2006) but was 

unknown in A. sulcicollis and I. grammatica. The mitochondrial cytochrome c oxidase I gene 

(mtCOI) has been used in a wide variety of similar studies (Guarnizo et al. 2015; Viñas et al. 

2015) as a DNA barcoding tool. Its interspecific variation has been shown to be much 

greater than its intraspecific variation for most taxa, and can discriminate between cryptic 

species (Meyer and Paulay 2005; Viñas et al. 2015). The classical barcoding region (Hebert et 

al. 2003) within mtCOI has been very successful within other invertebrate species using 

consensus PCR primers (Folmer et al. 1994; Harper et al. 2005; Viñas et al. 2015). The aim of 

this preliminary study was to: 1) validate species recognition based on morphological 

identification; 2) investigate the diversity within the samples; 3) discover whether cryptic 

studies might be an issue in any of the species studied; 4) if so, develop a method to 

separate cryptic species from the rest of the samples; and to 5) choose a sample for each 

species to perform NGS after ensuring the correct identification has been made. 

  



Chapter 2 

65 
 

Table 2.2. PCR reagents for the mtDNA PCR using DNA barcoding primers (LCO1490: 

GGTCAACAAATCATAAAGATATTGG and HCO2198: TAAACT TCAGGGTGACCAAAAAATCA, Folmer et al. 

(1994)). PCR was carried out in a final volume of 20 µl. 

PCR reagent Final concentrations / 
quantity 

Supplier 

Go Taq Buffer x5 4 µl Promega (Maddison, WI, USA) 

MgCl2  3.75 mM Promega (Maddison, WI, USA) 

dNTPs 0.5 mM Promega (Maddison, WI, USA) 

Each Primer 0.5 µM Sigma (Gillingham, UK) 

Bovine Serum Albinum (BSA) 
x100 

0.25 µl New England Biolabs (Ipswich, MA, 
USA) 

Taq DNA polymerase 0.0625 µl Promega (Maddison, WI, USA) 

DNA 1 µl  

 

Table 2.3. PCR conditions for the mtDNA PCR using Folmer et al. (1994) primers (LCO1490: 

GGTCAACAAATCATAAAGATATTGG and HCO2198: TAAACT TCAGGGTGACCAAAAAATCA). PCR was 

carried out in a final volume of 20 µl. 

 Temp (°C) Duration  
Initial denaturation 94 5 minutes  

 94 30 seconds 

x 35  54 30 seconds 

 72 1 minute 

Final extension 72 10 minutes  

 

 

2.2.3.1 Sequencing and analysis methods 

Standard DNA barcoding primers from Folmer et al. (1994), were used (Table 2.2, Table 2.3). 

Samples were sent to Eurofins (Eurofins MGW Operon, Ebersberg, Germany) for purification 

and Stanger sequencing. Samples were initially sequenced in the forward and reverse 
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direction and a consensus used (those samples with ‘F&R’ in the name), however the 

sequence quality of the samples was good enough that subsequent samples were 

sequenced in the forward position only to make the preliminary experiment more cost 

effective. Sequences were edited by eye using Sequencher v4.9 (Gene Codes) and aligned 

using ClustalW in Bioedit v7.0.5 (Hall 1999). Sequences were trimmed to 624 bp, 627 bp and 

556 bp, for A. sulcicollis, I. grammatica and B. rhodani samples, respectively. The identities 

of the sequences were checked using a standard nucleotide BLAST (Basic Local Alignment 

Search Tool) and compared with Genbank’s online database (Benson et al. 2005). A 1000 

bootstrap consensus neighbour joining (NJ) tree was created in Mega v 6.0 (Tamura et al. 

2013) for each species and a median joining network was then made using Popart v1.7 

(Leigh and Bryant 2015) using samples from the main haplogroup only for each species. The 

NJ tree in MEGA uses a ‘Maximum composite likelihood’ distance method, estimated under 

a combination of the Jones–Thornton–Taylor (JTT) model for amino acid sequences and the 

Tamura and Nei (1993) model (Tamura et al. 2011). Median-Joining networks use the 

‘Hamming distance’ which is a simple method which counts the number of character 

differences between two sequences  (Bandelt et al. 1999). 

Thirty-two A. sulcicollis samples from 13 different sites (two individuals per site, apart from 

sites 109 and 95 which both have five) were used to make the NJ tree. Of these, 31 samples 

were used to construct the network. Twenty-nine I. grammatica samples from 14 sites were 

used to make the NJ tree and network for this species and one A. sulcicollis sample was used 

as an outgroup. Sixty-five B. rhodani individuals were sequenced from 19 different sites. 

Focus was placed on site 14 because preliminary results showed that cryptic species were 

present. Twelve sequences from Genbank of other members of the Baetis genus were used 

to compliment the analysis and act as outgroups (B. tricaudatus, B. macani, B.hudsonicus, 

B.vernus, B.liebenauae, as well as B. rhodani). Thirty-four of those samples (haplogroup 1) 

were used to construct the network. Sequences available at Genbank, Accession numbers 

KU955863-KU955988, see Appendix A, Table A2. 
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2.2.3.2 Results and discussion 

All three species showed similar patterns of diversity, with all or the majority of the samples 

comprising a single haplogroup. When using the main haplogroup (red circles in Figure 2.5a, 

blue circles in Figure 2.5b, and green circles in Figure 2.6) to create a median joining 

network, all three species showed a dominant haplotype, representing the majority of 

samples (Figure 2.7a-c). The majority of the haplotypes in each species are only separated 

from each other by one base mutation. However, these results could be due to the 

barcoding markers used, as they are designed to maximise inter specific diversity, therefore 

the similarities could be due to ascertainment bias. 

 

2.2.3.2.1 Amphinemura sulcicollis 

There was little variation among A. sulcicollis samples, with almost all comprising one 

haplogroup (Figure 2.5a). Although there were only seven A. sulcicollis sequences available 

on Genbank with which to compare, all samples apart from one aligned successfully; 

suggesting the identification to be correct (apart from 94A1). Sample 94A1, however, 

aligned with A. standfussi, indicating misidentification of this sample. Nine haplotypes were 

identified within the correctly identified samples; H1 = 20 individuals; H2 = four; with seven 

haplotypes associated with one sample (H3-H9) (Figure 2.7a). There was no indication of 

cryptic species within the samples. When the A. standfussi sample was genotyped, the 

microsatellites designed for A. sulcicollis did not amplify, excluding the risk of 

misidentification. Sample 95A1 was chosen for NGS, not only as having been verified as the 

correct species, but also because of the quality and quantity of its DNA. 

 

2.2.3.2.2 Isoperla grammatica 

There was no evidence of the presence of cryptic species in I. grammatica. There were no 

mtCO1 sequences of this species on Genbank (just two mRNA sequences); however, there 

was no obvious branching in the NJ tree (Figure 2.5b) and, with I. grammatica being the 

most prevalent Isoperla species present at the sites visited, no obvious species could be 
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mistaken for it. The samples contained 11 haplotypes; H1 = eight individuals; H2 = six; H3 = 

four; H4 = three; H5 = two, with six haplotypes associated with one sample (H6-H11; Figure 

2.7b). Individual 96I1 was chosen for NGS as it had the highest quality and concentration of 

DNA. 

 

2.2.3.2.3 Baetis rhodani 

The vast majority of the analysed samples were identified as B. rhodani when compared to 

sequences in Genbank, however, a number of cryptic species were identified. The samples 

split into three haplogroups, the large majority of the sites were in haplogroup 1 (green 

circles Figure 2.6), a small cluster branched off, forming haplogroup 2 (pink squares Figure 

2.6), and haplogroup 3 was present at site 14 only (CI4 in Llyn Brianne, black triangles Figure 

2.6). Morphological examination with a light microscope at x40 magnification allowed 

identification of marginal spines occurring intermittently between hairs on the gills of all 

samples sequenced, a feature only present in B. rhodani (Elliott et al. 1988). When 

sequenced and blasted in Genbank, however, the samples in haplogroup 3 did not align with 

other B. rhodani sequences. Separated clearly from the other samples (Figure 2.6), they 

appear more closely related to Baetis liebenauae, a species that does not occur in Britain, 

and thus could represent a previously undetected taxon. 

For the samples that were identified as B. rhodani, haplogroup 1 (34 samples) comprised 13 

haplotypes; H1 =10; H2 = seven; H3 and H4 = three; H5 and H6 = two; and one sample in the 

other seven haplotypes (H7-13, Figure 2.7c). Individual 102B3 was selected for NGS for its 

DNA quality and yield. 

A method of separating haplogroup 1 from the rest of the samples was developed thus 

avoiding allowing cryptic species into the genotyping dataset for this species. This was only 

necessary for B. rhodani as the other two species consisted of samples of only one 

haplogroup. 
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2.2.3.3 Cryptic species discrimination tool for B. rhodani 

To screen the samples and determine which belong to haplogroup 1 (Figure 2.6 & Figure 

2.7c) without having to sequence them, restriction sites (RFLP) within the sequences were 

examined using CLC Genomics Workbench v6.5.1 (http://www.clcbio.com). 

Two restriction enzymes, ‘Xba1’ and ‘BamH1’, were used in combination to determine 

which haplogroup samples belonged to, when visualised on an electrophoresis gel. Enzyme 

‘Xba1’ (New England BioLabs) was able to cut haplotype 1 and 2, enabling any haplotype 3 

samples to be identified and excluded. Enzyme ‘BamH1’ (New England BioLabs) was able to 

discriminate between haplogroup 1 and haplogroup 2, because it cut the sequences in 

haplogroup 1 but not haplogroup 2. Therefore, using these two enzymes all cryptic 

individuals could be removed using the restriction enzyme mix described in Table 2.4. 

Example of haplogroup 1: 

 

 

Example of haplogroup 2: 

 

 

Example of haplogroup 3: 
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Table 2.4. Details of reagents of restriction enzyme mix used to determine haplogroup of Baetis 

rhodani sample. Carried out in a final volume of 20 µl and incubated at 37oC for one hour. 

Reagent Quantity Supplier 

PCR product (Table 2.2 and Table 2.3) 10µl  
1X NE buffer 3 2.5 µl New England Biolabs (Ipswich, MA, USA) 
BSA  0.5 µl New England Biolabs (Ipswich, MA, USA) 
BamH1 enzyme 0.5 µl New England Biolabs (Ipswich, MA, USA) 
Xba1 enzyme 0.5 µl New England Biolabs (Ipswich, MA, USA) 

 

After incubation the products were electrophoresed for 1 hour and 45 minutes at 120V on a 

3% ethidium-bromide stained agarose electrophoresis gel before being visualised under UV 

light (Figure 2.8). Positive controls (known haplogroup 1 sequences from Figure 2.6); 

negative controls (known sequences from haplogroups 2 or 3, Figure 2.6) and a 100 bp 

ladder were also ran alongside the products for comparison. 

If the sample matched the positive control’s pattern, the sample was included; if, however, 

the sample matched the negative control, it was excluded. Occasionally, the sample had a 

different pattern; in this case, it was investigated further by examining the restriction sites. 

This procedure was completed for all samples; through this screening 20 B. rhodani samples 

were excluded leaving 186 samples on which to carry out microsatellite analysis. The 

method was verified by sequencing a few samples that had been included and excluded; 

this yielded supporting results allowing the adopted method to be considered successful. 
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Figure 2.5. A neighbour joining tree of a) Amphinemura sulcicollis and b) Isoperla grammatica samples from 13 and 14 sites, respectively. ‘F&R’ = 

sequenced forward and reverse. ‘H1-11’ represents the haplotype the sample belongs to. Circle’s = haplogroup 1 (used for network diagram). GenBank 

accession numbers between KU955863-KU955923 (Appendix A, Table A2). 
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Figure 2.6. A neighbour joining tree containing samples of Baetis rhodani from 19 sites. Within the name: ‘F&R’ = forward and reverse was sequenced, 

and ‘H1-13’ represents which haplotype the sample belongs to. Green circle = haplogroup 1 (used for network diagram); Pink square = haplogroup 2, 

Black triangle = haplogroup 3; GenBank accession numbers: KU955924-KU955988 (Appendix A, Table A2).  

 

  

haplogroup 1 haplogroup 2 haplogroup 3 
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a) b) c) 

 

  

 

Figure 2.7. Median Joining Network of a) Amphinemura sulcicollis, b) Isoperla grammatica, and c) Baetis rhodani, showing the diversity of 

haplotypes within the main haplogroup of each species. Black dots represent single mutations between haplotypes. 

20 samples 1 sample 
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Figure 2.8. Photograph of a 3% ethidium-bromide stained agarose electrophoresis gel under UV 

light, showing PCR products after incubation with two restriction enzymes (BamH1 and Xba1). 

Samples left  to right: 100bp ladder; positive control; negative control; 102B14; 102B15; 102B16; 

94B3; 94B4; 94B5; 94B6; 94B7; 94B8; 100bp ladder; 94B9; 94B10; 94B11; 94B12; 94B13; 94B14; 

94B15; 94B16; 94B17; 94B18; 100bp ladder. 

 

2.3 Next Generation Sequencing 

Identification of microsatellite markers was required for Isoperla grammatica and 

Amphinemura sulcicollis, and later also for Baetis rhodani. Although seven microsatellites 

had previously been described by Williams et al. (2002), additional microsatellites were 

required as it is unknown how many unlinked loci are needed to distinguish between 

recently diverged populations and to increase statistical power (Haasl and Payseur 2011; 

Putman and Carbone 2014). Ten polymorphic microsatellites loci are usually considered 

necessary per species (Cervini et al. 2006; Östergren et al. 2015). The increasing amounts of 

DNA sequencing reads and decreasing cost of Next Generation Sequencing (NGS) in recent 

years has considerably accelerated microsatellite locus discovery in other organisms (Yu et 

al. 2011; Fernandez-Silva et al. 2013). Therefore NGS was selected as the most time- and 

cost-effective method to identify novel microsatellites for Amphinemura sulcicollis, Isoperla 

grammatica, and Baetis rhodani. A complete description of the NGS preparation and 

subsequent analysis, including assembly, is described in a genomic resource note 
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(Macdonald et al. (2016a), Doi: http://dx.doi.org/10.1101/046227 and contained in 

Appendix B). Raw NGS data for each species are also available through the Short Read 

Archive (SRA STUDY: PRJNA315680 (SRP072016), and all assemblies have been deposited at 

DDBJ/ENA/GenBank (accessions LVVV00000000, LVVW00000000 and LVVX00000000). 

 

2.3.1 PrimerPipeline development 

In order to design new microsatellite markers for Amphinemura sulcicollis, Isoperla 

grammatica, and Baetis rhodani, repeat regions had to be located within each dataset and 

primers designed. This was first done using the programs MISA (http://pgrc.ipk-

gatersleben.de/misa/ [accessed 14/01/16]) and Primer3 (Untergasser et al. 2012) using a 

Linux platform. However, challenges were encountered, and these two programs provided 

incorrect primers and a different approach was needed. In collaboration with a computer 

programmer (Greg Macdonald) and a colleague (Luis Cunha), a new Windows based 

program, PrimerPipeline, with a graphical user interface was developed. PrimerPipeline 

(http://www.scrufster.com/primerpipeline/), incorporates MISA and Primer3 and evaluates 

primer-pair outputs. The results display window allows microsatellites, primers and flanking 

regions to be clearly visualised. This user-friendly program has been thoroughly tested by 

myself and others around the world, who have provided very positive feedback (see 

Appendix C for program manual). 

 

2.4 Developing novel microsatellite markers  

Microsatellites were developed for all three species and have been published in Macdonald 

et al. (2016b) (accepted 26 May 2016; full manuscript available in Appendix E). For A. 

sulcicollis, 25 primer pairs were tested, four of which were dropped because of poor 

amplification (Appendix D, Table D1). For I. grammatica, 28 primer pairs were tested, 10 of 

which were rejected due to poor amplification (Appendix D, Table D2). For B. rhodani, 28 

primer pairs were tested including those developed but not published by Williams (2003); 

nine primer pairs were rejected due to poor amplification (Appendix D, Table D3). New 

http://dx.doi.org/10.1101/046227
http://pgrc.ipk-gatersleben.de/misa/
http://pgrc.ipk-gatersleben.de/misa/
http://www.scrufster.com/primerpipeline/
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primers designed during the course of this study have been submitted to Genbank (See 

Appendix D and E; Macdonald et al. (2016b) for accession numbers). 

 

Table 2.5. PCR reagents for singleplex PCR for microsatellites in Appendix E, Table E1. PCR was 

carried out in a final volume of 5 µl. 

PCR reagent Final 
concentrations / 
quantity 

Supplier 

Multiplex mix 2.5 µl Qiagen (Hilden, Germany) 
Q solution 0.5 µl Qiagen (Hilden, Germany) 
Each primer 0.5 µM Sigma (Gillingham, UK) 
Fluorescent dye with complimentary 
M13 tail attached (TAM, HEX or FAM) 

0.5 µM Eurofins (MWG Operon) 

DNA template (~50 ng) 1 µL  

 

Table 2.6. PCR conditions for microsatellites in Appendix E, Table E1. PCR was carried out in a final 

volume of 5 µl. 

 Temp (°C) Duration  
Initial denaturation 94 3 minutes  

 94 30 seconds 

x 35 Annealing Temperature 60 45 seconds 

 72 1 minute 

Final extension 72 10 minutes  

 

2.4.1 Method 

Using the PCR protocols detailed in Table 2.5 and Table 2.6, 28, 25 and 15 primer pairs (I. 

grammatica, A. sulcicollis and B. rhodani, respectively) were selected for screening using 36-

40 samples from two sites in Wales (Appendix E, Table E1, E2). All forward primers were 

tagged with an M13 tail (5’-AGGGTTTTCCCAGTCACGACGTT-3’) at the 5’ end; this allows, in a 

singleplex PCR, a fluorescent dye (with a compliment M13 tail) to be attached. The use of 
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the M13 tail method (Boutin-Ganache et al. 2001) negates the need for fluorescently-

labelled primers, significantly reducing the cost of genotyping (Schuelke 2000). 

 

2.4.2 Data analysis 

The number of alleles, heterozygosity and Hardy–Weinberg equilibrium (HWE) were 

calculated per locus for two populations of each species in GenAlEx (Peakall and Smouse 

2012). Significances for multiple tests were adjusted using Bonferroni correction (Rice 

1989). Polymorphism information content (PIC) was calculated per population using Cervus 

v.3.0.7 (Kalinowski et al. 2007). The presence of null alleles, allelic dropout and scoring 

errors were ascertained using Micro-Checker v2.2.3 (Van Oosterhout et al. 2004). Linkage 

disequilibrium (LD) was estimated using GENEPOP 4.2 (Raymond and Rousset 1995). 

 

2.4.3 Results and discussion 

A set of 18, 21 and 13 robust polymorphic microsatellites were identified for I. grammatica, 

A. sulcicollis and B. rhodani, respectively. High numbers of alleles and PIC were found for all 

three species when analysed per site (Na = 7-27, 3-16, 5-13, average 17, 9, 9; PIC= 0.67-0.95, 

0.36-0.90, 0.42-0.88, average 0.88, 0.73, 0.72; Appendix E, Table. 1) showing that they are a 

useful resource. 

Some loci within each species showed significant departure from HWE for both populations 

(Iso_11-18, Amp_16-21 and B_11-13; Appendix E, Table E1) along with evidence of null 

alleles (Iso_7-18, Amp_10-21 and B_9-13; Appendix E, Table E1). Heterozygosity deficit and 

null alleles are commonly observed within insects (Chapuis and Estoup 2007), including 

within Baetidae (Alp et al. 2012). How this affects the data has been considered within 

Section 2.6. There was no significant LD or scoring errors found for any of the loci. 
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2.5 Final Dataset 

2.5.1 Choosing Final Microsatellites 

Of the microsatellites already published, it was decided that ten microsatellites per species 

would offer a good resolution (as well as being feasible within both time and budget 

constraints). These microsatellites were chosen on the basis of preliminary analysis 

(Appendix E, Table E1) using a combination of three traits: 1) least likely to have null alleles 

and departure from Hardy Weinberg equilibrium (HWE), 2) easiest to score thus avoiding 

errors, and 3) evidence of good amplification success to avoid missing data. 

For I. grammatica, departure from HWE was common, however preliminary analysis 

showed no consistent pattern of departure from HWE in the first ten microsatellites (Iso_1 - 

Iso_10; Iso_1-4 were in HWE at both sites whereas with Iso_5-10, only one site was 

significantly out of HWE, Appendix E, Table E1). These microsatellites also had high success 

rates and were relatively simple to score, hence Iso_1 - Iso_10 were chosen for ongoing 

analysis. 

Compared to I. grammatica, A. sulcicollis, had a greater number of microsatellites that 

showed inconsistent departure from HWE (Amp_1-Amp_15, Appendix E, Table E1) and the 

two remaining traits were considered more carefully. Amp_1 and Amp_12 were not chosen 

because the success rates were lower than the other microsatellites (e.g. only 15 and 11 

successful samples out of 20 attempted respectively, Appendix E, Table E1, E2) and Amp_7 

was excluded because it was harder to score accurately. Therefore the following ten 

microsatellites were selected to create the final dataset: Amp_2, Amp_3, Amp_4, Amp_5, 

Amp_6, Amp_8, Amp_9, Amp_10, Amp_11 and Amp_13. 

For B. rhodani, seven microsatellites (Brh-1, Brh-2, Brh-3, Brh-4, Brh-6 and Brh-7) had 

already been developed by Williams (2003). It was decided that six more microsatellites 

were needed to ensure that there would be at least ten microsatellites as some of the 

original microsatellites showed variable success rates (Brh-1, Brh-3 and Brh-7). The first ten 

newly developed microsatellites showed no consistent departure from HWE (Appendix E, 

Table E1). B_1, B_2, B_3, B_4, B_5 and B_7 were chosen to be added to the original seven 
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(Appendix E, Table E1). B_6 was not chosen because B_7 was easier to score. This species 

was genotyped at 13 loci. 

 

2.5.2 Data quality  

The microsatellite loci for all three species had very high numbers of alleles (A. sulcicollis 11-

56; I. grammatica 38-72 and B. rhodani 11-55). This made scoring difficult and the fact that 

26 of the 33 microsatellites had never been used before, meant that extra time and effort 

had to be invested in ensuring high levels of genotyping accuracy. To attain an accurate and 

complete a set of genotyping data, the following steps were followed: 

• High levels of repeats randomly in the dataset (Table. 2.7) to check and ensure 

scoring and binning accuracy, for some loci considerably higher than the 

recommended 10% (Dewoody et al. 2006). 

• Samples that were in any way ambiguous to score or bin were repeated. 

• Unique alleles were repeated to ensure that they were true alleles, and confirm a 

binning range for that allele. 

• To ensure low levels of missing data all failed samples were repeated at least 

three times. 

• In every separate fragment analysis order there were negatives and repeats to 

ensure that any contamination was found and any differences between orders 

were rectified. 

• Projects were scored multiple times to test scoring accuracy and any 

discrepancies investigated usually leading to a new scoring rule. 

• Results differing on repeat would be re-analysed until a consensus could be 

found. If no consensus was possible then the sample was excluded. 

The final dataset required 12,119 PCR reactions. For A. sulcicollis this included 278 samples 

across 17 different sites (Appendix F, Table F1 and F2). Between 49 and 136 samples were 

repeated at least twice ranging from 27.4% (Amp_10) to 76.0% (Amp_13) of samples (Table 

2.7a, mean 43.4%). This high level of repetition allowed confidence in scoring and in the 

binning of alleles. It also meant that the level of missing data was very low; only three loci 
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had any missing data (Amp_10, Amp_11 and Amp_13) with 1 - 22 (0.4%- 7.9%) samples 

missing per locus (Table 2.7a). No samples had missing data at more than two loci so none 

were removed.  

The Isoperla grammatica dataset included 237 individuals from 13 sites (Appendix F, Table 

F4 and F5). Between 58 (Iso_7, 24.5%) and 134 (Iso_5, 56.5%) individuals were repeated 

(Table 2.7b; mean 37.5%). Six loci had low levels of missing data (1 – 22 samples; Table 

2.7b), but there was only two individuals that had missing data at two loci (98I5 and 108I2). 

Finally, B. rhodani included 186 individuals from 10 sites. The amount of repetition needed 

varied greatly between loci, with just 20 individuals repeated for B_3 (10.8%) and 102 for 

Brh-6 (54.8%) based on the amount of ambiguous samples within each loci (Table 2.7c). 

However, again a very low missing data level was achieved; only two individuals (09B15 and 

09B2) had missing data at two loci. 

 

2.5.3 Binning alleles 

Usually all microsatellite scores are binned into unique alleles. If there are only a couple of 

alleles requiring such action, this can usually be done quite simply by hand, however if there 

are many such alleles, automated binning is typically used (Amos et al. 2007; Guichoux et al. 

2011; Flores-Rentería and Krohn 2013). In this dataset there were 1,112 alleles so a binning 

system was needed to cope with this number. Firstly, automated binning of microsatellite 

allele lengths was attempted using TANDEM (Matschiner and Salzburger 2009). Errors were 

found to occur using this method however, for example with clear heterozygotes binned 

into homozygotes (i.e two alleles binned into one). It was concluded that the available 

programs were not fit for the purposes of analysing this dataset and manual binning was 

therefore used. 

Rules were established for each allele, setting a minimum and maximum allele length (in 

base pairs, bp) and ensuring that no heterozygotes could be binned as homozygotes. A high 

number of repetitions were necessary to check the accuracy of these limits. The recorded 

size range within alleles (difference between the minimum and maximum allele length) was 

noted and the difference between the upper limit of one allele and the lower limit of the 
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subsequent allele were observed to ensure these ranges were appropriate. The tables of 

rules for each microsatellite located in Appendix F were completed with the final dataset.  
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Table 2.7a-c. Summary of final dataset for a) Amphinemura sulcicollis, b) Isoperla grammatica and c) Baetis rhondoni, per loci and then in total. No. 

Repeated = the number of individual samples that were repeated at least twice; Repeated as % = the percentage of total samples that were repeated at 

least once; Total successful = total number of successful samples genotyped, including repeats; Total failed = total number failed, including repeats; Missing 

data = the number of individual samples that could not be genotyped; Missing data as %  = the percentage of data that are missing from the whole dataset 

per loci; Not Included = the number of samples not included in Appendix F final dataset, due to failure to amplify, usually due to species miss-identification; 

Negatives = number of negative samples (blank) sent for fragment analysis, (not included in Appendix F Final dataset); Total samples = total number of 

samples sent for genotyping; and No. of alleles = the number of different alleles in the dataset. 

Table 2.7a. Amphinemura sulcicollis (Summary of Table F1, F2 and F3i-x in Appendix F). 

 Amp_2 Amp_3 Amp_4 Amp_5 Amp_6 Amp_8 Amp_9 Amp_10 Amp_11 Amp_13 Total 

No. repeated 61 61 73 82 97 62 65 49 90 136 776 
Repeated as % 34.1 34.1 40.8 45.8 54.2 34.6 36.3 27.4 50.3 76.0 - 
Total successful 341 342 355 367 378 340 348 308 366 433 3,578 
Total failed  10 4 8 62 21 8 6 91 55 19 284 
Missing data 0 0 0 0 0 0 0 22 11 1 34 
Missing data as % 0 0 0 0 0 0 0 7.9 4.0 0.4 - 
Not included 13 13 44 20 13 13 45 7 45 20 233 
Negatives 13 13 15 17 13 12 12 9 11 16 131 
Total samples 377 372 422 466 425 373 411 415 477 488 4,226 
No. of alleles 36 18 13 19 11 15 20 22 56 17 227 
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Table 2.7b. Isoperla grammatica (Summary of Table F4, F5 and F6i-x in Appendix F). 

 Iso_1 Iso_2 Iso_3 Iso_4 Iso_5 Iso_6 Iso_7 Iso_8 Iso_9 Iso_10 Total 

No. repeated 93 97 122 63 134 74 58 73 106 68 888 
Repeated as % 39.2 40.9 51.5 26.6 56.5 31.2 24.5 30.8 44.7 28.7 - 
Total successful 337 349 375 303 380 316 309 319 336 306 3330 
Total failed 6 69 23 29 50 21 8 12 139 5 362 
Missing data 0 0 1 1 8 4 2 0 22 0 38 
Missing data as % 0.0 0.0 0.4 0.4 3.4 1.7 0.8 0.0 9.3 0.0 - 
Not included 0 0 0 0 0 0 0 0 0 0 0 
Negatives 14 15 12 10 13 12 13 13 14 14 128 
Total samples 357 433 410 342 443 349 330 344 491 326 3825 
No. of alleles 43 61 48 65 59 60 64 54 72 38 564 

 

Table 2.7c. Baetis rhodani (Summary of Table F7, F8 and F9i-xiii in Appendix F). 

 Brh-1 Brh-2 Brh-3 Brh-4 Brh-5 Brh-6 Brh-7 B_1 B_2 B_3 B_4 B_5 B_7 Total 

No. repeated 71 32 100 53 36 102 84 32 29 20 37 47 33 676 
Repeated as % 38.2 17.2 53.8 28.5 19.4 54.8 45.2 17.2 15.6 10.8 19.9 25.3 17.7  
Total successful 269 232 313 259 236 308 290 220 216 205 223 242 213 3226 
Total failed 78 34 48 71 14 28 82 3 3 23 5 5 19 413 
Missing data 8 5 1 1 2 3 1 0 0 0 0 1 5 27 
Missing data as % 4.3 2.7 1.1 0.5 1.1 1.6 0.5 0.0 0.0 1.1 0.0 0.5 3.8  
Not included 17 17 22 19 18 18 19 25 21 24 24 25 22 271 
Negatives 13 12 14 14 10 14 13 11 10 10 10 11 10 152 
Total samples 377 295 397 363 278 368 404 259 250 262 264 283 268 4068 
No. of alleles 13 17 19 27 27 26 55 19 21 22 11 40 24 321 
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2.6 Null Alleles 

2.6.1. Introduction 

Microsatellite null alleles is an issue which results from mutations at primer sites that cause certain 

alleles not to amplify during PCR, leading to false homozygotes (Shaw et al. 1999a; Van Oosterhout 

et al. 2004). Non amplified (null) alleles are a common issue in microsatellite studies but can bias 

estimates of allele and genotype frequencies decreasing observed heterozygosity and increase the 

apparent level of inbreeding (Dewoody et al. 2006; Van Oosterhout et al. 2006). 

Although microsatellites were chosen to reduce the instance of microsatellite null alleles within the 

final dataset, they could potentially remain an issue for all three species. This is not unexpected as 

many studies have noted the high frequency of null alleles within insects (for example 

Ephemeroptera (Alp et al. 2012); Lepidoptera (Meglecz et al. 2004); Diptera (Lehmann et al. 1997) 

and Orthoptera (Chapuis et al. 2005; Chapuis and Estoup 2007)). Such observations are thought to 

be linked to both large effective population sizes and highly variable flanking regions (Chapuis and 

Estoup 2007), typical of invertebrate populations. 

Null allele scoring errors are particularly challenging to detect because, by definition, null alleles fail 

to produce a visible product (Dakin and Avise 2004; Dewoody et al. 2006), however they can be 

indirectly tested by examining Hardy-Weinberg (HW) proportions (Chapuis and Estoup 2007). Many 

population genetic models assume panmixia and that the population is in HWE (Chakraborty et al. 

1992; Brookfield 1996; Van Oosterhout et al. 2004). Null alleles can, however, be misidentified if 

the observed heterozygote deficiencies have another cause (e.g. the Wahlund effect, where more 

than one population is inadvertently analysed as a single genetic unit).  

The aim of this section was to 1) investigate null alleles and other scoring errors in the final dataset; 

2) to begin to investigate their effect on the data and 3) to discuss reasons for finding evidence of 

null alleles and 4) to decide whether any loci should be dropped from further analysis. 
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2.6.2 Data analysis 

For each species, the number of alleles, heterozygosity and HWE were estimated per locus for all 

sites comprising more than 10 samples using the software GenAlEx (Peakall and Smouse 2012). 

Significances for multiple tests were adjusted using Bonferroni correction (Rice 1989). 

Polymorphism information content (PIC) was calculated per site using Cervus v.3.0.7 (Kalinowski et 

al. 2007). The presence of null alleles, as well as scoring errors such as allelic dropout and stuttering 

were ascertained using Micro-Checker v2.2.3 (Van Oosterhout et al. 2004). Allelic dropout describes 

an error where smaller alleles are preferentially amplified in a heterozygous genotype; this can 

cause potential scoring error that can bias allele and genotype frequencies (Dewoody et al. 2006). 

Whereas stuttering can be produced by slippage of taq polymerase during PCR which produces 

stutter bands (multiple peaks for one allele), some loci are prone to stuttering and can contribute to 

scoring errors (Dewoody et al. 2006). For A. sulcicollis 13 sites were compared at each loci, I. 

grammatica had 12 sites and Baetis rhodani had 10. All individuals inferred to be related (at a 

probability of ≥ 0.8 for half siblings or more closely related individuals) were removed from the data 

before this analysis was performed (described in Section 3.3). 

 

2.6.3 Results 

Average sample sizes (N) per site ranged from 16-17, 17-19 and 16-17 per loci for A. sulcicollis, I. 

grammatica and B. rhodani (Table 2.8a-c), respectively, therefore success rate of each locus did not 

differ greatly between loci or species. All three species were found to be very polymorphic with the 

mean number of alleles (Na) ranging from 5 (Amp_6) - 15 (Amp_2); 11 (Iso_10) - 23 (Iso_2 and 

Iso_4) and 6 (Brh-2 and B_4) - 20 (Brh-7). The mean polymorphic information content (PIC) ranged 

from 0.59 (Amp_3) - 0.87 (Amp_2); 0.82 (Iso_10) - 0.94 (Iso_3 and Iso_4) and 0.55 (B_4) - 0.93 (Brh-

7), (the complete descriptive statistics per loci can be found in Appendix G and are summarised per 

species in Table 2.8a-c). 

The percentage of sites that were found to deviate from HWE after Bonferroni correction per locus 

ranged from 0 - 100% for A. sulcicollis. Three loci (Amp_10, Amp_11 and Amp_13), had significant 

deviation from HWE at more than half of the sites due to heterozygote deficiency (Table 2.8a). Loci 

for I. grammatica ranged from 0 - 100% where results from seven loci were higher than 50% (Iso_4 
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- Iso_10, Table 2.8b). For B. rhodani, the results ranged from 0 - 90% with four loci (Brh-1 - Brh-3 

and B_5) out of HWE for more than half of the sites analysed (Table 2.8c). 

As expected, the levels of null alleles matched the patterns of HW disequilibrium for all three 

species. Isoperla grammatica had the highest levels both of polymorphism and inferred null alleles. 

Seven (Iso_4 - Iso_10) of the 10 loci (70%) showed evidence of null alleles in over half of the sites 

analysed (Table 2.9b). B. rhodani had five loci (Brh-1-3, B_4-5) and A. sulcicollis had four (Amp_9-11 

and Amp_13) with inferred null alleles. However, because B. rhodani was analysed for 13 loci, the 

levels of null alleles within the data are very similar - 38% compared to 40% for A. sulcicollis (Table 

2.9a and Table 2.9c). For B. rhodani evidence of scoring error due to stuttering were found in three 

loci (Brh-1 in 50% of the sites, Brh-3 and B_4 in 20% of the sites). There were no consistent 

evidence of scoring errors or allelic dropout was found in any other loci in any of the species. 
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Table 2.8a-c. Summary of descriptive statistics for a) Amphinemura sulcicollis, b) Isoperla grammatica and c) Baetis rhodani, per loci, per site (only sites with 

<10 samples per site were included). N = number of individuals; NA = number of alleles per locus; HO = observed heterozygosity; HE = expected 

heterozygosity; HWE = p value of Hardy-Weinberg Equilibrium test; no. sig = total number of sites that are significantly out of HWE with and without 

Bonferroni correction (critical P value p ≤0.005)); % = percentage of sites significantly out of HWE with and without Bonferroni correction, and PIC = 

polymorphism information content. 

Table 2.8a. Amphinemura sulcicollis (full data in Appendix G, Table G1). 

  Locus Amp_2 Amp_3 Amp_4 Amp_5 Amp_6 Amp_8 Amp_9 Amp_10 Amp_11 Amp_13 

N Min 15 15 15 15 15 15 15 11 14 15 
  Max 19 19 19 19 19 19 19 18 19 19 
  Average 17 17 17 17 17 17 17 16 17 17 

Na Min 10 5 5 7 4 8 5 6 9 5 
  Max 21 10 9 14 7 12 11 13 18 10 
  Average 15 8 7 11 5 9 7 10 13 7 

Ho Min 0.688 0.316 0.625 0.471 0.444 0.438 0.294 0.133 0.250 0.294 
  Max 1.000 0.813 1.000 1.000 0.882 0.889 0.588 0.824 0.556 0.563 
  Average 0.893 0.644 0.840 0.835 0.707 0.727 0.409 0.474 0.432 0.450 

uHe Min 0.797 0.290 0.774 0.497 0.579 0.802 0.435 0.618 0.800 0.558 
  Max 0.952 0.808 0.867 0.925 0.815 0.908 0.827 0.922 0.944 0.889 
  Average 0.910 0.637 0.830 0.834 0.687 0.867 0.707 0.813 0.883 0.772 

HWE Min 0.000 0.064 0.039 0.037 0.003 0.000 0.000 0.000 0.000 0.000 
  Max 1.000 1.000 1.000 1.000 0.994 0.662 0.065 0.254 0.000 0.014 
  Average 0.495 0.589 0.545 0.522 0.461 0.228 0.012 0.026 0.000 0.002 
  no. sig (p=0.005) 1 0 0 0 1 3 6 10 13 12 
  % with Bonferroni 8 0 0 0 8 23 46 77 100 92 
  no. sig (p=0.05) 1 0 1 2 2 5 12 11 13 13 
  % without Bonferroni 8 0 8 15 15 38 92 85 100 100 

PIC Min 0.75 0.27 0.71 0.46 0.50 0.75 0.40 0.57 0.75 0.52 
  Max 0.92 0.75 0.82 0.89 0.76 0.87 0.79 0.87 0.91 0.85 
  Average 0.87 0.59 0.78 0.79 0.61 0.82 0.65 0.76 0.84 0.72 
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Table 2.8b. Isoperla grammatica (full data in Appendix G, Table G2). 

  Iso_1 Iso_2 Iso_3 Iso_4 Iso_5 Iso_6 Iso_7 Iso_8 Iso_9 Iso_10 

N Min 15 15 15 15 15 15 15 15 14 15 
  Max 20 20 20 20 20 20 20 20 19 20 
  average 19 19 19 19 19 19 19 19 17 19 

Na Min 12 19 14 16 16 15 17 16 14 9 
  Max 20 25 23 28 22 25 26 23 24 15 
  average 16 23 19 23 19 18 20 21 19 11 

Ho Min 0.632 0.647 0.733 0.600 0.235 0.353 0.500 0.412 0.200 0.250 
 Max 1.000 0.950 0.947 0.947 0.684 0.947 0.947 0.850 0.579 0.700 
 average 0.869 0.850 0.851 0.769 0.526 0.573 0.708 0.664 0.409 0.437 

He Min 0.757 0.942 0.892 0.940 0.888 0.893 0.927 0.910 0.921 0.683 
 Max 0.947 0.976 0.964 0.982 0.976 0.974 0.980 0.972 0.976 0.904 
 average 0.907 0.965 0.941 0.964 0.943 0.932 0.954 0.959 0.954 0.860 

HWE Min 0.007 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
 Max 1.000 0.625 0.797 0.688 0.000 0.930 0.425 0.035 0.000 0.081 
 average 0.403 0.134 0.189 0.059 0.000 0.078 0.068 0.003 0.000 0.007 
 no. sig (p=0.005) 0 5 2 10 12 11 8 11 12 11 
 % with Bonferroni 0 42 17 83 100 92 67 92 100 92 
 no. sig (p=0.05) 3 7 6 11 12 11 9 12 12 11 
 % without Bonferroni 25 58 50 92 100 92 75 100 100 92 

PIC Min 0.72 0.91 0.86 0.91 0.86 0.86 0.90 0.88 0.89 0.65 
 Max 0.92 0.95 0.94 0.95 0.95 0.95 0.95 0.95 0.95 0.87 
 average 0.87 0.94 0.91 0.94 0.91 0.90 0.92 0.93 0.92 0.82 
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Table 2.8c. Baetis rhodani (full data in Appendix G, Table G3). 

  Brh-1 Brh-2 Brh-3 Brh-4 Brh-5 Brh-6 Brh-7 B_1 B_2 B_3 B_4 B_5 B_7 

N Min 10 11 11 10 11 8 11 11 11 11 11 11 11 
 Max 19 20 20 20 20 20 20 20 20 20 20 20 20 
 Average 16 16 17 17 16 16 17 17 17 17 17 17 16 

Na Min 5 4 4 7 9 6 17 4 9 10 4 7 5 
 Max 9 8 11 14 15 12 23 9 13 16 7 14 11 
 Average 7 6 7 10 11 10 20 7 11 12 6 10 7 

Ho Min 0.133 0.313 0.125 0.600 0.563 0.438 0.647 0.625 0.611 0.667 0.313 0.313 0.267 
 Max 0.500 0.636 0.455 0.938 0.938 0.875 1.000 0.938 1.000 0.941 0.625 0.650 0.750 
 Average 0.342 0.471 0.232 0.795 0.768 0.644 0.857 0.732 0.839 0.779 0.412 0.547 0.593 

He Min 0.659 0.683 0.286 0.790 0.805 0.760 0.952 0.683 0.783 0.883 0.518 0.779 0.569 
 Max 0.873 0.825 0.818 0.907 0.890 0.917 0.983 0.792 0.911 0.936 0.673 0.911 0.829 
 Average 0.780 0.764 0.686 0.858 0.855 0.825 0.967 0.746 0.861 0.909 0.617 0.848 0.703 

HWE Min 0.000 0.001 0.000 0.003 0.000 0.000 0.000 0.130 0.030 0.001 0.000 0.000 0.000 
 Max 0.009 0.255 0.091 0.939 0.946 0.361 1.000 0.984 1.000 0.688 0.136 0.025 0.702 
 Average 0.001 0.027 0.009 0.332 0.268 0.125 0.248 0.399 0.386 0.121 0.041 0.004 0.320 
 No. sig (p=0.005) 9 9 9 1 2 2 3 0 0 3 4 8 2 
 % with Bonferroni 90 90 90 10 20 20 30 0 0 30 40 80 20 
 No. sig (p=0.05) 10 9 9 4 4 5 5 0 1 5 7 10 3 
 % without Bonferroni 100 90 90 40 40 50 50 0 10 50 70 100 30 

PIC Min 0.59 0.60 0.26 0.74 0.75 0.70 0.92 0.61 0.74 0.84 0.44 0.72 0.54 
 Max 0.83 0.77 0.77 0.87 0.86 0.85 0.94 0.73 0.87 0.90 0.61 0.87 0.78 
 Average 0.72 0.70 0.64 0.81 0.81 0.77 0.93 0.68 0.82 0.87 0.55 0.80 0.65 
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Table 2.9a-c. Describing results from Micro-Checker for a) Amphinemura sulcicollis, b) Isoperla 

grammatica and c) Baetis rhodani, per loci, per site (only sites with greater than 10 samples were 

included). Where ‘yes’ = there is evidence of null alleles and ‘no’ = there is no evidence of null alleles 

(1 denotes evidence for scoring error due to stuttering). Total= the total number of sites that show 

evidence of null alleles per loci. 

Table 2.9a. Amphinemura sulcicollis. 

Locus 
Site code  

104 109 108 102 112 96 9 116 113 95 6 59 93 Total 

Amp_2         no no no no no no no no no no no no no 0 
Amp_3         no no no no no no no no no no no no no 0 
Amp_4         no no no no no no no no no no no no no 0 
Amp_5         no no no no yes no no no no no no no no 1 
Amp_6         no no no no no no yes no no no no no no 1 
Amp_8         yes yes no no no no no no yes no no no no 3 
Amp_9         yes yes yes yes yes yes no yes yes yes no yes no 10 
Amp_10       no yes yes yes yes yes yes yes yes no yes yes yes 11 
Amp_11       yes yes yes yes yes yes yes yes yes yes yes yes yes 13 
Amp_13       yes yes yes yes yes yes no yes yes yes yes yes yes 12 

 

Table 2.9b. Isoperla grammatica. 

Locus 
Site code 

Total 
105 106 108 12 97 98 112 114 115 10 118 93 

Iso_1          no no no no no no no no no no no no 0 
Iso_2          no yes no no yes yes no yes no no no no 4 
Iso_3          yes yes no yes no no no no no no yes no 4 
Iso_4          yes yes yes no yes yes yes yes yes yes yes no 10 
Iso_5          yes yes yes yes yes yes yes yes yes yes yes yes 12 
Iso_6          yes yes yes yes yes yes yes yes yes yes yes no 11 
Iso_7          no yes no yes no yes yes yes yes yes yes yes 9 
Iso_8          yes no yes yes yes yes yes yes yes yes yes yes 11 
Iso_9          yes yes yes yes yes yes yes yes yes yes yes yes 12 
Iso_10       yes yes yes yes1 yes no yes yes yes yes1 yes yes 11 
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Table 2.9c. Baetis rhodani. 

Locus 
Site code 

Total 
112 102 97 96 9 106 113 115 94 118 

Brh-1       yes yes1 yes1 yes1 yes yes yes1 yes1 yes yes 10 
Brh-2       yes yes1 yes yes no no no yes yes yes 7 
Brh-3       yes yes yes1 yes1 yes yes no yes yes yes 9 
Brh-4       no yes no no yes no no no no no 2 
Brh-5       yes yes1 no no no no no no no no 2 
Brh-6       no no no yes no no yes1 yes no yes 4 
Brh-7       no yes no yes no yes yes no no no 4 
B_1         no no no no no no no no no no 0 
B_2         no no no no no yes no no no no 1 
B_3         no no no no no yes no no no yes 2 
B_4         yes yes yes1 yes no yes1 no no no no 5 
B_5         yes yes yes yes no yes yes yes yes yes 9 
B_7         no no no no no yes no no yes no 2 

 

2.6.4 Further investigation into effect on genetic structure 

2.6.4.1 Data analysis 

Due to the high level of null alleles in all three species, removing all the affected loci would 

severely deplete the data and the resolution with which to answer the main aims of this 

study, especially for I. grammatica and A. sulcicollis. Attempting to replace the loci that are 

suspected of null alleles would also be inappropriate as the loci remaining had already been 

identified as having null alleles in the initial screening with two sites, or were rejected for 

another reason, for example poor amplification (see Section 2.5.1 and Appendix D). 

The presence of null alleles has been shown to overestimate population differentiation 

(Chapuis and Estoup 2007). To explore this possibility, an investigation was carried out on 

how the loci suspected of null alleles influenced the structure of A. sulcicollis. The approach 

involved running STRUCTURE (Pritchard et al. 2000) with only the loci not suspected of null 

alleles before adding one locus at a time to determine each locus’ influence and to ensure 

that population structure was not being unduly influenced by particular loci. For I. 

grammatica, removing all loci suspected of null alleles would have only left three loci; too 

low a number for implementing STRUCTURE, whereas B. rhodani showed no population 

structure so the null alleles present could not be influencing inferred population 

differentiation. 
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Using STRUCTURE v2.3.3 (Pritchard et al. 2000; Falush et al. 2003) all plots were the result of 

seven iterations using all available sites; and the program Clump (Jakobsson and Rosenberg 

2007) was used to average these iterations. All plots were run with 100,000 Burn-in period 

and 1,000,000 Markov chain Monte Carlo (MCMC) repetitions; all were run with no priors 

and investigated at a number of different assumed clusters (K=1-5). 

To find the most probable number of clusters (K value), as well as using the graphical 

outputs from STRUCTURE, the mean likelihood distribution (mean LnP(K)), and the Delta K 

(ΔK) were found using STRUCTURE Harvester web v0.6.93 (Earl and vonHoldt 2012). ΔK is 

the second order rate of change in log probability between successive K values, and the 

mean LnP(K) is the mean log likelihood of the data at each step of the MCMC (Evanno et al. 

2005), and both can be used to help find the most probable number of clusters with a 

dataset.  

 

2.6.4.1 Results 

First of all, all ten loci were used to create STRUCTURE plots representing two, three and 

four clusters (Figure 2.9a-c), so that this could be compared with subsequent plots (where 

loci exhibiting evidence of null alleles are removed). Using the full set of loci population 

structure was detected for A. sulcicollis, particularly with individuals contained in sites 95 

and 6, and to a lesser extent the last site (most northern) 93, and the first site (most 

southern) 104; the rest of the individuals are a mixture of clusters (Figure 2.9a-c; details of 

STRUCTURE result explained in Chapter 3). 

When, however, the null allele loci are removed, and only the six remaining loci are used to 

run STRUCTURE, the pattern of structure is almost entirely lost (Figure 2.10). Although there 

is a slight pattern around individuals contained in sites 95 and 6, it is very different when 

compared to the full dataset (Figure 2.9). 

By adding one locus at a time back, the effect of individual loci can be discerned. For 

example, Figure 2.11 was made with seven loci, all six loci without evidence of null alleles 

plus loci ‘Amp_9’ which shows evidence of null alleles (Table. 2.9a), therefore Figure 2.11 

shows the effect of ‘Amp_9’ individually.  Using these loci the STRUCTURE plot shows even 

less structure than without ‘Amp_9’ included when assuming two clusters (Figure 2.11a), 
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however shows slightly more structure when assuming three clusters (Figure 2.11b). In this 

case three clusters was considered to most likely number of clusters using STRUCTURE 

harvester, whereas in all other subsequent plots (Figure 2.12- 2.14) two clusters was 

considered the most likely. In turn, the other three loci showing evidence of null alleles were 

tested by combining them with the six loci with no null alleles. The effect of Amp_10 (Figure 

2.12), Amp_11 (Figure 2.13) and Amp_13 (Figure 2.14), gives very similar results, showing 

slightly more structure than with Amp_9 (Figure 2.11) or then with only six loci (Figure 2.10), 

but not as much as with all loci combined (Figure 2.9). 

a) 

 

b) 

 

c)

 

Figure 2.9. STRUCTURE plots showing results for Amphinemura sulcicollis using the whole dataset 

(10 loci including 4 loci that show evidence of null alleles: Amp_9, 10, 11 and 13) a) assumed two 

clusters; K=2, b) assumes three clusters; K=3 and c) assumes four clusters K=4. Site numbers shown 

below (grey shows partial sites), sites ordered from south to north of Wales. 
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a

b)

 

Figure 2.10. STRUCTURE plot showing results for Amphinemura sulcicollis using six loci only, not 

suspected of null alleles, a) assumed two clusters; K=2 and b) assumes three clusters; K=3. Site 

numbers shown below (grey shows partial sites), sites ordered from south to north of Wales. 
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a)

b

 

 

Figure 2.11. STRUCTURE plot showing results for Amphinemura sulcicollis using six loci without 

evidence of null alleles plus Amp_9 a) assumed two clusters; K=2 and b) assumes three clusters; K=3. 

Site numbers shown below (grey shows partial sites), sites ordered from south to north of Wales. 

 

 

 

Figure 2.12. STRUCTURE plot showing results for Amphinemura sulcicollis using six loci without 

evidence of null alleles plus Amp_10 for K=2 (identified by structure harvester to be the most likely 

value of K). 
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Figure 2.13. STRUCTURE plot showing results for Amphinemura sulcicollis using six loci without 

evidence of null alleles plus Amp_11 for K=2 (identified by structure harvester to be the most likely 

value of K). 

 

 

Figure 2.14. STRUCTURE plot showing results for Amphinemura sulcicollis using six loci without 

evidence of null alleles plus Amp_13 for K=2 (identified by structure harvester to be the most likely 

value of K). 

 

2.6.5 Discussion 

As expected, due to their frequency in invertebrates (Addison and Hart 2005; Brownlow et 

al. 2008; Schultheis et al. 2008; Postaire et al. 2015) evidence of null alleles have been found 

in a high proportion of loci for A. sulcicollis, I. grammatica and B. rhodani. Evidence of null 

alleles were found because there was a lower than expected (under Hardy-Weinberg) 

number of heterozygotes in the data. This heterozygote deficiency also results in significant 

departure from Hardy-Weinberg, though reasons for this will be discussed in chapter 3. 

In B. rhodani a small number of loci were identified as having scoring error due to stuttering, 

however, because of the high level of repetition at these loci (19.2%-53.8%, Table 2.7c) and 
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the measures taken to ensure scoring accuracy (Section 2.5.2), it could be that stuttering 

was picked up by Microchecker because these loci have many subsequent alleles (alleles 

only two base pairs apart, see Appendix F, Table F11i, iii, xi) rather than caused by stuttering 

at these loci. No other genotyping error, apart from null alleles, was found consistently in 

any other species.  

The further investigation into A. sulcicollis showed that running STRUCTURE with just six loci 

that did not show evidence of null alleles severely reduced the genetic structure, this was 

expected as STRUCTURE has been identified to need a greater number, especially when 

populations were closely related (Nelson and Anderson 2013). When adding one loci at a 

time (that did show null alleles), the amount of structure was very similar, indicating that 

individual loci do not seem to contribute to overestimating genetic structure.  

Within this dataset there is a relationship between polymorphism (number of alleles per 

loci) and presence of null alleles. On average, I. grammatica has the highest total number of 

alleles per loci (Table 2.7b) and also the highest proportion of null alleles present (Table 

2.9b). Comparatively, the other two species have both fewer instances of null alleles and a 

lower number of total alleles. The fact that loci that are extremely polymorphic tend to not 

be in HWE and therefore show evidence of null alleles could be due to variability in the 

flanking region of the microsatellite. Polymorphisms have been found previously, within the 

flanking region of microsatellites with highly polymorphic species (Blankenship et al. 2002; 

Ablett et al. 2006). This could cause a mutation at a priming site which could lead to null 

alleles.  

Conversely, evidence of null alleles could be due to the fact that statistical and biological 

significance may not match up in highly diverse systems such as these (Hedrick 1999). 

Perhaps available programs are geared towards species with less polymorphism, such as 

vertebrates, however, within this data, for example loci ‘Iso_9’ has 72 unique alleles, 

perhaps the same assumptions can’t be used for very different species.  

In conclusion, the loci that have been identified as consistently out of Hardy-Weinberg and 

have shown evidence of null alleles, the possible effects on the data are still unclear. The 

experiment with A. sulcicollis and STRUCTURE did not show any one loci driving the genetic 

structure found, however, the high level of null alleles, especially in I. grammatica, could 

have consequences. Therefore, though all loci will be used in subsequent chapters, in 
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chapter 3 all results will be repeated without the loci out of HWE to further investigate their 

effect (Appendix I). 
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Chapter 3 - Genetic Structure and Diversity of Three Aquatic Invertebrates: Response to Environmental Stressors 

 

Contributions 

 Chemistry data made available from DURESS (Diversity of Upland Rivers for 

Ecosystem Service Sustainability: http://nerc-duress.org). Funded by the Natural 

Environment Research Council (NERC). 

 

Highlights 

 The genetic structure and genetic diversity of three freshwater invertebrates were 

compared. Genetic diversity for each species was then compared to environmental 

stressors such as pH. 

 Amphinemura sulcicollis showed more genetic population structure, when compared 

to Isoperla grammatica and Baetis rhodani. 

 Genetic diversity mirrored genetic population structure: isolated sites had 

significantly lower genetic diversity within A. sulcicollis and I. grammatica. 

 Within A. sulcicollis genetic diversity was significantly positively correlated with pH, 

possibly suggesting that only certain genotypes can survive at the acidified sites.  

 The genetic diversity of I. grammatica had a negative correlation with metal 

presence (aluminium and cadmium) which was driven by one isolated site and was 

not significant. 

 Baetis rhodani does not show this pattern because this species is acid sensitive and 

was not present at study sites that could drive this adaption. 

http://nerc-duress.org/
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3.0 Abstract 

Connectivity and dispersal between populations can have a strong effect on a species’ 

resilience to disturbance and ability to recover or recolonise areas. Traditional assessment 

methods predict limited dispersal ability for adult aquatic invertebrates; however genetic 

methods, such as the use of microsatellite markers, have revealed previously unknown 

gene-flow. Here, the genetic structure and diversity of three freshwater macroinvertebrates 

(Amphinemura sulcicollis, Isoperla grammatica and Baetis rhodani) was investigated using 

microsatellite markers (10-13 per species) and the data used to infer dispersal and 

investigate the role of environmental stressors. It was hypothesised that due to its small 

body size A. sulcicollis may show the most isolation. It was also hypothesised that sensitivity 

to certain stressors would particularly affect acid sensitive B. rhodani to a greater extent 

than the other, more tolerant species. 

There was high genetic polymorphism and significant Hardy-Weinberg disequilibrium in all 

three species due to heterozygote deficiency, commonly found in large outbreeding 

populations of invertebrate. As expected, genetic structure was different in each species; 

results from B. rhodani revealed no genetic structure, while A. sulcicollis clustered into four 

distinct populations reflected most strongly at two sites in North Wales. I. grammatica 

showed genetic isolation at one site only. 

Genetic diversity mirrored genetic structure in each species, where demographically 

isolated sites had significantly lower genetic diversity. This structure and corresponding 

genetic diversity might reflect differing sensitivity to environmental factors such as pH and 

metals rather than dispersal ability alone. While sites from catchments separated by 

>100km were not differentiated genetically in all three species, particular acid and metal-

rich sites had reduced genetic diversity and local isolation. B. rhodani was not present at 

these sites due to its acid sensitivity, but A. sulcicollis and I. grammatica were revealed to be 

genetically differentiated at these sites possibly due to adaption to local conditions. Since 

aquatic invertebrates are commonly used to investigate ecosystem health, the genetic 

structure of species present may reveal more detailed local environmental influences on 

organisms than can be gained from species assemblages. 
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Key words: population genetic structure, invertebrates, genetic diversity, environmental 

stressors 

3.1 Introduction 

Connectivity between populations can have a major effect on genetic diversity and 

structure, which in turn may influence the likelihood of populations recovering and 

responding to environmental change (Frankham et al. 2009; Alp et al. 2012). Within the 

freshwater environment connectivity is governed by stream network hierarchy, where fish 

and invertebrates without a terrestrial life stage are restricted to waterways. Dispersal 

within streams by drift and upstream larval movement have been well studied (Jackson et 

al. 1999; Elliott 2002; Petersen et al. 2004). Invertebrates with a terrestrial adult life stage, 

however, have the capacity of more complex dispersal patterns (Petersen et al. 2004). Long 

range dispersal of adult aquatic insects is particularly vital to recovery after a disturbance 

such as acidification (Bradley and Ormerod 2002b). Since acidification may affect large areas 

of a river system (e.g. Feeley et al. 2011) removing the potential of recolonization from 

upstream, recovery must, therefore, rely on dispersal from an unaffected (or less affected) 

reach. 

Many studies have investigated the dispersal capabilities of adult aquatic invertebrates 

using traditional sampling methods involving, for example, malaise traps. Petersen et al. 

(2004) and Briers et al. (2002), investigating the dispersal of stoneflies and mayflies within 

the same geographic area as the current study, concluded that most adults remain close to 

the stream channel from which they emerged. Petersen et al. (2004), discovered that 

approximately 50% of stoneflies travelled less than 18 m, while 90% travelled less than 60 

m. The authors also found that female mayflies travelled an even shorter distance, with 

approximately 50% the individuals caught within 7–11 m of the stream channel from which 

they emerged. Briers et al. (2002) also found that the numbers of adults declined sharply 

with distance from the stream; with 90% of adults caught within 11 m of the stream 

channel. These studies corroborate many other findings (Svensson 1974; Jackson and Resh 

1989; Sode and Wiberg-Larsen 1993; Collier and Smith 1995; Kuusela and Huusko 1996; 
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Griffith et al. 1998; Petersen et al. 1999; Delettre and Morvan 2000), all suggesting that 

adult aquatic insects do not disperse far from their emergence stream.  

Studying physical dispersal, however, may not reflect underlying gene-flow between 

populations. For example, these traditional studies could be overlooking leptokurtic 

dispersal, where most offspring breed very close to their parents but a small percentage 

breed a large distance away. The movement of just one migrant per generation into a 

subpopulation can be sufficient to minimize the loss of polymorphism and heterozygosity; 

however, the effective dispersal of up to 10 migrants per generation may not cause 

uniformity of allele frequencies across subpopulations (Mills and Allendorf 1996). 

Immigrants could have both a positive (i.e. rescue) and negative (i.e. outbreeding 

depression) effect on recipient populations (Tallmon et al. 2004; Turlure et al. 2014). 

Therefore, too many migrants per generation could be unfavourable and hinder the 

emergence of local adaptations (Éva Kisdi 2002).  

There are also other factors which could affect gene flow, meaning it would not nessessarily 

reflect dispersal, such as if dispersers had reduced survival or reproductive success in the 

new location, possibly due to factors of the environment, e.g. certain stressors (Bensch et al. 

1998; Hendry 2004; Nosil et al. 2005; Garant et al. 2007). The scientific community and 

regulatory agencies have become increasingly aware of the long-term impact of 

environmental stressors on the sustainability of ecosystems (Bickham et al. 2000). The 

effects of stressors on biodiversity can vary depending on the level of evolutionary adaption 

and phenotypic plasticity in the species studied (Buchwalter et al. 2008; Garbuz et al. 2008; 

Gutiérrez-Cánovas et al. 2013; Gutierrez-Canovas et al. 2015). This implies that some effect 

of these stressors is asserted at the genetic level (i.e has a genetic response), where stress 

can cause micro-evolutionary responses (Bradshaw and Holzapfel 2006; Higgins et al. 2014) 

leading to tolerance (Buchwalter et al. 2008; Garbuz et al. 2008; Gutierrez-Canovas et al. 

2015). Environmental stressors, such as acidity and metals could therefore influence genetic 

structure and diversity. Despite the importance of genetic diversity on populations 

resilience however, few studies have addressed the effects of chemical contamination on 

population genetics (Bickham et al. 2000). Advances in genetic techniques can offer new 

insights on gene-flow, dispersal capabilities and biodiversity of aquatic invertebrates (Saura 

et al. 2014; Marchant et al. 2015). Many previous studies (e.g. Smith and Collier 2001; 
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Schultheis et al. 2008; Saito and Tojo 2016), have utilised allozyme and mtDNA markers; 

however, when investigating fine-scale genetic structure these markers have been shown to 

be insufficiently polymorphic to provide appropriate levels of resolution (Wilcock et al. 

2001a; Teske et al. 2015). Studies using hypervariable molecular markers such as 

microsatellites, can however be used to assess fine scale genetic structure of invertebrates, 

and have in the past shown species to have both higher (Alp et al. 2012) and lower (Teske et 

al. 2015) dispersal potential than traditional methods or less informative genetic markers 

previously suggested. 

The number of studies that have used microsatellites to assess dispersal and biodiversty in 

invertebrates is still relatively low, particularly when focusing on freshwater Insecta (Table 

1.2). Microsatellites have been utilised to describe limited dispersal in a freshwater 

crustacean belonging to the Parabathynellidae family (Asmyhr et al. 2014); to reveal 

population structure within the Spring amphipod, Wangiannachiltonia guzikae (Robertson 

et al. 2014) and to investigate pelagic dispersal in marine invertebrate, Pyura doppelgangera 

(Teske et al. 2015). This latter study successfully showed that the species had limited 

dispersal ability despite poorly resolving genetic markers predicting limited genetic 

structuring along environmentally homogeneous coastlines. 

There are also very few studies that compare the dispersal ability and genetic structure of 

more than one freshwater invertebrate in the same community using microsatellites. 

Wilcock et al. (2007) compared two caddisfly species, Plectrocnemia conspersa and 

Plectrocnemia flavomaculatus. Though both species have a terrestrial life stage, P. 

conspersa was found to disperse strongly, facilitating gene flow within and between 

catchments, whereas P. flavomaculatus was found to have strong genetic differentiation. 

Alp et al. (2012) studied the amphipod Gammarus fossarum (no adult flight stage) and the 

mayfly Baetis rhodani to compare the dispersal abilities between a life cycle that is purely 

aquatic to an insect that also has a terrestrial life stage. Alp et al. (2012) and Williams (2003) 

found that B. rhodani had very weak genetic structure across the catchment studied, 

despite traditional methods suggesting limited dispersal. 

Here, the genetic structure and genetic diversity of three freshwater macroinvertebrates, 

Amphinemura sulcicollis (Nemouridae; Plecoptera), Isoperla grammatica (Perlodidae; 

https://data.nbn.org.uk/Taxa/NBNSYS0000160231
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Plecoptera) and Baetis rhodani (Baetidae; Ephemeroptera), and their response to 

environmental stressors were compared. It is thought that this is the first study to 

investigate the genetic structure of three freshwater invertebrates simultaneously over a 

large spatial scale (>100 km) including multiple freshwater catchments. The aims of this 

study were to investigate the role of genetically effective dispersal in influencing population 

structure and how certain environmental stressors influence genetic diversity. 

Amphinemura sulcicollis and I. grammatica have not previously been studied using 

microsatellite markers, whereas B. rhodani has been shown to have very weak genetic 

structure (Williams 2003; Rebora et al. 2005; Alp et al. 2012). In this study newly developed 

microsatellites, in addition to seven previously described markers for B. rhodani (Williams et 

al. 2002) were used. A larger number of loci was needed as it was unknown at the outset 

how many markers would be required to distinguish between recently diverged 

populations, as well as the fact that extra loci increase statistical power (Haasl and Payseur 

2011; Putman and Carbone 2014). Many studies choose a minimum of ten polymorphic loci 

when investigating population structure (Cervini et al. 2006; Östergren et al. 2015).  

All three species used in this study have aquatic larval and terrestrial adult life stages 

however they differ in body size, functional group and trophic level (Table 1.1), which may 

affect their dispersal ability and response to stressors, as in Wilcock et al. (2007), hence 

their ability to recolonise areas after a disturbance. Amphinemura sulcicollis is 

predominantly a shredder with faculty also for grazing and detritivory; B. rhodani is a 

generalist detritivore or scraper/grazer whereas I. grammatica is a predator. The species 

studied also differ in their sensitivity to salt (Kefford et al. 2003), metals (for example 

cadmium (Buchwalter and Luoma 2005; Buchwalter et al. 2008)), and acidity, where 

Ephemeroptera (particularly Baetid) species have been shown to be more sensitive than 

Plecoptera (Kowalik and Ormerod 2006; Murphy et al. 2013; Murphy et al. 2014). This could 

affect their relative survival at any given location therefore their genetic structure. 

It is hypothesised that differences in size, functional group and sensitively to stressors 

between the species studied will affect their corresponding genetic structure, as is often 

observed even between closely related species (Wilcock et al. 2007). Specifically, as body 

size may affect dispersal potential (Gutiérrez et al. 1997) it is hypothesised that the smallest 
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species A. sulcicollis could have lower dispersal capability and corresponding gene flow. 

Dispersal capability is only one factor effecting gene flow however, therefore it is 

hypothesised that B. rhodani’s sensitivity to acidic environments will affect this species 

structure as it may not be able to persist at acidic sites, as opposed to A. sulcicollis and I. 

grammatica, which are thought to be more tolerant (Kowalik and Ormerod 2006; Murphy et 

al. 2013; Murphy et al. 2014), leading to differences among the species studied. 

 

3.2 Methods 

3.2.1 Sampling and genotyping 

Individuals of the three target species, Amphinemura sulcicollis, Isoperla grammatica and 

Baetis rhodani were collected from sites in upland Wales and DNA was extracted as 

described in Chapter 2, sections 2.2.1 and 2.2.2 (Table 2.1a-c, Figure 2.2, 2.3 and 2.4). 

Samples were genotyped at 10, 10 and 13 loci (A. sulcicollis, I. grammatica and B. rhodani 

respectively, see section 2.5.1, following PCR protocols detailed in Table 2.5 and Table 2.6). 

Prior to this, B. rhodani individuals were DNA barcoded to remove cryptic species (as 

detailed in section 2.2.3.3). Samples were sent for fragment analysis (Dundee Biosciences, 

UK) using ROX500 as the internal size standard. Fragment analysis products were visualised 

and scored using Genemarker v 1.91 (Holland and Parson 2011) and allele sizes were binned 

by hand (section 2.5.3). The complete genotype dataset analysed in this chapter for each 

species can be found in Appendix F. 

 

3.2.2 Stressors 

Chemistry data, collected in 2012 and 2013 during the DURESS project, was made available 

to compare with this study’s genetic data (Appendix H, Table H1). Four stressors were 

chosen: aluminium (Al, µg/l), cadmium (Cd, µg/l), pH (pH-units) and total oxidised nitrogen 

(TON, mg/l). Each is an important stressor in the aquatic environment and key drivers of 

biological effects (Kowalik et al. 2007). Acidification is a well-known, well studied, stressor 
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for aquatic invertebrates (Ormerod and Jenkins 1994; Kowalik et al. 2007), particularly 

Baetis rhodani (Kowalik and Ormerod 2006). Acidification can be naturally occurring 

(Gutierrez-Canovas et al. 2015) or streams could be acidified by anthropogenic factors such 

as air-borne pollution and land-use change i.e. conifer plantations (Feeley et al. 2011). 

Metal-sensitivity has often been observed in aquatic invertebrates to the extent that it can 

be used to predict species composition, and has been known to differ between Plecoptera 

and Ephemeroptera (Clements et al. 2000; Buchwalter et al. 2008). Elevated levels of TON 

(total oxidised nitrogen, predominantly nitrate) can be toxic to aquatic invertebrates 

(Camargo et al. 2005). Nitrate toxicity may differ depending on body size, effecting those 

with a smaller body size more than larger. Effects are also dependent on water salinity, and 

environmental adaptation (Camargo et al. 2005) and could be a consequence of land-use 

intensification (i.e. fertiliser run off). 

3.3 Statistical analysis 

To reduce the risk of overestimating population structure, each dataset were tested for 

relatedness (hence genetic non-independence) among individuals within sites prior to the 

main analysis. This was performed using COLONY v 2.0.5.8 (Jones and Wang 2010) assuming 

male and female polygamy, with inbreeding and without parthenogenesis, using a pairwise, 

full-likelihood analysis with a very high likelihood precision (4 threads). Within each site the 

‘best most likely full sibling family’, ‘full sibling’ and ‘half sibling’ were investigated. While in 

general low levels of relatedness were found, all individuals shown to be half siblings or 

more closely related with a p-value of 0.8 or greater were removed. This resulted in 39 

genetically non-independent (i.e. related) individuals being removed from 13 sites (up to 

five per site) for A. sulcicollis; two individuals from two sites, (1 per site) were removed from 

I. grammatica, and 20 individuals removed from 9 sites (up to 4 individuals per site) from B. 

rhodani dataset. 

Subsequent analysis was performed ‘per site’ as well as ‘per cluster’. For all ‘per site’ 

analysis only sites that contained more than 10 individuals were used (Chapter 2, Table 

2.1(a-c)). Analysis was repeated ‘per cluster’ for Hardy-Weinberg analysis, descriptive 

statistics, FIS and genetic diversity indices. This was because if population structure is found 
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within the species, the ‘per site’ approach might potentially be unrepresentative of true 

populations or demes (Dharmarajan et al. 2013). The inadvertent combination of distinct 

gene-pools in population genetic analysis can cause high levels of Hardy-Weinberg 

disequilibrium due to Wahlund Effect (Johnson and Black 1984; Waples 1990), therefore the 

analysis was repeated instead analysing Bayesian clusters of individuals as the population 

unit. These clusters corresponded to results of each species population genetic structure 

(see Section 3.4.2). 

The analysis described above was then repeated removing all loci that were consistently out 

of Hardy-Weinberg equilibrium (HWE) to establish the extent of their effect on the results. 

In chapter 2 it was identified that certain loci were consistently out of HWE (as summarised 

in Table 2.10a-c) and those showing departure from HWE in more than 50% of the sites 

tested were removed. For A. sulcicollis Amp_10, Amp_11 and Amp_13 were removed. 

Within I. grammatica, there were many loci consistently out of HWE (Iso_4, Iso_5, Iso_6, 

Iso_7, Iso_8, Iso_9 and Iso_10), leaving the reduced dataset with only three loci that were in 

HWE for more than 50% of sites, and for B. rhodani four of thirteen loci were removed (Brh-

1, Brh-2, Brh-3 and B_5; see section 2.6.3 Table 2.10(a-c)). 

 

3.3.1 HWE and descriptive statistics 

Descriptive statistics per site (averaged across loci) are reported, including number of alleles 

(Na) and observed and expected heterozygosity (Ho and uHe), calculated in GenAIEx v. 6.5 

(Peakall and Smouse 2006; Peakall and Smouse 2012). Deviations from Hardy–Weinberg 

equilibrium (HWE) (specifically the global test for heterozygosity deficient) and tests for 

linkage disequilibrium (LD) were estimated using GENEPOP v. 4.0.1 (Rousset 2008). Tests for 

significance were based on 10,000 de-memorization steps, 100 batches and 5,000 iterations 

per batch for LD and 10,000 de-memorization steps, 20 batches and 5,000 iterations per 

batch for HWE. For HWE and LD, significance levels were adjusted using Bonferroni 

correction (Rice 1989). Inbreeding coefficients (FIS) and their associated p values (deviation 

from zero) per site, were calculated in ARLEQUIN v 3.1 (Excoffier and Lischer 2010). Per loci, 

per site descriptive statistics are reported in Appendix G and summarised in Table 2.10(a-c). 
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3.3.2 Genetic structure 

To investigate genetic structure and barriers to dispersal between study sites, analysis of 

isolation by distance and Bayesian clustering approaches were adopted. Genetic 

differentiation (FST) was estimated between all pairs of locations using ARLEQUIN v 3.1 

(Excoffier and Lischer 2010). Isolation by distance was tested in GenAlEx (Peakall and 

Smouse 2006; Peakall and Smouse 2012) using a Mantel test to evaluate the correlation 

between genetic differentiation (FST), calculated in ARLEQUIN, and geographic distance, 

calculated in GenAIEx, with significance determined by 999 permutations. Also in ARLEQUIN 

an Analysis of Molecular Variance (AMOVA) (Excoffier et al. 1992) was preformed to 

investigate where the greatest variation lay, within individuals, among individuals or among 

populations. 

Bayesian clustering analysis was performed using the program STRUCTURE v. 2.3.4 

(Pritchard et al. 2000). The number of clusters (K) in each dataset were determined by 

implementing the programme with K values varying from 1 to 10, with ten independent 

runs for each K value, all with flat prior probability distributions. To determine most 

appropriate K value, burn-in Markov Chain Monte Carlo (MCMC) (Karandikar 2006) 

replication was set to 100,000 and data were collected over 1,000,000 MCMC replications in 

each run. All STRUCTURE plots presented are the result of the average of the ten replicates, 

using all available sites (including partial sites), using the program CLUMP v 1.1.2 (Jakobsson 

and Rosenberg 2007). Finally, STRUCTURE HARVESTER (Earl and vonHoldt 2012) was used to 

identify the most likely number of clusters (value of K) using an ad hoc statistic ΔK based on 

the rate of change in the log probability of data between successive K values (Evanno et al. 

2005). 

 

3.3.3 Genetic diversity correlations 

3.3.3.1 Genetic diversity 

Allelic richness (accounting for differences in sample sizes among sites) was estimated for 

each locus per site using the program FSTAT (version 2.9.3.2, http://en.bio-
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soft.net/tree/FSTAT.html, accessed 14 March 2016). Values were compared among sites 

using a linear mixed model (controlling for locus) using the program RStudio (R version 

3.0.2, https://www.rstudio.com/products/rstudio/, accessed 14 March 2016). The library 

‘nlme’ was used to generate p-values. The model was re-levelled so each separate site was 

run as the reference location, therefore comparing every site to each other (R script in 

Appendix J). In order to visualise genetic diversity across the region, interpolation maps 

were created using QGIS v. 2.14.2 (QGIS Development Team 2016) for each species. Mean 

allelic richness values were used per site and for sites that had values for 2012 and 2013, an 

average was used so there was one value per site. 

 

3.3.3.2 Stressors 

To test whether genetic diversity is influenced by environmental stressors, correlations 

between measures of genetic diversity and each stressor were calculated using a linear 

regression in RStudio. Genetic diversity estimates comprised mean allelic richness, as 

calculated above (averaged across all loci); and expected heterozygosity (as calculated in 

section 3.3.1). These measures were chosen because they differ in their predicted sensitivity 

to population decline, with expected heterozygosity expected to take longer to reflect a 

population bottleneck than allelic diversity (Hoban et al. 2014), therefore using both was 

expected to provide different levels of information. Average expected heterozygosity (HE) as 

opposed to observed heterozygosity (Ho) was used since this parameter is less affected by 

departures from Hardy–Weinberg equilibrium and sample size (Nei 1987; Johannesson and 

AndrÉ 2006). Unfortunately, chemistry data were not available for all sites (data available 

for which site is shown in Appendix H, Table H1). Where data were available at the same site 

for 2012 and 2013, an average was used. 
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3. 4 Results 

3.4.1 HWE and descriptive statistics 

Amphinemura sulcicollis, I. grammatica and B. rhodani were all characterised by very high 

genetic diversity, particularly I. grammatica (for per locus analysis see section 2.6.3, Table 

2.10a-c and Appendix G). Mean number of alleles (Na) per site, across loci, ranged from 7.4 - 

10.8, 16.3 - 20.6, and 8.5 - 10.8 for A. sulcicollis, I. grammatica and B. rhodani, respectively 

(Table 3.1a-c). 

All species featured a very strong pattern of HW disequilibrium, with all sites departing 

significantly from HWE and having significant FIS values for all species (Table 3.1a-c). This 

was due to high levels of heterozygote deficiency, which could have been driven by loci that 

were consistently out of HWE. However, when the analysis was repeated without these loci, 

similar patterns were found (Appendix I), for A. sulcicollis, though four sites were in 

equilibrium (109, 108, 112 and 116), all other sites continued to be out of HWE (Appendix I, 

Table I1a). A similar pattern for FIS was found, though six sites had non-significant values 

when the problem loci were removed (109, 108, 112, 116, 95 and 6), all other sites still 

showed departure from equilibrium. 

Similarly for I. grammatica, though four sites changed (108, 115, 118 and 93), all other sites 

continued to be significantly out of HWE, and only two sites (108 and 93) had non-significant 

FIS values when using the reduced dataset (Appendix I, Table I1b). For B. rhodani using a 

reduced loci dataset influenced two sites (97 and 115) but all others were still significantly 

out of HWE, and site 115 was the only site to not have a significant FIS value (Appendix I, 

Table I1c). No linkage disequilibrium was observed in any species. 

When samples were re-analysed according to Bayesian clustering results (see section 3.3.2 

for details), this had no effect on the pattern of HW disequilibrium or FIS in any species 

(Table 3.1a-c). Neither did performing analysis according to Bayesian clustering and with a 

reduced dataset (Appendix I, Table I1a-c). 

AMOVA for all three species revealed as expected that much of the variance was partitioned 

within individuals (80.23% p-value = 0.000+-0.000, 69.21% p-value = 0.000+-0.000, 74.82% 

p-value = 0.000+-0.000 for A. sulcicollis, I. grammatica and B. rhodani, respectively), 
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compared to among individuals (17.1% p-value = 0.000+-0.000, 30.04% p-value = 0.000+-

0.000, 24.59% p-value = 0.000+-0.000) and among sites (2.67% p-value = 0.013+-0.004, 

0.75% p-value 1.000+-0.000, 0.6% p-value = 1.000+-0.000). This reflects each species high 

polymorphism rates and comparatively low levels of differentiation among populations. 

 

Table 3.1a-c. Microsatellite diversity in a) Amphinemura sulcicollis, b) Isoperla grammatica and c) 

Baetis rhodani, using the full dataset. Mean (across loci) and standard error (SE) values calculated 

per site. N = number of individuals; Na = number of alleles; Ho = observed heterozygosity; uHe = 

expected heterozygosity; all calculated in GenAIEx. HWE = p-value of Hardy-Weinberg Equilibrium 

test calculated per site using Genepop, FIS = the inbreeding co-efficient and p = the FIS p value. Bold 

represents significance (critical p-value for HWE after Bonferroni correction = ≤0.005, ≤0.005, 

≤0.0038, for A. sulcicollis, I. grammatica and B. rhodani, respectively). 

Table 3.1a. Amphinemura sulcicollis. 

Site  N Na Ho uHe HWE FIS p 

104 (Cluster 1) Mean 17.0 10.8 0.676 0.842 0.000 0.222 0.000 

 SE 0.0 1.1 0.090 0.030    

109 Mean 15.9 9.5 0.677 0.837 0.000 0.141 0.000 

 SE 0.1 0.8 0.080 0.022    

108 Mean 15.8 10.1 0.696 0.806 0.000 0.123 0.000 

 SE 0.2 1.1 0.061 0.037    

102 Mean 17.0 8.5 0.612 0.793 0.000 0.208 0.000 

 SE 0.0 1.1 0.064 0.034    

112 Mean 17.0 10.4 0.647 0.792 0.000 0.158 0.000 

 SE 0.0 1.5 0.071 0.045    

96 Mean 14.9 8.3 0.616 0.786 0.000 0.163 0.000 

 SE 0.1 1.0 0.077 0.030    

9 Mean 17.9 9.5 0.630 0.790 0.000 0.173 0.000 

 SE 0.1 1.3 0.064 0.037    

116 Mean 18.2 9.5 0.631 0.768 0.000 0.123 0.002 

 SE 0.8 1.4 0.079 0.059    

113 Mean 15.9 9.5 0.666 0.823 0.000 0.174 0.000 

 SE 0.1 0.9 0.061 0.029    

95 Mean 15.9 8.4 0.660 0.796 0.000 0.166 0.001 

 SE 0.1 0.7 0.075 0.020    

6 Mean 16.9 7.4 0.573 0.720 0.000 0.174 0.000 

 SE 0.1 0.7 0.059 0.040    

59 Mean 18.0 10.8 0.650 0.822 0.000 0.193 0.000 

 SE 0.0 1.1 0.076 0.031    

93 (Cluster 4) Mean 16.0 8.3 0.600 0.748 0.000 0.197 0.000 

 SE 0.0 0.9 0.064 0.049    
Cluster 2 Mean 163.5 20.0 0.639 0.817 0.000 0.174 0.000 
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Site  N Na Ho uHe HWE FIS p 

 SE 1.4 4.0 0.059 0.030       

Cluster 3 Mean 38.4 14.0 0.622 0.819 0.000 0.190 0.000 

 SE 0.3 1.7 0.065 0.034    

 

Table 3.1b. Isoperla grammatica. 

Site  N Na Ho uHe HWE FIS p 

105 Mean 15 16.3 0.663 0.943 0.000 0.308 0.000 

 SE 0 1.0 0.055 0.009    

106 Mean 20 19.4 0.640 0.939 0.000 0.329 0.000 

 SE 0 0.9 0.069 0.010    

108 Mean 19 19.4 0.692 0.945 0.000 0.291 0.000 

 SE 0 1.9 0.084 0.012    

12 Mean 20 19.2 0.628 0.936 0.000 0.338 0.000 

 SE 0 1.4 0.075 0.015    

97 Mean 17 18.0 0.585 0.948 0.000 0.393 0.000 

 SE 0 1.0 0.089 0.007    

98 Mean 20 19.4 0.688 0.946 0.000 0.291 0.000 

 SE 0 1.2 0.057 0.009    

112 Mean 20 20.0 0.666 0.949 0.000 0.305 0.000 

 SE 0 1.2 0.066 0.008    

114 Mean 19 18.5 0.671 0.939 0.000 0.306 0.000 

 SE 0 1.0 0.052 0.009    

115 Mean 20 20.6 0.700 0.948 0.000 0.278 0.000 

 SE 0 1.4 0.057 0.009    

10 Mean 20 19.9 0.705 0.942 0.000 0.268 0.000 

 SE 0 1.5 0.054 0.011    

118 Mean 20 19.1 0.641 0.937 0.000 0.328 0.000 

 SE 0 1.6 0.062 0.011    

93 (Cluster 2) Mean 19 17.3 0.710 0.883 0.000 0.213 0.000 

 SE 0 1.5 0.064 0.029    
Cluster 1 Mean 212.7 55.5 0.663 0.952 0.000 0.265 0.000 

 SE 1.9 3.3 0.057 0.008    
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Table 3.1c. Baetis rhodani. 

Site  N Na Ho uHe HWE FIS p 

112 Mean 16.0 8.8 0.572 0.805 0.000 0.296 0.000 

 SE 0.0 0.8 0.064 0.029    

102 Mean 19.6 10.8 0.616 0.815 0.000 0.266 0.000 

 SE 0.2 1.1 0.054 0.024    

97 Mean 15.8 9.4 0.612 0.781 0.000 0.229 0.000 

 SE 0.2 1.4 0.083 0.034    

96 Mean 16.9 10.6 0.618 0.818 0.000 0.255 0.000 

 SE 0.1 1.2 0.062 0.029    

9 Mean 10.6 8.5 0.640 0.812 0.000 0.253 0.000 

 SE 0.2 0.9 0.049 0.028    

106 Mean 17.8 9.1 0.576 0.786 0.000 0.281 0.000 

 SE 0.1 1.2 0.053 0.027    

113 Mean 15.9 9.4 0.640 0.778 0.000 0.186 0.000 

 SE 0.1 1.2 0.070 0.047    

115 Mean 15.8 10.2 0.640 0.813 0.000 0.235 0.000 

 SE 0.2 1.2 0.072 0.031    

94 Mean 15.9 9.4 0.607 0.798 0.000 0.249 0.000 

 SE 0.1 1.2 0.063 0.032    

118 Mean 19.8 9.8 0.640 0.807 0.000 0.219 0.000 

 SE 0.1 1.0 0.063 0.029    

Cluster 1 Mean 164.3 23.5 0.616 0.811 0.000 0.233 0.000 

 SE 0.5 3.1 0.056 0.026    
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3.4.2 Genetic structure 

Significant genetic differentiation was evident for some site comparisons when pairwise FST 

was investigated. Within A. sulcicollis significant differentiation was found between site 93 

and all other sites, and sites 95 and 6 were also significantly different from all other sites 

(but not each other, as expected because they represent temporal samples from the same 

location, Table 2.1a). Site 104 was significantly different to eight other sites, and site 116 

was significantly different to all sites except 9 (Table 3.2a). These patterns were 

recapitulated using the reduced dataset, although there were fewer significant differences, 

consistent with a lower number of markers limiting statistical power (Appendix I, Table I2a). 

Within I. grammatica, only the northern site 93 was significantly differentiated from all 

other sites (Table 3.2b), and using only three loci (the reduced dataset) this pattern 

remained (Appendix I, Table I2b). B. rhodani showed no sites that were consistently 

significantly differentiated from all other sites; however sites 113, and 94 were significantly 

different from five other sites, and site 106 was significantly different to three (Table 3.2c). 

When a reduced dataset were used this pattern was strengthened in sites 94 and 106 but 

reduced in site 113 (Appendix I, Table I2c). 

A Mantel test for isolation-by-distance identified a significant, although weak, correlation 

between genetic and geographic distances for A. sulcicollis (R² = 0.09, p = 0.030), but was 

not significant for I. grammatica (R² = 0.10, p = 0.119) or B. rhodani (R² = 0.01, p = 0.227). 

Bayesian clustering supported the FST results for each species. Though STRUCTURE identifies 

clusters of individuals not pertaining to sites as flat priors were used, results tended to 

group individuals from the same site. Figure 3.1a-c shows STRUCTURE plots assuming two, 

three and four clusters (K = 2 - 4) for A. sulcicollis. Three (Figure 3.1.b) was identified as the 

most probable number of clusters, indicated by three clusters having the largest rate of 

change (Delta K, ΔK) and the highest mean likelihood (mean LnP(K)) (Evanno et al. 2005) 

using the program STRUCTURE HARVESTER (Earl and vonHoldt 2012). The most clearly 

defined cluster for A. sulcicollis comprised all individuals from sites 95 and 6 as well as 

individuals from sites 94 and 4 (henceforth Cluster 3). Other clusters well supported with FST 

values but more subtle within STRUCTURE comprised individuals from site 104 (Cluster 1), 

individuals from site 93 (Cluster 4); despite the STRUCTURE results it was decided not to 
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group these two sites but to analyse them as separate clusters based on their significant Fst 

results and on their respective genetic diversity (see section 3.4.3.1) which marks these two 

sites as unique. All remaining individuals were admixed and grouped in to an ad hoc 

grouping, Cluster 2 (Figure 3.1a-c). 

The FST results for I. grammatica suggested that site 93 (Cluster 2) was genetically distinct 

from the other sites; this was mirrored in the STRUCTURE results, individuals from all other 

sites were admixed and grouped into Cluster 1. In line with this, two was identified to be the 

most likely number of clusters using STRUCTURE HARVESTER (Figure 3.2a-c). In contrast, 

within B. rhodani no difference in cluster proportions could be reliably determined for any 

of the geographic regions analysed (Figure 3.3a-c). 

Based on these results the data were re-analysed according to Bayesian population 

structure. All individuals were included since there was no significant effect comparing 

results including all individuals, to results using only individuals that had a cluster 

assignment (q-value) of greater than 0.8. 

FST analysis showed, as expected, that all genetic clusters in A. sulcicollis were significantly 

differentiated from each other (Table 3.3a). However, for the reduced loci dataset, Cluster 1 

and 2 were no longer significantly differentiated, which is supported by the observation that 

this was the least well supported cluster (Appendix I, Table I3a). For I. grammatica, whether 

using the full or reduced dataset Cluster 1 and 2 remained significantly differentiated (Table 

3.3b, Appendix I, Table I3b). 
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Table 3.2a-c.  Pairwise genetic differentiation (FST, distance method) of a) Amphinemura sulcicollis, b) Isoperla grammatica and c) Baetis rhodani, between 

sites, using the full dataset. Values with a p value of <0.05 in bold. 

 

Table 3.2a. Amphinemura sulcicollis. 

 104 109 108 102 112 96 9 116 113 95 6 59 93 

104 0             

109 0.011 0            

108 0.020 0.009 0           

102 0.026 0.008 0.031 0          

112 0.018 0.012 0.007 0.026 0         

96 0.014 0.002 0.017 0.010 0.009 0        

9 0.027 0.007 0.012 0.028 0.009 0.011 0       

116 0.037 0.026 0.035 0.030 0.019 0.027 0.011 0      

113 0.007 0.001 0.007 0.010 -0.004 -0.004 0.008 0.020 0     

95 0.064 0.051 0.056 0.055 0.067 0.049 0.052 0.076 0.047 0    

6 0.088 0.074 0.069 0.077 0.082 0.070 0.059 0.089 0.072 0.002 0   

59 0.019 0.005 0.025 0.013 0.014 0.002 0.015 0.027 0.005 0.043 0.072 0  

93 0.047 0.050 0.057 0.042 0.028 0.031 0.040 0.032 0.020 0.083 0.102 0.030 0 
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Table 3.2b. Isoperla grammatica. 

 105 106 108 12 97 98 112 114 115 10 118 93 

105 0            

106 0.010 0           

108 0.011 0.012 0          

12 0.009 0.011 0.015 0         

97 0.008 0.016 0.013 0.015 0        

98 0.006 0.011 0.005 0.010 0.011 0       

112 0.009 0.010 0.009 0.009 0.004 0.007 0      

114 0.010 0.015 0.014 0.011 0.014 0.012 0.008 0     

115 0.014 0.008 0.011 0.014 0.009 0.010 0.006 0.012 0    

10 0.011 0.011 0.010 0.014 0.015 0.008 0.007 0.013 0.010 0   

118 0.006 0.004 0.011 0.009 0.009 0.009 0.008 0.010 0.007 0.008 0  

93 0.041 0.038 0.04 0.048 0.041 0.043 0.040 0.046 0.039 0.030 0.031 0 

 

Table 3.2c. Baetis rhodani. 

 112 102 97 96 9 106 113 115 94 118 

112 0          
102 0.004 0         
97 0.010 0.008 0        
96 0.006 0.012 0.007 0       
9 0.018 0.014 0.021 0.014 0      

106 0.018 0.018 0.017 0.011 0.025 0     
113 0.016 0.031 0.021 0.014 0.024 -0.001 0    

115 0.004 0.008 0.004 0.004 0.012 0.019 0.019 0   
94 0.027 0.016 0.026 0.021 0.026 -0.004 0.009 0.023 0  

118 0.005 0.006 0.015 0.002 0.021 0.016 0.017 0.010 0.022 0 

 

Table 3.3a-b. Pairwise genetic differentiation (FST, distance method) of a) Amphinemura sulcicollis, b) 

Isoperla grammatica, between clusters, using the full set of loci. Values with a p value of <0.05 (*) in 

bold. 

Table 3.3a. Amphinemura sulcicollis. 

  Cluster 1 Cluster 2 Cluster 3 Cluster 4 

Cluster 1 0     
Cluster 2 0.016 0    
Cluster 3 0.068 0.047 0   
Cluster 4 0.047 0.028 0.080 0 

 
Table 3.3b. Isoperla grammatica. 

  Cluster 1 Cluster 2 

Cluster 1 0   
Cluster 2 0.036 0 
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a)          Cluster 2 

 Cluster 1               Cluster 3                   Cluster 4 

 

b) 

 

c) 

 

Figure 3.1. Amphinemura sulcicollis STRUCTURE plots showing a) two clusters (K=2), b) three clusters 

(K=3) and c) four clusters (K=4). White bars within plot divide different sites, site numbers shown 

below (grey shows partial sites), sites ordered from south to north of Wales. 
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a)     Cluster 1                    Cluster 2 

 

b) 

 

c) 

 

105 106 108 12 97 98 112 4

6 

114 115 10 118 93 

Figure 3.2. Isoperla grammatica STRUCTURE plots showing a) two clusters (K=2), b) three clusters 

(K=3) and c) four clusters (K=4). White bars within plot divide different sites, site numbers shown 

below (grey shows partial sites), sites ordered from south to north of Wales. 

  



Chapter 3 

120 
 

a)         Cluster 1 

 

b) 

 

c) 

 

112 102 97 96 9 106 113 115 94 118 

Figure 3.3. Baetis rhodani STRUCTURE plots showing a) two clusters (K=2), b) three clusters (K=3) 

and c) four clusters (K=4). White bars within plot divide different sites, site numbers shown below 

(grey shows partial sites), sites ordered from south to north of Wales. 
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3.4.3 Genetic diversity correlations 

3.4.3.1 Genetic diversity 

Allelic richness (accounting for different sample sizes; Appendix H, Table H2), estimated for 

each species had a mean value that ranged between 6.3 – 9.0, 14.6 - 17.0, and 6.5 - 7.4, with 

a minimum sample size of 11, 14, and 8 for A. sulcicollis, I. grammatica and B. rhodani, 

respectively. Although I. grammatica has the highest mean estimates, both I. grammatica 

and A. sulcicollis had similar ranges of mean allelic richness across their respective sites, 

whereas B. rhodani had the least variation among sites. Figure 3.4(a-c) demonstrates how 

allelic richness of each species varies over the geographical range. Results were very similar 

with the reduced dataset, ranging between 7.2 - 9.8, 14.4 - 19.2 and 6.7 - 8.5 with a 

minimum sample size of 15, 15, and 8 for A. sulcicollis, I. grammatica and B. rhodani, 

respectively (Appendix I, Table I4). 

When mean allelic richness was compared between sites, significant differences were 

found, particularly for A. sulcicollis and I. grammatica (Table 3.4a-c). For A. sulcicollis, site 

104 (Cluster 1) had the highest allelic richness, significantly higher than seven other sites 

(Table 3.4a, Figure 3.4a), whereas with the exception of site 59, the northern sites 93 

(Cluster 4), 95 and 6 (95 and 6 representing the same site at different years, and forming 

part of Cluster 3) had the lowest allelic diversity, site 6 being significantly lower than nine 

other sites (Table 3.4a, Figure 3.4a). These patterns are maintained when repeated with the 

reduced dataset, although there were fewer significant differences, the same patterns were 

seen for site 104 which remained the highest (significantly higher than five other sites); site 

6 (significantly lower than six other sites) and site 93 (significantly lower than three sites 

instead of five) had the lowest genetic diversity. However there was a marked difference 

when comparing site 95 to others because with the reduced dataset it was only significantly 

lower than site 104 whereas is was significantly different to four other sites using the full set 

of loci (Appendix I, Table I5a). When analysing the data as Bayesian clusters, the genetic 

diversity of Cluster 1 (site 104) remained the highest, although it was not significantly 

different to the ad hoc Cluster 2 (Figure 3.1), whereas Northern clusters, Cluster 3 

(individuals from sites 95, 6, 94 and 4) and Cluster 4 (site 93) featured significantly lower 

genetic diversity than Cluster 1 and ad hoc Cluster 2 (Table 3.5a). This pattern was retained 



Chapter 3 

122 
 

when using the reduced dataset, except that Cluster 2 (the ad hoc cluster) no longer showed 

significantly greater allelic richness than Cluster 3 (Appendix I, Table I6a). 

Within I. grammatica, the northern site 93 had the lowest mean allelic richness, significantly 

lower compared to six other sites (Table 3.4b, Figure 3.4b), this was maintained when loci 

out of HWE are removed, as site 93 still possessed significantly lower allelic richness than 

four other sites (Appendix I, Table I5b). When comparing clusters, Cluster 2 (site 93) 

possessed significantly higher allelic richness than Cluster 1 (mixed) whether using full 

(Table 3.5b) or reduced (Appendix I, Table I6b) dataset. 

Within B. rhodani there were, as expected, fewer significant differences in allelic richness, 

however site 106 had significantly lower values than the four other sites, with site 96 

possessing the highest value, however it was only significantly higher than two other sites 

(Table 3.4c, Figure 3.4c). When the reduced dataset was used more significant differences 

were found, for example, site 96 was significantly higher than five other sites and site 106 

still had the lowest allelic richness and was significantly higher than five other sites 

(Appendix I, Table I5c).  

Within all three species there was no significant difference between sites comparing inter 

annual variation (i.e. 96 & 9 and 95 & 6 for A. sulcicollis; 97 & 12 for I. grammatica; and 96 & 

9 for B. rhodani) whether using the full or reduced datasets. For complete results from 

mixed models preformed in R please see Appendix H, Table H3(a-c) (and for reduced loci 

dataset see Appendix I, Table I7(a-c)). 

 

3.4.3.2 Stressors 

Environmental stressors varied substantially over the sites studied; concentrations of 

aluminium ranged from 4 – 212.5 µg/l, and values of pH ranged from 4.6 – 8.34. 

Concentrations of cadmium (0 - 0.2 µg/l) remained relatively low compared to Buchwalter 

et al. (2008), who subjected their study invertebrates to a cadmium concentration of 4.6 nM 

(0.5 µg/l). Total oxidised nitrogen (0.01 – 0.76 mg/l) remained low in all streams considering 

a level of under 2 mg NO3-N/l has been suggesting as appropriate to protect most sensitive 

freshwater species (Camargo et al. 2005). Aluminium and pH, on the other hand, reach 
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harmful levels within the sites studies. Andrén and Wiklund (2013) concluded that 

aluminium levels should be < 15–20 μg/l to sustain invertebrate populations, and specifically 

the mortality for target species B. rhodani was shown to increased dramatically at pH < 5.7 

and  aluminium  levels > 20 μg/l (Andren and Wiklund, 2013). 

Mean allelic richness (Appendix H, Table H2a-c) and expected heterozygosity (Table 3.1a-c) 

were then correlated with environmental stressors (Appendix H, Table H1). Table 3.6 shows 

a summary of all pairwise linear mixed models and Figure 3.5 show example plots of these 

correlations. The most significant correlation was for A. sulcicollis, when comparing both 

indices of genetic diversity with pH (Figure 3.5a and b). At the sites with the lowest pH, 

individuals tend to have lower genetic diversity. Though not significant, there was also a 

weak positive correlation between expected heterozygosity and pH in I. grammatica, 

however there were no correlations between pH and mean allelic richness in I. grammatica 

or between both genetic diversity measures and pH in B. rhodani. 

There were no significant correlations between both metals (cadmium, Cd and aluminium, 

Al) and genetic diversity in any species, however some patterns were suggested. Within A. 

sulcicollis, expected heterozygosity and both Cd and Al had a weak negative correlation, 

though this was not reflected in mean allelic richness (Figure 3.5 c and d). For I. grammatica 

both genetic diversity measures had a weak negative correlation with metal concentration 

(Table 3.6, Figure 3.5 e and f). Though this relationship is driven by an outlier, site 93, which 

is the only site to have significantly lower genetic diversity (Table 3.4b) and shows evidence 

of demographic isolation (Table 3.2b). It also possesses the highest concentrations of Al 

(91.5 µg/l) and Cd (0.2 µg/l) (Appendix H, Table H1). Baetis rhodani did not show any 

correlation between metal presence and genetic diversity, though there was a weak 

negative correlation between cadmium concentration and allelic richness.   

Considering total oxidised nitrogen (TON) was low throughout all sites studied, it was 

surprising to find a significant negative correlation between both measures of genetic 

diversity and TON for B. rhodani (Table 3.6, Figure 3.5 g and h). This relationship was again 

defined by an outlier, in this case, site 106, which has the highest concentration of TON 

(0.76 mg/l) and also had the lowest genetic diversity within B. rhodani (Figure 3.4c). 

Unfortunately, for this site other chemistry data were not available (Appendix H, Table H1) 
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so it could be that other unknown factors are driving this relationship. The likelihood of this 

is increased because of conflicting patterns seen in A. sulcicollis (showing a very weak 

positive correlation with TON and genetic diversity) and I. grammatica (showing no 

correlation with TON) (Table 3.6). 
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a) b) c) 

   
 

Figure 3.4. Interpolation maps creating using QGIS showing mean allelic richness across sites sampled in Wales, UK, for a) Amphinemura sulcicollis, b) 

Isoperla grammatica and c) Baetis rhodani. If data were available at a site for more than one year, a mean value was used. 
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Table 3.4. Comparing pairwise allelic richness between sites, using full datasets for a) Amphinemura 

sulcicollis, b) Isoperla grammatica and c) Baetis rhodani. Only significant differences in allelic 

richness are presented: * p-value =  <0.05, ** p-value = <0.01, *** p-value = <0.001. Blue = positive 

coefficient value, Red = negative coefficient value. The horizontal axis is the reference site, if the 

regression coefficient value was positive (blue) this means that site on the vertical axis has higher 

mean allelic richness than the reference site above. If the value is negative (red) the site to the left of 

the value has a lower mean allelic richness compared to the reference site above. 

Table 3.4a. Amphinemura sulcicollis. 

 104 109 108 102 112 96 9 116 113 95 6 59 93 

104       **   ** * *   ** ***   ** 

109             ***    

108      *  *    * ***  * 

102 **  *   *      * *   
112     *   *    * ***  ** 
96 **  *  *        *   
9 *           **    
116 *           **    
113             ***  * 
95 **  *  *        **   
6 *** *** *** * ***  ** ** ***    ***   

59     *  *    ** ***   ** 

93 **   *   **       *     **   

 

Table 3.4b. Isoperla grammatica. 

 105 106 108 12 97 98 112 114 115 10 118 93 

105             

106             

108            * 

12             

97            * 

98            * 

112            * 

114             

115            ** 

10            * 

118             

93   *  * * *  ** *   
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Table 3.4c. Baetis rhodani. 

 112 102 97 96 9 106 113 115 94 118 

112           

102      *     

97    *       

96   *   *     

9      *     

106  *  * *   *   

113           

115      *     

94           

118           

 

Table 3.5a-b. Comparing the allelic richness between each cluster, using full datasets for a) 

Amphinemura sulcicollis, b) Isoperla grammatica and c) Baetis rhodani. Only significant differences in 

allelic richness are presented: * p-value <0.05, ** p-value <0.01, *** p-value <0.001. Blue = positive 

coefficient value, Red = negative coefficient value. The horizontal axis is the reference cluster, if the 

regression co-efficient value was positive (represented here with blue asterisks) this means that site 

on the vertical axis has higher mean allelic richness than the reference cluster above. If the value is 

negative (represented here with red asterisks) the cluster to the left of the value has a lower mean 

allelic richness compared to the reference cluster above. 

 

Table 3.5a. Amphinemura sulcicollis. 

  Cluster 1 Cluster 2 Cluster 3 Cluster 4 

Cluster 1   *** *** 

Cluster 2   ** ** 

Cluster 3 *** **   

Cluster 4 *** **   

 

Table 3.5b. Isoperla grammatica. 

  Cluster 1 Cluster 2 

Cluster 1  ** 

Cluster 2 **  
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Table 3.6. Summary of all linear mixed models preformed between the two indices of genetic 

diversity; (always on the y-axis) He = expected heterozygosity; AR = mean allelic richness) and four 

environmental stressors (on the x-axis); aluminium (Al, µg/l), cadmium (Cd, µg/l), pH (pH-units) and 

total oxidised nitrogen (TON, mg/l). Showing adjusted R-squared (R2), p value (p) and number of sites 

(n) for each regression. Blue = a positive correlation (i.e. as the environmental stressor value 

increases the genetic diversity indices value increases); Green = a negative correlation (i.e. as the 

environmental stressor value increases the genetic diversity indices value decreases); Black = no 

correlation. Significant values in bold: * = p-value <0.05, ** = p-value <0.01, *** = p-value <0.001. 

  A. sulcicollis I. grammatica B. rhodani 

  He AR He AR He AR 

pH R2 0.81 0.58 0.26 0.00 -0.14 -0.23 
 p 0.001*** 0.010* 0.094 0.351 0.568 0.831 
 n 9 9 9 9 6 6 

Cd R2 0.41 -0.20 0.42 0.45 -0.02 0.36 
 p 0.074 0.989 0.096 0.086 0.394 0.124 
 n 7 7 6 6 6 6 

Al R2 0.29 -0.10 0.40 0.17 -0.25 -0.22 
 p 0.125 0.532 0.076 0.198 0.978 0.772 
 n 7 7 7 7 6 6 

TON R2 0.15 0.23 -0.08 -0.12 0.59 0.49 
 p 0.143 0.090 0.562 0.885 0.026* 0.049* 
 n 10 10 10 10 7 7 
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Amphinemura sulcicollis 
a) ***  b) *  

  
c) d) 

  

Isoperla grammatica 
e) f) 
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Baetis rhodani 
g) *  h) *  

  

Figure 3.5. Correlations between genetic diversity indices (expected heterozygosity and allelic 

richness) and environmental stressors for: a) - d) Amphinemura sulcicollis showing correlations with 

pH and cadmium; e) - f) Isoperla grammatica showing correlations with cadmium and g) - h) Baetis 

rhodani showing correlations with total oxidised nitrogen. Where correlation exists a line of best fit 

has been added, created from a linear mixed model in RStudio. Stars above graphs denote 

significances: * = p-value <0.05, ** = p-value <0.01, *** = p-value <0.001. 
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3.5. Discussion 

3.5.1 HWE and descriptive statistics 

Amphinemura sulcicollis, I. grammatica and B. rhodani represent highly polymorphic macro-

invertebrate species, particularly I. grammatica, which has a high allelic richness even 

compared to other Plecoptera species (Theissinger et al. 2009; Geismar and Nowak 2013; 

Theissinger et al. 2013; Elbrecht et al. 2014). A striking pattern for all three species in this 

study was the non-conformity to Hardy-Weinberg Equilibrium (HWE) due to heterozygosity 

deficiency, also shown by the high proportion of significant FIS values. As all three species 

represent large outbreeding populations, characterised by high polymorphism, the 

likelihood of FIS value reflecting inbreeding within populations is therefore low, especially as 

few related individuals were found within the data. The significance of FIS values among 

populations, therefore, is likely to reflect deviations from HWE genotype frequencies and 

relative population heterozygosity (Addison and Hart 2005). Possible reasons for this 

departure can be divided into two categories, natural and artificial. Examples of artificial 

departure from HWE include: poor primer design and optimisation, null alleles and 

genotyping errors (such as stuttering or large allele dropout; discussed further in section 

2.6.5; Addison and Hart 2005; Brownlow et al. 2008). Whereas natural reasons include 

mutation, natural selection acting on the genetic markers, inbreeding effects (i.e. mating 

among relatives), non-random mating and population admixture (unrecognized spatial or 

temporal structure within samples known as the Wahlund effect) (Addison and Hart 2005; 

Brownlow et al. 2008).  

Difficulties arise, however, when separating poor primer design from natural causes of HW 

disequilibrium. This was addressed first by having a rigorous genotyping experimental 

design with high level of repeats (up to 76%) so that accuracy of microsatellite amplification 

could be assured (section 2.5.2); and second by identifying the loci that were consistently 

out of HWE (in more than half of the populations tested (Table 2.10 (a-c) and Appendix G), 

and removing them from the analysis to establish their effect on the results (Appendix I). 

Though it is difficult to completely rule out these reasons for departure from HWE, it is 

unlikely in this case because replication proved that primer design and PCR conditions were 

stable and reliable, and did not identify any null homozygotes. Previous analysis found no 

consistent evidence of allelic dropout or scoring errors in any of the loci (section 2.6.3) and 
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removing loci that were out of HWE in 50% of sites or higher (which also removed loci that 

showed evidence of null alleles in greater than 77%, 33.3% and 50% in A. sulcicollis, I. 

grammatica and B. rhodani respectively, Table 2.11 (a-c)) had little effect on the general 

patterns seen in the data, suggesting that these patterns are not being led by problem loci 

but are instead inherent in the data. There is also the fact that HW disequilibrium was 

prevalent in such a large percentage of the loci tested (Table 2.7), if the problem was 

artificial it is expected to be locus-specific, and therefore feature for a smaller number of 

loci (Dewoody et al. 2006; Aguilar and Jones 2009; Dharmarajan et al. 2013). 

HW disequilibrium due to heterozygosity deficiency is a common theme in widespread 

invertebrates both in marine and freshwater systems (Addison and Hart 2005; Brownlow et 

al. 2008; Schultheis et al. 2008; da Silva-Méndez et al. 2013; Elbrecht et al. 2014; Postaire et 

al. 2015), therefore it seems likely that this issue is a natural phenomenon. Addison and 

Hart (2005) performed a literature review of 124 marine invertebrates, and although they 

find that spawning invertebrates have the highest FIS values, positive FIS values were found 

in most studies. Though the species studied here are not spawning, they are dominant, 

widespread, outbreeding populations and therefore might share similar traits, for example, 

large variance in reproductive success (Purser 1966). Most studies suggest mating among 

related individuals and Wahlund effect as the cause of HW disequilibrium in invertebrates 

(Brownlow et al. 2008). This study has attempted to test these factors by investigating 

relatedness and analysing the data based on the structure found (per cluster). Therefore 

these factors seem unlikely, and as in Brownlow et al. (2008) the precise nature of the 

overall heterozygote deficiency still remains unclear. The high number of alleles and high 

variance within individuals present in these species and many other invertebrate species 

may mean that statistical and biological significances may not coincide, as suggested by 

Hedrick (1999). 

 

3.5.2 Population genetic structuring  

The genetic structure of the three described freshwater invertebrates was investigated over 

an area of upland Wales, 145 x 90km, encompassing 10, 8 and 8 (A. sulcicollis, I. grammatica 

and B. rhodani) catchments, with the aim of investigating dispersal and inferring gene-flow. 

A. sulcicollis showed the highest genetic structure, suggesting more limited dispersal 
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compared to I. grammatica and B. rhodani. It was hypothesised that A. sulcicollis might have 

limited dispersal ability compared to the other species due to its comparatively small body 

size. As suggested by previous studies, B. rhodani has the least structure, suggesting high 

gene flow between sites and a high level of effective dispersal (Williams 2003; Rebora et al. 

2005; Alp et al. 2012). 

As with Plectrocnemia conspersa in Wilcock et al. (2007), all three study species (with the 

exception of A. sulcicollis at site 104) showed limited genetic structure, hence high inferred 

levels of gene flow, and this was observed among all southern sites. All three species rely on 

their terrestrial adult life stage to disperse over land: sites over 100km away from each 

other, in separate catchments, display limited structure. This was supported by a lack of 

significant allele frequency differences, comparing sites within the same catchment (the 

Tywi) and those in adjacent catchments. Further, only A. sulcicollis showed a genetic 

signature of isolation by distance. Analysis at the same site (sampling in 2012 and 2013) 

showed no temporal differentiation in any species, suggesting that allele frequencies do not 

change from one generation to the next, allowing us to conclude that genetic data were 

comparable when sampling a year apart. 

The greatest evidence for genetic isolation was found in the north of Wales, although a 

simple north-south divide was not evident, as there were northern sites that clustered 

together with southern sites (for A. sulcicollis sites 59 and 55; I. grammatica and B. rhodani 

site 118, see Figure 3.4 and Appendix H, Figure H1). It was found that particular sites, as 

opposed to whole regions, showed isolation from the rest of the meta-population 

suggesting these sites possess unique characteristics impeding gene-flow. For example, at 

site 93, both A. sulcicollis and I. grammatica showed significant genetic differentiation. B. 

rhodani was not found at this site in 2013, neither had it been found there on previous 

sampling expeditions in 1984, 1995 or 2012 (unpublished DURESS data). As B. rhodani has a 

weak genetic structure suggesting high dispersal ability, its non-presence at this site is more 

likely to be due to the species not surviving there, rather than an inability to disperse. 

Increased elevation has been known to cause restricted gene flow (Funk et al. 2016), 

however, although the isolated sites are within Snowdonia National Park, in this case the 

isolated sites are no higher in elevation than sites showing panmixa (Table 2.1(a-c), 

Appendix H, Figure H2). Therefore further examination into the chemistry of the sites was 

explored below. 
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3.5.3 Genetic diversity and correlations with stressors 

Differences in genetic diversity correlated with patterns of genetic differentiation, meaning 

that the most isolated sites were more likely to have significantly different genetic diversity. 

At sites 93 (for A. sulcicollis and I. grammatica) and temporal sites 95 and 6 for (A. sulcicollis) 

there was significantly lower genetic diversity than the surrounding sites; however southern 

site 104 (for A. sulcicollis) showed significantly higher genetic diversity. It is common that 

small isolated populations have lower genetic diversity due to genetic drift (Ellingson and 

Krug 2016). A reduction in genetic variation may decrease fitness; posing an immediate 

threat from demographic events or in reducing the long-term capacity to respond to 

environmental change (Westemeier et al. 1998). 

The isolated northern sites with reduced genetic diversity (site 93 and 95 in A. sulcicollis and 

I. grammatica, Figure 3.4) did not stand out in terms of distance, elevation or surrounding 

land-use. They do, however, stand out in terms of their chemistry. They have the lowest pH 

of all sites sampled (4.7 – 5.3 pH) and amongst the highest levels of cadmium (0.1 – 0.2 µg/l) 

and aluminium (91.5 – 143.3 µg/l). This was consistent temporally with sites that were 

investigated in two consecutive years showing similar results (Appendix H, Table H1). 

Genetic diversity was then correlated with the environmental stressors recorded (pH, 

Cadium and Aluminium concentrations and TON) to see if species tolerance to stressors had 

any effect on genetic diversity. It was expected that A. sulcicollis was a more tolerant 

compared to baetidea spp., however a genetic response to stressors may still have been 

shown. A highly significant relationship between increased acidity and reduced genetic 

diversity was found for this species, and although no other significant correlations were 

found, this could be due to the fact that low pH and high metal concentrations are only seen 

in a small percentage of sites. There was, however, a negative correlation between genetic 

diversity and metal concentrations in I. grammatica driven by site 93. The same patterns of 

population structure or variation in genetic diversity were not seen in B. rhodani, because 

the well-known acid-sensitive species was absent from these sites. The results adhere to the 

hypothesis that differences in sensitivity between these three species would influence the 

genetic structure and diversity found; moreover the results revealed that more tolerant 

Plecoptora species still show a genetic response to acidity. 
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Loss of genetic diversity at the above sites appears to be caused by a combination of 

isolation and environmental stressors. It is unlikely simply to be caused by geographical 

isolation limiting dispersal in the North of Wales, since if this was the case in A. sulcicollis, 

northern site 59 would also show significantly lower genetic diversity (Figure 3.4a). On the 

other hand, the loss of genetic diversity cannot only be caused by environmental stressors, 

such as pH, because southern site 116 has a lower pH than site 93 (and high levels of both 

metals), and though it has slightly reduced genetic diversity, it is only significantly lower 

than site 104 (which had the highest genetic diversity recorded; Figure 3.4a). This suggests 

that a combination of geographic isolation and acidity is the likely cause of the loss of 

genetic diversity at these specific northern sites. It is firstly worth noting however that 

interactions between the stressors recorded and other stressors not recorded could 

potentially have influenced the genetic diversity and structure of these species. Interaction 

effects could not be statistically analysed in this study due to the sample size, however, 

Jackson et al. (2016) found significant interaction effects. In Jackson et al. (2016), the 

cumulative mean effect size of pairs of stressors was less than the sum of their single 

effects. It is difficult to predict the exact effect of other stressors due to a limited number of 

studies that investigate the effect of environmental stressors on genetic diversity (Bickham 

et al. 2000), particularly within the freshwater environment. However, stressors typically 

affecting the freshwater environment such as global change, physical habitat alteration, and 

invasive species are all likely to harm ecosystem functioning and decrease biodiversity 

(Navarro-Ortega et al. 2015). Dissolved oxygen is another important factor in water quality 

for aquatic fauna which is well studied in ecology (Perna and Burrows, 2005) however Crispo 

and Chapman (2008) investigated the effect of dissolved oxygen on the genetic structure of 

an Afian cichlid fish, Pseudocrenilabrus multicolor victoriae, and found no effect. 

The effects of environment stressors present at these sites supports the theory that it is not 

just distance and dispersal ability that leads to genetic differentiation and differences in 

genetic diversity in aquatic macroinvertebrates. Previous studies have also shown that 

dispersal ability is not a limiting factor in terms of stream recovery (Williams 2003; Masters 

et al. 2007). Environmental stressors, however, have been known to cause local adaption in 

related species. For example, Trichoptera species distribution and composition in the lakes 

of the Pyrenees have been found to be predominantly governed by local environmental 

factors, rather than by dispersal constraints (de Mendoza et al. 2015). One caddisfly species 
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provided strong evidence of local adaptation to annual maximum water temperature 

(Nukazawa et al. 2015) and Alp et al. (2012) explained genetic differentiation of the species 

Gammarus fossarum to be the cause of habitat specialisation and potentially local 

adaptation. Macher et al. (2016) described a mayfly species response to multiple stressors, 

and expressed the need for species level data of response to stressors. For example, 

toxicants are an important yet understudied driver of biodiversity (De Laender et al. 2014). 

Therefore it is possible that isolated sites show reduced genetic diversity because of 

adaption to environmental conditions such as acidity. When examining long term natural 

acidification and stonefly ecological traits, Petrin (2011) found smaller body size, greater 

reproductive output and faster life cycles, suggesting that these stoneflies had adapted to 

this acidic environment. Perhaps A. sulcicollis, as the smallest species investigated, is the 

most suited to these acidic sites as shown in Petrin (2011). Other studies have found that I. 

grammatica is present at sites with pH <6 where other similar species (I. difformis) are 

absent suggesting acid tolerance in this species (Malmqvist and Sjöström 1989). Isoperla 

grammatica and related species, Amphinemura stanfussi abundances were compared 

between rivers of varying pH in Lock and Goethals (2008)’s study, and they found that I. 

grammatica was one of the most acid tolerant species, and although both species persisted 

in low pH streams, I. grammatica was recorded at lower pH than A. standfussi. Eriksen and 

Pettersen (2016) recorded invertebrate response to aluminium sulphate. They found that 

Baetis spp (Baetis alpinus and Baetis rhodani) are the most sensitive but I. grammatica was 

also effected but not as severely. It is suggested that the decline in population sizes could be 

a behavioural response related to lower prey densities (Baetis, Simuliidae, and 

Chironomidae) rather than sensitivity. Petrin et al. (2007) also found that Plecoptera 

richness, unlike Ephemeroptera richness, did not correlate with pH. These studies highlight 

that I. grammatica and A. sulcicollis are mostly acid tolerant, so perhaps here we show that 

these species do have a response that has not previously been seen because of the lack of 

genetic investigation. 

 

Acidification inhibits microbial decomposition of leaf-litter, which in turn reduces food 

quality and availability for shredder assemblages in the stream (Larrañaga et al. 2010; Pye et 

al. 2012). However, several shredder species have been known to consume algae under acid 

conditions where specialist grazers cannot persist (Ledger and Hildrew 2005; Feeley and 
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Kelly-Quinn 2015). Amphinemura sulcicollis, as an opportunistic feeder (known as a shedder, 

grazer and collector-gather, see section 1.2.1) might therefore need to locally adapt to these 

conditions and may thus become demographically isolated at these sites. The “multifarious 

selection” hypothesis of Rice and Hostert (1993) presents a situation in which speciation is 

promoted by a multitude of different selection pressures acting on many genes/traits, this 

could be happening at these unique sites. Buchwalter and Luoma (2005) found that finer 

morphological features affected species sensitivity to dissolved metal, specifically, the 

relative numbers of ionoregulatory cells (chloride cells), but also different functional traits 

could lead to differential exposure to cadmium (or other stressors) in the same habitat, for 

example seasonal aspects of development or food preference, which will affect 

bioaccumulation (Buchwalter et al. 2008). As I. grammatica is a predator it could be more 

sensitive to bioaccumulation of harmful metals (Jardine et al. 2012), which may be why it is 

absent from site 95 and why site 93 is genetically distinct.  

Studies into the effect of acidification usually examine species composition to establish the 

effect of reduced pH, and many conclude that stoneflies are less susceptible, focusing 

instead on mayfly species such as B. rhodani (Kowalik and Ormerod 2006). This study, 

however, shows that while individuals are able to persist in these conditions there is still a 

genetic response to acidification in A. sulcicollis. Examining the genetic diversity of these 

species as well as species compositions may give extra information about the health of the 

system. For example, many studies have tried to explain why biological recovery does not 

always follow chemical recovery of streams (Yan et al. 2003; Ledger and Hildrew 2005; 

Kowalik and Ormerod 2006; Kowalik et al. 2007). Perhaps a factor limiting recovery could be 

reduced genetic diversity in some species following acidification which can make 

populations more vulnerable to other disturbances. 

As widely used indicators of ecosystem health (Buchwalter and Luoma 2005), here we show 

the value of adding genetic methods into the study of aquatic insect ecology, providing 

further insight into ecosystem health than gained by examining purely the presence or 

absence of species in certain environments. 
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Chapter 4 - The Relationship between Species and Genetic Diversity in Freshwater Invertebrates 

 

Contributions 

 All species abundance data (collection and identification) and environmental stressor 

data (as used in Chapter3) were created by DURESS (Diversity of Upland Rivers for 

Ecosystem Service Sustainability: http://nerc-duress.org). Funded by the Natural 

Environment Research Council (NERC). 

 Species diversity (taxonomic and functional diversity indices) were calculated in 

collaboration with Tano Gutiérrez-Cánovas (Cardiff University, Post-doctoral 

Research Associate) using the same R script and data (Appendix K). 

 

Highlights 

 A significant correlation was found between species diversity and the genetic 

diversity of Amphinemura sulcicollis, which could be explained by that fact that both 

genetic diversity for this species and species diversity had a significant positive 

correlation with pH. 

 This observation supports the hypothesis where the characteristics of the locality, in 

this case acidity, is hypothesised to affect both levels of biodiversity (Case one, see 

Section 1.5.1.1.1). 

 It is suggested that where there is genetic isolation, and a driver which affects both 

levels of diversity, a positive species-genetic diversity correlation can be driven but 

that it is not universal. 

http://nerc-duress.org/
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4.0 Abstract 

A positive species-genetic diversity correlation (SGDC) has been observed in numerous taxa 

although it is not universally supported. A common explanation for a SGDC is that 

environmental features drive a parallel response in these two fundamental aspects of 

biodiversity. Additionally, positive SGDC has been most often observed when comparing 

discrete sampling units such as lakes or islands, suggesting that genetic isolation may have 

some influence. 

SGDC was investigated in three freshwater macroinvertebrates, Amphinemura sulcicollis, 

Isoperla grammatica and Baetis rhodani, providing the first investigation of this 

phenomenon in three species using microsatellite markers. The aim was to investigate 

factors that may lead to a SGDC and it was hypothesised that isolation and a common driver 

may be needed. This study will help fill knowledge gaps within the SGDC literature on non-

plant species, the freshwater environment and species with high dispersal potential. These 

species differ in their genetic structure and sensitivity to certain environmental stressors. 

Species diversity (species richness, Shannon and functional diversity) from entire 

macroinvertebrate assemblages were compared with genetic diversity (mean allelic richness 

and expected heterozygosity) to investigate whether a correlation existed between these 

two classes of biological parameter. Both species and genetic diversity were also compared 

with environmental stressors (pH, aluminium, cadmium and total oxidised nitrogen) to 

assess potential underlying mechanisms for any SGDC found. 

Due to species-specific differences in isolation and acid sensitivity, SGDC patterns differed 

among species. Genetic diversity in A. sulcicollis’s correlated positively with species 

diversity; the underlying driver of this correlation was thought to be acidity, because both 

species diversity and genetic diversity for A. sulcicollis had a significant positive correlation 

with pH across locations. However, as hypothesised pH was not the only cause as one low 

pH site had reduced species diversity but not significantly reduced genetic diversity, possibly 

due to higher gene-flow in this area. It is suggested that isolation interacts with 

environmental influences to create SGDCs. SGDC in Isoperla grammatica was only 

moderately positive, due to one outlying site. The acid sensitive Baetis rhodani was absent 
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from acid sites, and there was no significant SGDC. Finding species-specific differences 

highlights that positive SGDC, though often found, can never be assumed. 

Keywords: Species diversity, genetic diversity, SGDC, pH, freshwater, macroinvertebrates 

 

4.1 Introduction 

To protect global biodiversity a strong foundation of knowledge is essential (Brooks et al. 

2006; Baselga et al. 2013; Hoban et al. 2013). Biodiversity includes ecosystem, species and 

genetic diversity (Vellend et al. 2014). As introduced in Chapter 1 (Section 1.5) investigating 

possible links between species and genetic diversity (the species-genetic diversity 

correlation, SGDC) has been increasing in popularity over recent years. Identifying spatial 

patterns of biodiversity has been a dominant area of research in ecology and evolution, this 

has been mainly in order to identify biodiversity hotspots and to study evolutionary 

adaption (Vellend 2014). The idea of a correlation between levels of biodiversity is appealing 

because it means that a conservation area designed to protect species diversity (Rodrigues 

et al. 2004; Naveda-Rodríguez et al. 2016) might also be conserving genetic diversity, 

simplifying biodiversity assessments and management schemes. In previous studies a 

positive SGDC has most often been found (Table 1.3), however, negative relationships (Xu et 

al. 2016) and no correlation (Avolio and Smith 2013) have also been observed. Those that 

find a correlation also aim to understand the underlining mechanisms and positive SGDCs 

are usually explained by heterogeneous environments driving parallel patterns (Case one, 

see Section 1.5.1.1.1) (e.g. Frey et al. 2016; Csergo et al. 2014). 

As well as characteristics of the locality1, which would be different in each environment, 

isolation is another common factor of SGDCs. Studies that take place across discrete 

sampling units (whether islands (e.g. Vellend 2003); lakes (e.g. Baselga et al. 2013) or forest 

fragments (e.g. Struebig et al. 2011)), are more likely to show a significant positive SGDC 

than those that study continuous habitat areas (e.g. Taberlet et al. 2012; Vellend 2010).  

This is the first study to investigate SGDC with three different species, Amphinemura 

sulcicollis, Isoperla grammatica and Baetis rhodani, using hypervariable microsatellite 

                                                      
1
 a locality being defined as an area where the community may be found 
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markers. Many SGDC studies use markers that are less polymorphic than microsatellites 

(Table 1.3), and could potentially miss fine scale genetic differentiation. In Chapter 3, 

microsatellite markers (10, 10 and 13 loci for A. sulcicollis, I. grammatica and B. rhodani, 

respectively) were used to investigate genetic structure and diversity. In this Chapter, we 

compare this genetic diversity to species diversity data at the same sites. As others 

(Silvertown et al. 2009; Blum et al. 2012) have also noted, although experiments that 

manipulate environmental conditions, area and isolation are possible in theory, the time 

frame to complete this would be unfeasible for most communities. Observational field 

studies which monitor environmental variation and gradients can, however, help decipher 

what drives SGDCs and under what circumstances correlations are, and are not, observed 

(Vellend and Geber 2005; Lankau and Strauss 2007; Silvertown et al. 2009; Struebig et al. 

2011). 

 

The theory of SGDC is built upon a mixture of traditional models which provide explanations 

on how selection, drift, speciation and dispersal might interact (Vellend 2010), and which 

are used to explain why these two levels of biodiversity might co-vary. From MacArthur and 

Wilson (1967)’s Neutral Island Biogeography Model which incorporates just drift and 

dispersal to more recent extensions of the concept (Lomolino 2000; Whittaker 2000), 

models and empirical studies have highlighted the importance of dispersal, gene flow and 

isolation (Csergo et al. 2014). Dispersal can have a range of effects on possible SGDCs; for 

example, following a mainland-island model, in the absence of selection or speciation, 

increased dispersal will increase both species richness and genetic diversity, by potentially 

adding new species and genotypes and counteracting genetic drift. However, if selection is 

playing a role, dispersal from different localities, each possibly representing a different 

selective environment, means that different outcomes for SGDC are potentially vast 

(Vellend 2010).  

 

In Chapter 1 certain knowledge gaps were identified, namely that most published studies 

directly comparing species and genetic diversity use just one species to assess the genetic 

diversity, and most often this is a plant or tree species. The freshwater environment has few 
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studies (six, Table 1.3), and only one previous study using invertebrates with a terrestrial life 

stage (the predaceous diving beetles; Baselga et al. 2012), allowing long-range active 

dispersal between catchments. Blum et al. (2012) called for more studies reflecting different 

life history traits to improve the understanding of what causes a SGDC. It has been shown 

that invertebrates without a terrestrial life history stage have greater genetic differentiation 

and isolation because of restricted gene-flow (e.g. Alp et al. 2012). Investigating species 

such as plants with no active dispersal could explain why so many positive correlations have 

been found within the SGDC literature, because as Vellend (2014) suggests, SGDCs should 

be strongest when size and isolation of sampling units exert a strong influence on diversity 

patterns.  

One of the difficulties of studying species and genetic diversity simultaneously is that 

species diversity is usually studied comparing different geographically distinct sites, for 

example different streams, where the population of each species is defined as those living in 

that location (e.g. De Castro-Català et al. 2015; Feld et al. 2016). Genetic studies on the 

other hand, which usually focus on one particular species, define the population based on 

their genetic structure, often studying large geographical areas as one unit if high gene flow 

is found (e.g. Paetkau et al. 1999; Palsbøll et al. 2007). Therefore, depending on the genetic 

structure the two different levels of biodiversity may be occurring at different scales. It is 

therefore hypothesised that it is only when there is genetic isolation between sites that 

both species and genetic diversity will be subject to the same features of the locality, 

possibly leading to a SGDC. However, with high gene-flow between sites, species diversity 

may be more affected by environmental heterogeneity than genetic diversity. A large 

proportion of the SGDC literature do not describe the genetic structure of species they are 

studying, however this study, as it uses three species with greater dispersal potential and 

differing patterns of isolation, will help to investigate this theme. 

 

In Chapter 3 it was found that genetic diversity mirrored genetic isolation in the species 

investigated, and that in isolated sites, environmental stressors such as pH drove a decline 

in genetic diversity. The primary aim of this current chapter is to test the hypothesis that the 

same drivers could create a parallel response in species diversity. Specifically, we tested 
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whether isolation in conjunction with environmental stressors drove parallel patterns of 

genetic diversity for A. sulcicollis, I. grammatica and B. rhodani. We hypothesise that 

correlations will be more likely where there is genetic isolation and a driver, in this case 

acidity. A. sulcicollis, therefore, is possibly more likely to present a positive SGDC, as this 

species showed the most genetic structure in chapter 3, whereas within B.rhodani, it is 

hypothesied that it is unlikely to have a SGDC because no genetic isolation was found within 

the samples studied. 

 

4.2 Methods 

4.2.1 Invertebrate sample collection 

Genotyping data were collected and genetic diversity was analysed as described in Chapter 

3. Species data were made available by the DURESS project. Unfortunately no species data 

were available for sites 104, 105, 106 and 113 (Grwyne Fawr, Honddu at Capel, Ithon at 

Llandewi, and Nant Gelli Gethin). 

At all other sites that were analysed for genetic diversity, invertebrates were collected by 

standardised kick-sampling methods to assess species diversity (see Appendix K). 

Invertebrates were collected in riffles using 2 minute semi-quantitative kick samples, during 

spring of 2012 and 2013 (Appendix K) from all sites, using a 1 mm mesh hand net. This 

strategy sampled most major habitats and is a well-calibrated method sufficient to detect 

differences between sites (Weatherley and Ormerod 1987; Bradley and Ormerod 2002a).  

Samples were preserved on-site using 100 % industrial methylated spirit (IMS). In the 

laboratory, samples were hand-sorted and preserved in 70 % IMS. Major groups were 

identified and counted to species or genus for most taxa, or to family in cases where 

taxonomy was difficult or larvae were insufficiently well developed (e.g. Diptera species). 

Trait-level information was generally at genus or family level. Some taxa were identified at a 

very coarse taxonomic level (e.g. Oligochaeta and Tricladida). 
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4.2.2 Species diversity indices 

Three indices of species diversity were used: 

1) Species richness. As the simplest way of describing community diversity, it is frequently 

used in biomonitoring studies (Smith and van Belle 1984; Compin and Céréghino 2003). 

2) Shannon (1948) diversity index. This is also a commonly used figure to reflect species 

diversity (Spellerberg and Fedor 2003). Shannon diversity takes into account the relative 

abundance of the species present, reducing the influence of rare species. 

3) Functional diversity. This accounts for both the variability and distribution of biological 

traits across species (Mason et al. 2005). Functional measures are positively related with 

ecosystem function and stability, showing non-random responses to increased 

environmental stress (Hooper et al. 2005; Gutierrez-Canovas et al. 2015). Functional 

diversity has not been used previously in SGDC literature so here it was used as well as the 

traditional taxonomic diversity indices to explore how it varied with genetic diversity, also 

Bady et al. (2005) suggest that functional diversity is more precise and informative than 

other measures of species diversity. 

To describe functional diversity patterns, functional dispersion was calculated as explained 

in Laliberté and Legendre (2010), based on a Gower dissimilarity matrix derived from seven 

biological traits (Tachet et al. 2002). These traits reflect morphology, life history, aquatic 

stage, dispersal, resistance forms, respiration, and locomotion (Appendix K, Table K3). The 

information available in Tachet et al.’s database contains the affinity of each genus to each 

trait category (i.e. fuzzy coding approach; Chevene et al. (1994)). This procedure is 

frequently used to account for within-genus variation (e.g. Gutierrez-Canovas et al. 2015; 

Manfrin et al. 2016; Pelosi et al. 2016). 

Species diversity indices were estimated from the data available in Appendix K (Table K1 = 

Species data, Table K2 = Genus data and Table K3 = Trait data) using RStudio (R script 

available in Appendix J, Section 3). 
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4.3 Statistical analysis 

4.3.1 Species genetic diversity correlation 

Species diversity results are shown in Appendix K (Table K4), and the genetic diversity 

indices, expected heterozygosity (uHe) and mean allelic richness (rarefied for differences in 

sample sizes) are given in Chapter 3 (Table 3.1a-c) and Appendix H (Table H2a-c), 

respectively. 

First, in order to visualise species diversity over the geographical area, interpolation maps 

were created using QGIS v. 2.14.2 (QGIS Development Team 2016) for each species diversity 

index. If data were available for more than one year, a mean value was used, yielding one 

value per site. 

Each species diversity index was correlated with each genetic diversity index, per species, 

using a linear regression in RStudio (as was used for comparing environmental stressors to 

genetic diversity indices in Chapter 3 (Section 3.3.3.2; R script in Appendix J, Section 2). 

If species and genetic data were available for 2012 and 2013, both values were averaged so 

there was only one datum point per site (this only occurred once within I. grammatica 

where species and genetic data were available for sites 12 and 97, which represents 

temporal sites at the same location). Where possible, species and genetic data were 

compared from the same sampling year, however it was sometimes necessary, for example, 

to compare species diversity data from 2012 to genetic diversity data from 2013. Within 

Chapter 3, it was found that genetic diversity was not significantly different between these 

two different sampling years (Table 3.4a: site 9 vs 96 and site 6 vs 95 for A. sulcicollis; Table 

3.4b: site 12 vs 97 for I. grammatica and Table 3.4c: 9 vs 96 for B. rhodani). Long-term 

changes in species diversity have been studied over 25 years within the study area (Tywi 

catchment) and found to be gradual by Ormerod and Durance (2009), using the information 

from this study it could be inferred that the difference in species diversity between just two 

years would not influence the result.  
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4.3.2 Species diversity vs environmental stressor 

The same environmental stressors, aluminium (Al, µg/l), cadmium (Cd, µg/l), pH (pH-units) 

and total oxidised nitrogen (TON, mg/l) (Appendix H, Table H1) that were compared with 

genetic diversity data in Chapter 3 are compared with species diversity data in the present 

Chapter. This was to assess whether there were any mutual drivers of species and genetic 

diversity. Correlations were assessed between each stressor and species diversity index 

using a linear mixed model in RStudio (as in Section 3.3.3.2; R script in Appendix J, Section 

2). If stressor and species diversity data were available for 2012 and 2013, both values were 

averaged so there was only one datum point per site (occurring for site codes 12 and 97; 

and site codes 39 and 109), all other comparisons of species data and stressor data were 

available from the same sampling year. 

 

4.4 Results 

4.4.1 Species genetic diversity correlation 

The range of species diversity within the sites studied varied for each index; with species 

richness having the widest range, 11 – 41, with northern site 6 having the lowest value and 

southern site 97 having the highest. Shannon diversity indices ranged from 1.53 - 2.86 

(lowest was again in the north, site 55, and the highest again within the southern Tywi 

catchment, site 39), whereas functional diversity did not vary a great deal across the sites, 

from 0.10 – 0.17 (site 6 - site 4, both in northern Wales). Figure 4.1a-c shows that each 

species diversity index shows generally the same pattern, with the highest species diversity 

being found in the south of Wales, usually the Llyn Brianne area (Tywi catchment), and the 

lowest in north of Wales, especially around sites 93, 118/55, 95/6. When the data in Figure 

4.1a-c are compared with allelic richness (see Chapter 3, Figure 3.4 a-c), a very similar 

pattern is seen (also see Appendix K, Figure K1). 

Two measures of genetic diversity, mean allelic richness (Appendix H, Table H2a-c) and 

expected heterozygosity (Table 3.1a-c) were then compared to the three indices of species 

diversity: species richness, Shannon and functional diversities (Appendix K, Table K4). Table 
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4.1 represents the summary of all pairwise mixed linear models and Figure 4.2 shows plots 

of these correlations.  

Amphinemura sulcicollis was the only species where a significant positive SGDC was found. 

This relationship exists between both genetic diversity estimates of A. sulcicollis and species 

richness and Shannon diversity (Figure 4.2, a-b, d-e; Figure 4.4). There was, however, no 

significant correlation between either genetic diversity estimates or functional diversity for 

this species (Figure 4.2, c and f). 

Though there was a slight positive correlation within I. grammatica between both estimates 

of genetic diversity and species richness, and especially Shannon diversity (Figure 4.2, g-h, j-

k), this was not significant (Table 4.1). There was only one site that showed significantly 

lower genetic diversity than all others (Table 3.4b), and although this site was also one of 

the lowest in species diversity (second or third lowest depending on the index, Appendix K, 

Figure K1), this site is shown as an outlier in the correlation (Figure 4.2, g-h, j-k). Again, 

functional diversity showed no correlation with genetic diversity. 

Within B. rhodani no correlation was found between genetic diversity and species diversity 

(Table 4.1, Figure 4.2, m-r). 
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a) b) c) 

   

Figure 4.1. Interpolation maps created using QGIS across sites sampled in Wales, UK, showing a) species richness, b) Shannon diversity and c) functional 

diversity. Values for all indices are available in Appendix K Table K4. If data were available at a site for more than one year, a mean value was used. 
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Table 4.1. Summary of all mixed linear models preformed between the two indices of genetic 

diversity; (always on the y-axis) He = expected heterozygosity; AR = mean allelic richness and three 

indices of species diversity (on the x-axis); species richness, Shannon diversity and functional 

diversity. Showing adjusted R-squared (R2), p-value (p) and number of sites (n) for each regression. 

Significant values in bold: * = p-value <0.05, ** = p-value <0.01. 
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   Species richness Shannon diversity Functional diversity 

A. sulcicollis He R2 0.48 0.63 0.00 
  p 0.022* 0.007** 0.360 
  n 9 9 9 
 AR R2 0.44 0.51 -0.03 
  p 0.031* 0.018* 0.404 
  n 9 9 9 

I. grammatica He R2 -0.03 0.02 -0.12 
   p 0.400 0.315 0.706 
   n 9 9 9 
  AR R2 0.06 0.09 -0.11 
   p 0.256 0.224 0.680 
   n 9 9 9 

B. rhodani He R2 -0.20 -0.10 -0.15 
  p 0.896 0.531 0.654 
  n 7 7 7 
 AR R2 -0.16 -0.20 -0.20 
  p 0.711 0.895 0.951 
  n 7 7 7 
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Figure 4.2. Correlations between genetic diversity indices (expected heterozygosity and allelic 

richness) and species diversity indices (species richness, Shannon diversity and functional diversity) 

for: a-f) Amphinemura sulcicollis (purple datum points); g-l) Isoperla grammatica (blue datum points) 

and m-r) Baetis rhodani (green datum points). Line of best fit created from a linear mixed model in 

RStudio. Stars above graphs denote significances: * = p-value <0.05, ** = p-value <0.01. 
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4.4.2 Species diversity vs environmental stressors 

Each species diversity index (Appendix K, Table K4) was then compared to four 

environmental stressors (Appendix H, Table H1). Table 4.2 represents a summary of all 

pairwise mixed linear models and Figure 4.3 show example plots of these correlations. The 

most significant correlations were between pH and both species richness and Shannon 

diversity (Figure 4.3a-b), with low pH correlating with lower species diversity. Within 

Chapter 3, the genetic diversity of A. sulcicollis was shown to correlate with pH, to illustrate 

the patterns between genetic diversity, species diversity and pH, Figure 4.4 shows 

interpolation maps created in QGIS of each of these side by side. Figure 4.4 shows that 

where pH is low, particularly at sites 93, 95 and 116 it correlates with mean allelic richness 

of A. sulcicollis and in species richness. There was also a positive correlation between pH 

and functional diversity, though not significant (Figure 4.3c). 

A significant positive correlation was also found between total oxidised nitrogen (TON) and 

Shannon diversity (Figure 4.3e). Although a slight positive correlation was found between 

TON and species richness, this was not significant (Figure 4.3d), and no correlation was 

found between TON and functional diversity (Figure 4.3f). No correlation was found 

between both metal stressors (Aluminium and Cadmium) and any species diversity index 

(Table 4.2).    
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Table 4.2. Summary of all mixed linear models preformed between the three indices of species 

diversity (always on the y-axis); species richness, Shannon diversity and functional diversity, and four 

environmental stressors (on the x-axis); aluminium (Al, µg/l), cadmium (Cd, µg/l), pH (pH-units) and 

total oxidised nitrogen (TON, mg/l). Showing adjusted R-squared (R2), p-value (p) and number of 

sites (n) for each regression. Significant values in bold: * = p-value <0.05, ** = p-value <0.01, *** = p-

value <0.001. 

    Species richness Shannon diversity Functional diversity 

Al R2 -0.04 -0.01 -0.06 
  p 0.505 0.355 0.592 
  n 14 14 14 

Cd R2 -0.09 -0.08 0.16 
  p 0.851 0.805 0.098 
  n 13 13 13 

pH R2 0.38 0.5877 0.17 
  p 0.009** 0.001*** 0.069 
  n 15 15 15 

TON R2 0.11 0.26 0.01 
  p 0.116 0.025* 0.299 
  n 16 16 16 

 

a) **  b) ***  c) 

   
d) e) *  f) 

   
Figure 4.3. Correlations between species diversity indices (species richness, Shannon diversity and 

functional diversity) and environmental stressors a-c) pH, d-f) total oxidised nitrogen. Line of best fit 

created from a linear mixed model in RStudio. Stars above graphs denote significances: * = p-value 

<0.05, ** = p-value <0.01, *** = p-value <0.001. 
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a) b) c) 

 

Figure 4.4.  Side by side interpolation maps of a) the mean allelic richness of Amphinemura sulcicollis, b) species richness and c) pH. These three factors 

have all been shown to correlate with one another. 
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4.5 Discussion 

Investigating the relationship between species and genetic diversity in three freshwater 

macroinvertebrates identified different patterns. It was hypothesised that Amphinemura 

sulcicollis was the most likely to show a SGDC as this species had the showed the most 

genetic structure in the previous chapter. As expected A. sulcicollis revealed a significant 

positive correlation between genetic diversity (allelic richness and expected heterozygosity) 

and species diversity (species richness and Shannon diversity). Isoperla grammatica showed 

a slightly positive correlation between the same factors but this was not significant, and B. 

rhodani showed no correlation. 

The underlying driver of the significant positive correlation in A. sulcicollis, appears to be 

acidity (Figure 4.4). There was a significant positive correlation between pH and both 

species diversity (species richness and Shannon diversity; Figure 4.3a-b) and genetic 

diversity of A. sulcicollis (Figure 3.5a-b). Though a correlation does not necessarily mean 

causation, a reduction in species diversity at acidic streams is commonly seen, as the acid 

sensitive species are displaced by a few tolerant species (Ledger and Hildrew 2005; Svitok et 

al. 2014; Shaw et al. 2015). The effect of acidity on genetic diversity, on the other hand, is 

species-specific, even within this study. The genetic diversity of B. rhodani showed no 

correlation with acidity because it is acid sensitive and was not present at sites with low pH 

(Kowalik and Ormerod 2006; Murphy et al. 2013; Murphy et al. 2014). Isoperla grammatica 

showed a non-significant positive correlation between acidity and expected heterozygosity 

(Table 3.6) driven by just one site (site 93) having significantly lower genetic diversity, likely 

to be a result of low pH. 

Within A. sulcicollis the genetic correlation with low pH was not universal throughout the 

sites, for example site 116 also had a low pH and a reduction in species diversity (Figure 4.4) 

but genetic diversity was not significantly lower (Table 3.4a; Appendix K, Figure K1). We 

suggest this is because this site shows no genetic isolation (during STRUCTURE analysis), and 

instead has high gene-flow with the surrounding sites (as shown in all three species studied 

in southern Wales) therefore low pH at the site does not exert the same influence on 

genetic diversity in the same way as species diversity. In Chapter 3, A. sulcicollis showed the 
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most structure (Figure 3.1a-c) of the three species, showing genetic isolation particularly at 

sites 95 and 93, - these sites have low pH which may explain the positive correlation 

between species and genetic diversity. Isoperla grammatica was only isolated at one site 

(Figure 3.2a-c) and B. rhodani had very weak genetic structure (Figure 3.3a-c) therefore a 

significant SGDC was unlikely to be found. 

Although it has been observed that studies with discrete sampling units produce stronger 

positive SGDCs (Vellend 2014), previous studies have tended not to describe explicitly the 

genetic structure of the species they are investigating (e.g. Fray et al. (2016), Xu et al. 

(2016), Baselga et al. (2013) and Blum et al. (2012)). Instead, previous SGDC research is 

focused on the general pattern of genetic diversity, therefore most studies do not identify 

whether different sites are genetically differentiated. By first investigating the gene flow and 

genetic isolation of each species, this study was able to specifically investigate the role of 

isolation as well as possible drivers in SGDCs. 

Baselga et al. (2013) is the only other study to investigate SGDCs in freshwater invertebrates 

that can disperse terrestrially, and though genetic isolation is not explicitly mentioned, they 

do conclude that their empirical results mirrored dispersal constrained models (i.e. the 

pattern of SGDC is due to limited dispersal which could drive isolation). Similarly, Lamy et al. 

(2013) concluded that habitat connectivity was the driver of SGDC for two freshwater 

gastropods. Sites that are more connected receive more alleles and species through 

immigration, resulting in greater species and genetic diversity. Vellend (2003) also 

attributed positive correlations as being a consequence of parallel effects of area and 

isolation among different islands studied. 

 

A positive SGDC in the presence of genetic isolation is not always found, however, Albert et 

al. (2011) found that geographical isolation promotes species richness, whereas isolation 

would usually decrease the genetic diversity of a population, through mechanisms such as 

genetic drift and demographic bottlenecks, which may occur in the absence of an influence 

of the locality, or environmental heterogeneity driving a parallel response. 
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As hypothesised a combination of circumstances may be needed to drive a correlation 

between species and genetic diversity; 1) isolation, meaning that genetic diversity is being 

affected at the same spatial scale as species diversity; 2) a driver, where heterogeneity of 

the different localities produce patterns in both species and genetic diversity. Many studies 

conclude that it is particular drivers at a locality that influence both species and genetic 

diversity. For example, varying levels of anthropogenic disturbance, in the form of the 

amount of urbanised area (Frey et al. 2016) and stream conditions relating to agricultural 

land-use (Blum et al. 2012) both drove a positive correlation between species and genetic 

diversity, whereas soil pH and phosphorus availability led to a negative correlation (Xu et al, 

2016). Within these studies the level of genetic isolation is not described so it is unknown 

whether isolation also had an effect. A large number of the empirical studies into SGDC have 

used plant species, and although all species have effective dispersal mechanisms, they rely 

on passive dispersal, possibly leading to greater structure and isolation between localities 

(Rundle et al. 2002; Tero et al. 2003). So although these studies do not mention isolation, it 

may still be an underlying cause. Derry et al. (2009) comparing boreal lakes, the first study 

on SGDC in the freshwater environment, found that species composition varied with acidity 

but haplotypes of zooplankton did not. This could be a species-specific response, a result of 

a lack of isolation or perhaps the CO1 mtDNA marker used did not reveal subtle genotypic 

differences.  

Csergo et al. (2014) investigated SGDC within the habitat specialist plant, Saponaria 

bellidifolia and like in this current study (with Chapter 3), they first conducted a solely 

genetic investigation into the target species. They found that isolation as well as drivers 

within the locality (in their case outcrop area / heterogeneity), influenced genetic diversity 

(Csergö et al. 2009). They later compared the genetic diversity results with species diversity 

and as they expected found parallel patterns because of the isolation in the study area (an 

island-like system of outcrops) as well as heterogeneity of the sites acting as a drivers of the 

parallel patterns.  

Though correlation was found with species richness and Shannon diversity, no correlation 

was found comparing the relationship between genetic diversity and functional diversity. 

Functional diversity represents particular life history traits of the species present at the sites 

(Appendix K, Table K3). As functional diversity does not vary a great deal between sites with 
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environmental heterogeneity, and is not correlated with any environmental stressors 

investigated, it could be that the traits used to compile the functional diversity are not the 

traits affecting an individual’s sensitivity to acidity or metals. This suggests that the 

explanatory factor is an as yet unexplored trait, for example, a physiological ability to 

remove metals (Buchwalter et al. 2008) or possibly, the genotype of the species.  

In conclusion, though species diversity and genetic diversity can correlate, as shown here 

with A. sulcicollis and numerous other empirical studies (Table 1.3), correlation depends 

upon multiple factors coinciding and therefore should not be assumed. Studying three 

freshwater invertebrates simultaneously, that vary in their sensitivity to certain stressors 

(drivers), and in studying their genetic structure, has helped highlight possible causes. In this 

case it is believed that a positive SGDC was found within A. sulcicollis due to isolation 

between sites and acidity driving a parallel response in both species and genetic diversity.
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Chapter 5 - A preliminary investigation of demographic resilience in three invertebrate species 

 

Highlights 

 Certain sites within Amphinemura sulcicollis and Isoperla grammatica had 

significantly reduced genetic diversity, compromising their resilience to 

environmental change. The aim of this chapter was to analyse the underlying 

demographic cause of this loss of diversity. 

 Signatures of genetic bottlenecks were tested using three different approaches using 

the software BOTTLENECK, MSVAR and MPVal. 

 BOTTLENECK did not detect signatures of recent demographic bottlenecks, probably 

reflecting the application of a model dependent on excess heterozygosity to three 

species characterised by heterozygosity deficiency. 

 MSVAR, a full Bayesian likelihood coalescent approach, revealed bottlenecks for all 

clusters, sites and species tested. This points to a common ancient, possibly post-

glacial, bottleneck from which all three species have expanded, but does not explain 

differences among sites within the three species. 

 MPval did detect bottleneck signatures in the sites that were identified as having 

lower genetic diversity in Chapters 3 and 4, suggesting that differences in genetic 

diversity at these sites could be due to recent bottlenecks. 

 Acidification, and acid episodes, are a likely previous cause of bottlenecks at the sites 

studied. 

 Further analysis is required to pinpoint the magnitude and duration of the recent 

bottlenecks detected, for example using Approximate Bayesian Computational 

methods. 
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5.0 Abstract 

Variation in genetic diversity among species and its determinants is a central issue in 

evolutionary research, particularly in understanding ecosystem and species resilience. 

Previously, genetic diversity patterns were identified in three freshwater invertebrates 

Amphinemura sulcicollis, Isoperla grammatica and Baetis rhodani. This chapter aims to 

investigate possible causes for these patterns, hypothesising that low genetic diversity could 

be explained by recent, anthropogenically mediated demographic bottlenecks. Signatures of 

population decline were investigated using three commonly used methods; the 

heterozygosity excess test in BOTTLENECK, full Bayesian coalescent simulation in MSVAR 

and the allele sized based M-ratio in MPVal. The different methods used gave different 

results; heterozygosity excess tests revealed no signature of a bottleneck, though this may 

be because the species being assessed are characterised by high polymorphism and 

heterozygosity deficiency. The full Bayesian coalescent approach revealed a signature 

consistent with a historic bottleneck 1 - 10 thousand years ago that affected all three 

species, though this event is unlikely to explain the current patterns across sites. The M-

ratio method (assuming pre-bottleneck theta values of 50, 500 and 60 for A. sulcicollis, I. 

grammatica and B. rhodani respectively) identified differences between sites and clusters 

within each species. Results from A. sulcicollis and I. grammatica supported the hypothesis 

of recent bottlenecks at the sites and Clusters identified as having significantly lower genetic 

diversity in Chapters 3 and 4. Baetis rhodani which varied less in genetic diversity, showed 

evidence of bottlenecks at more sites. It is proposed that post-industrial population declines 

were caused by region-wide acidification and site-specific episodes of acidity combined, 

causing genetic bottlenecks in all three species studied. These patterns are consistent with 

genetic response to past disturbances, although subsequent population recovery illustrates 

a degree of resilience to these events, though further research is necessary to fully explore 

this theme.  

 

Key words: genetic diversity, population decline, BOTTLENECK, MSVAR, M-ratio, 

acidification, resilience  
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5.1 Introduction 

Resilience and biodiversity are intrinsically linked, it is generally believed that the more 

diversity a system features, the more resilient it is (Oliver et al. 2015). Resilience, defined in 

ecology as the capacity of an ecosystem to respond to a disturbance by resisting damage 

and recovering quickly (Hodgson et al. 2015) is one of the policy buzzwords of the moment 

(Newton 2016). It has been used in the Convention on Biological Diversity‘s 2020 goal to 

“enhance ecosystem resilience” (Convention on Biological Diversity 2012) and in legislation 

from the Welsh Government which calls to “support social, economic and ecological 

resilience” as well as reversing the decline in biodiversity in Wales (Welsh Government 

2016). The ability of a system to resist and recover from a disturbance is a central issue in 

conservation, but also affects a system’s ability to produce ecosystem services (Nimmo et al. 

2015), therefore it is logical that the study of resilience is so popular and why policy makers 

have picked up on the term. Research on ecological resilience is usually focused at the 

ecosystem level and studied in reference to tipping points (Newton 2011; Petraitis 2013; 

Newton and Cantarello 2015), however the genetic diversity of individual species within an 

ecosystem has been shown to effect the overall ecosystem resilience (Hughes and 

Stachowicz 2004; Reusch et al. 2005). Therefore, as widely distributed species, 

Amphinemura sulcicollis, Isoperla grammatica and Baetis rhodani could be used as model 

organisms to investigate genetic resilience within a freshwater ecosystem. 

Resilience involves both resistance and recovery (Hodgson et al. 2015), therefore can be 

studied through investigation of past demographic history. Investigating fluctuations in 

population size is vital for understanding the impact past disturbances have had on the 

current population genetics of a species (Girod et al. 2011). Whether these disturbances are 

caused by climatic changes or human disturbances, they can have a key role in shaping 

biodiversity at the genetic, species and community levels (Banks et al. 2013). Potential 

causes of deviation in genetic diversity include natural selection and genetic drift, but it 

could also be a product of a recent disturbance, i.e. an event that causes a severe reduction 

in population size, which leads to reduction in genetic diversity, termed a bottleneck 

(Leblois et al. 2014). Populations suffering from a bottleneck tend to lose genetic variation 

and potentially suffer a loss of evolutionary potential and an increased risk of extinction 
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(Frankham et al. 1999). As demographic bottlenecks reduce the population size, they in turn 

increase rates of inbreeding and the risk of deleterious alleles becoming fixed, which are 

concerning factors from a conservation perspective (Keller and Waller 2002; Leblois et al. 

2014). 

The determinants of genetic diversity have been a central issue in modern evolutionary 

theory ever since the synthesis of natural selection with genetics in the 1930s (Leffler et al. 

2012; Huang 2016). The study of understanding the nature of genetic variation has 

therefore had a long history but still remains fundamental to evolutionary research today 

(Huang 2016). Direct measurement of the impact of disturbances requires long-term studies 

that may be impossible for many species (Girod et al. 2011). However using the distribution 

of present-day genetic variation to infer past demographic changes is becoming increasingly 

popular (Beaumont et al. 2001; Girod et al. 2011; Hu et al. 2011).  

During Chapter 3 and 4 the genetic diversity of three freshwater invertebrates, A. sulcicollis, 

I. grammatica and B. rhodani, were analysed. It was found that for A. sulcicollis and I. 

grammatica there were certain sites that showed significantly lower genetic diversity when 

compared to others. Here the aim was to investigate possible causes of the genetic diversity 

variation seen in previous chapters. Specifically, three different methods: BOTTLENECK; 

MSVAR using the full Bayesian method and MPval using the M- ratio method, were 

implemented to assess whether signatures of demographic change can be found in any of 

the three species. It is hypothesised that the reduced genetic diversity in certain sites within 

A. sulcicollis, and I. grammatica (as identified with Chapter 3 and 4) were caused by a recent 

bottleneck. It was also an aim of the study to compare the results of the three different 

methods, and it is hypothesised that due to the differences in assumptions of the different 

approaches they may not reveal the same signal. A broader aim of this research is to infer 

the genetic resilience of these species and how they have responded to past disturbance. 

5.2 Methods 

Genotype data were collected and scored as described in Chapter 2 (see Appendix F for full 

dataset), and related individuals were removed as described in Chapter 3. Demographic 

change was then investigated using three different but complementary methods. As in 
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Chapter 3, each species was investigated ‘per site’ (for all sites that contain more than 10 

individuals) and per cluster (all individuals based on population differentiation results laid 

out in Chapter 3). To prevent mixtures of genetic signal individuals for each cluster were 

chosen based on q – values from STRUCTURE output data using the threshold 0.8 

(specifically how the data were split into clusters (including sample sizes) is summarised in 

Appendix L, Figure L1-3, Table L1). Due to the large computational requirements by MSVAR, 

large clusters were constrained to no more than 50 randomly sampled individuals (as in 

Orozco-terWengel et al. (2013)), and the same datasets were used for all three methods so 

they could be compared. 

 

5.3 Statistical analysis 

5.3.1 BOTTLENECK 

The first approach used the program BOTTLENECK v1.2.02 (Cornuet and Luikart 1996; Piry et 

al. 1999). This program using the heterozygosity excess method where identification of 

significant heterozygosity excess suggests the presence of a bottleneck. This is because 

when a population undergoes a bottleneck, heterozygosity is not always reduced 

immediately but the rarer alleles are expected to be lost, so the test compares 

heterozygosity with allelic diversity, if the heterozygosity is higher relative to the allelic 

diversity, then a recent bottleneck could explain this (Luikart and Cornuet 1998; Luikart et 

al. 1998). This program carries out a sign test (Luikart and Cornuet 1998) and a Wilcoxon's 

signed rank test (Luikart et al. 1998). Both tests can be performed under three different 

models: the infinite allele model (IAM), stepwise mutation model (SMM) and the two-phase 

model (TPM). 

The IAM predicts that mutation can occur across any number of repeats and assumes new 

alleles are produced with every mutation event thus allowing infinite allelic diversity. 

However, this model has been known to produce false positive results (O'Connell and 

Wright 1997). The SMM assumes mutations involve the loss or gain of one repeat unit at a 

time and may generate the same allele any number of times. The TPM however combines 
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single step and multiple step mutation models and is the most appropriate model for 

microsatellites (Luikart and Cornuet 1998). 

The Sign test calculates the expected number of loci with heterozygosity excess and the 

observed number of loci with heterozygosity excess. Similarly the Wilcoxon’s signed rank 

test calculates the probability of heterozygosity deficiency; probability of heterozygosity 

excess, and a two-tailed probability of heterozygosity deficiency or excess.   

These tests were performed per site and per cluster (as in Chapter 3), using 1000 

replications and assuming 95% single step mutations with a variance of 12, following 

recommendations by Piry et al. (1999). The mode-shift indicator test was also used to look 

at the allele frequency distribution; if a population is under mutation–drift equilibrium it is 

expected to be L-shaped, however if the population had undergone a bottleneck, rarer 

alleles would be removed and distribution would be a shifted mode (Luikart and Cornuet 

1998). 

 

5.3.2 MSVAR 

Signatures of a demographic change were also investigated by using a coalescent-based full 

likelihood, Bayesian approach implemented in MSVAR v1.3 (Beaumont 1999; Storz and 

Beaumont 2002). This program can be used to investigate the genealogical history of 

microsatellite data using coalescent theory, which attempts to trace mutations shared by all 

members of a population to a single ancestral copy, the ‘most recent ancestor’ (Nordborg 

2004). MSVAR estimates demographic and genealogical parameters such as current 

effective population size (N0), effective population size before an event (N1) and time since 

event (Ta), using MCMC (Markov chain Monte Carlo) simulations. The event could be a 

bottleneck or an expansion.  

As MSVAR simulations are computationally very intensive, not all sites and clusters were 

used, but instead representative sites from each cluster, for each species and some 

additional clusters. For A. sulcicollis four sites representing all four clusters were tested 

(sites 104, 96, 95 and 93), additionally Cluster 3 was run to compare to site 95, and Cluster 4 

was run to compare to site 93 (see Appendix L, Figure L1 and Table L1 for further details). 
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For I. grammatica two sites from the two representative clusters were tested (sites 108 and 

93), additionally Cluster 2 was analysed to compare with site 93 (see Appendix L, Figure L2 

and Table L1). Lastly, to represent Baetis rhodani’s Cluster 1, two sites were tested (sites 

102 and 94, see Appendix L, Figure L3 and Table L1). 

A large variance was set for the prior parameter distributions so they would have less effect 

on the posterior distributions (like in Hu et al. 2011), but a variety of priors were still tested 

that represented different scenarios, for example, a bottleneck, no change (stable) and an 

expansion (Figure 5.1). Ten independent runs (run 1 - 10, Table 5.1) were performed for 

each dataset to test how the prior distribution would influence the posterior distribution. 

Generation time (g) was assumed to be 1 year for all three species as they are mostly 

univoltine (see section 1.2). No mutation rate estimates are available for these species 

therefore the average microsatellite mutation rate (µ) of 1x10−4 was used (Brohede et al. 

2002; Bulut et al. 2009; Orozco-terWengel et al. 2013). A line was recorded every 100’000 

simulations until a total of 100’000 lines were recorded (1 x1010 simulations). The first 10% 

of each independent chain was discarded to avoid influence of the starting values in 

parameter estimation. 

Output from MSVAR was interpreted using the package boa v1.1.7 (Smith 2007) as a plugin 

for R v3.0.2 (R Core Team 2013) to calculate mean values of N0, N1 and Ta for each 

independent run. Convergence between the different runs was also assessed using the 

Brooks, Gelman and Rubin Convergence Diagnostic test (Gelman and Rubin 1992; Brooks 

and Gelman 1998). 

  



Chapter 5 

165 
 

 

Figure 5.1. Depicting the three scenarios of effective population size that were tested using MSVAR 

runs 1-10: stable, bottleneck and expansion. 

 

Table 5.1. Range of priors and variances tested in ten independent runs and what scenario they 

represent, using MSVAR. N0 = current effective population time; var = variance; N1 = Ancestral 

effective population size before event; µ = mutation rate; Ta = time interval between N1 and N0. 

Run 
Priors 

Represents 
N0 var N1 var µ var Ta var 

1 4 5 4 5 -4 5 4 5 Stable 
2 4 10 4 10 -4 10 4 10 Stable, greater var 
3 6 8 6 8 -4 8 4 8 Stable, higher No and N1,  

medium var 
4 3 5 5 5 -4 5 4 5 Bottleneck 
5 3 10 5 10 -4 10 4 10 Bottleneck, greater variance 
6 3 10 7 10 -4 10 6 10 Bottleneck, higher Nt1 and Ta 
7 5 8 7 8 -4 8 6 8 Bottleneck, higher No, N1, 

medium var 
8 5 5 3 5 -4 5 4 5 Expansion 
9 5 10 3 10 -4 10 4 10 Expansion, greater variation 
10 5 10 2 10 -4 10 6 10 Expansion, lower N1 and higher 

Ta 

 

5.3.3 MPVal 

Thirdly, presence of a bottleneck signature was assessed using the M-ratio method used by 

the software MPVal and CriticalM (Garza and Williamson 2001). The M-ratio method 
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attempts to detect a recent bottleneck by, as with BOTTLENECK, detecting the loss of rare 

alleles. Instead of comparing the number of alleles to heterozygosity, however, MPVal uses 

a comparison between the number of different alleles per locus and the range in size of 

these alleles. Working on the assumption that during a bottleneck the number of different 

alleles will reduce but the size range will only reduce if the largest or smallest allele is lost, 

and since allele frequency distributions are rarely bell-shaped, this comparison (which is 

termed M), can be used to detect bottlenecks (Garza and Williamson 2001). 

It is suggested that this method may be better suited than BOTTLENECK, to assess 

demographic change in large population sizes (Garza & Williamson 2001). The target species 

investigated here are characterised by very high polymorphism and Hardy Weinberg 

disequilibrium, but have correspondingly high size ranges (Appendix F), and fitting the 

assumptions of the M-ratio method, loci in all species rarely have bell-shaped allele 

frequency distribution, some loci have a right skewed distribution though many have very 

irregular patterns of loci size distribution.  

The test was run using parameter values ∆g = 3.5 (average size of mutation that is not one-

step) and ps = 0.1 (the percentage of time mutations are larger, i.e. not one step), these 

values are suggested by Garza and Williamson (2001) to be conservative.  

The value for pre-bottleneck theta (θ = 4Neµ) is unknown, therefore θ was estimated for all 

sites and clusters for each species using the program MSA v4.05 (Dieringer and Schlötterer 

2003). A. sulcicollis ranged from a minimum of θ = 10 (as the mutation rate is fixed by 

default in MPVal at 5x10-4 mutations per locus per generation (µ), this would equate to a Ne 

of 5000) to a maximum of θ = 50 (Ne = 25,000), therefore the M- ratio method was tested at 

these two extremes. MSA calculated I. grammatica’s θ to be much higher at a minimum of θ 

= 100 (Ne = 50,000) to a maximum of θ = 500 (Ne = 250,000), corresponding with this 

species’ polymorphism. Baetis rhodani showed a narrower range with a minimum of θ = 40 

(Ne = 20,000) to a maximum of θ = 60 (Ne = 30,000). The average value of M of each site and 

cluster was then compared against a critical value (Mc) at two extremes of pre-bottleneck 

theta for each species to infer whether the population experienced a reduction in size. 
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5.4 Results 

5.4.1 BOTTLENECK 

As the Wilcoxon test has greater statistical power than the Sign test and is favoured in other 

studies (e.g. Costa et al. 2013; Minhós et al. 2016), the result of the Wilcoxon test under 

TPM only and the mode shift test are presented in Table 5.2 (other results can be found in 

Appendix L, Table L2a-c). Using this method, no significant heterozygosity excess was 

observed at any site or cluster in any of the three species and the mode-shift test mirrored 

this and revealed a normal L-shaped distribution for all species and sites tested (Table 5.2a-

c). Heterozygosity deficiency on the other hand was observed, particularly within B. rhodani. 

However, no significant signature of a bottleneck was detected using this approach.  

The Wilcoxon test under SMM supports this result, showing mostly heterozygosity 

deficiency rather than heterozygosity excess. Though the IAM model did show some 

significant heterozygosity, as this model is known to produce false positives (Appendix L, 

Table L2a-c). The sign test under all three models generally show more significant 

heterozygosity excess compared to the Wilcoxon test, however none that were consistent 

when comparing models and tests (Appendix L, Table L2a-c). 
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Table 5.2a-c. Showing results from the Wilcoxon test (two-phase (T.P.M.) model) and the mode shift 

test using BOTTLENECK for a) Amphinemura sulcicollis; b) Isoperla grammatica and c) Baetis rhodani. 

P = probability and H = heterozygosity. Bold = significance (p = <0.05). 

Table 5.2a. Amphinemura sulcicollis. 

Site P (one tail for H 
deficiency) 

P (one tail for H 
excess) 

P (two tails for H 
excess or 
deficiency) 

Mode shift 

104 0.246 0.784 0.492 normal L-shaped distribution 
109 0.278 0.754 0.557 normal L-shaped distribution 
108 0.007 0.995 0.014 normal L-shaped distribution 
102 0.500 0.539 1.000 normal L-shaped distribution 
112 0.016 0.988 0.032 normal L-shaped distribution 
96 0.097 0.920 0.193 normal L-shaped distribution 
9 0.016 0.988 0.032 normal L-shaped distribution 
116 0.138 0.884 0.275 normal L-shaped distribution 
113 0.097 0.920 0.193 normal L-shaped distribution 
95 0.161 0.862 0.322 normal L-shaped distribution 
6 0.042 0.984 0.084 normal L-shaped distribution 
59 0.005 0.997 0.010 normal L-shaped distribution 
93 0.053 0.958 0.105 normal L-shaped distribution 
Cluster 1 0.278 0.754 0.557 normal L-shaped distribution 
Cluster 2 0.005 0.997 0.010 normal L-shaped distribution 
Cluster 3 0.005 0.997 0.010 normal L-shaped distribution 
Cluster 4 0.053 0.958 0.105 normal L-shaped distribution 

 

Table 5.2b. Isoperla grammatica. 

Site P (one tail for H 
deficiency) 

P (one tail for H 
excess) 

P (two tails for H 
excess or 
deficiency) 

Mode shift 

105 0.577 0.461 0.922 normal L-shaped distribution 
106 0.216 0.813 0.432 normal L-shaped distribution 
108 0.903 0.116 0.232 normal L-shaped distribution 
12 0.278 0.754 0.557 normal L-shaped distribution 
97 0.652 0.385 0.770 normal L-shaped distribution 
98 0.461 0.577 0.922 normal L-shaped distribution 
112 0.539 0.500 1.000 normal L-shaped distribution 
114 0.188 0.839 0.375 normal L-shaped distribution 
115 0.313 0.722 0.625 normal L-shaped distribution 
10 0.116 0.903 0.232 normal L-shaped distribution 
118 0.313 0.722 0.625 normal L-shaped distribution 
93 0.001 0.999 0.003 normal L-shaped distribution 
Cluster 1 0.042 0.984 0.084 normal L-shaped distribution 
Cluster 2 0.012 0.991 0.024 normal L-shaped distribution 
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Table 5.2c. Baetis rhodani. 

Site P (one tail for H 
deficiency) 

P (one tail for H 
excess) 

P (two tails for H 
excess or 
deficiency) 

Mode shift 

112 0.153 0.863 0.305 normal L-shaped distribution 
102 0.011 0.996 0.021 normal L-shaped distribution 
97 0.011 0.996 0.021 normal L-shaped distribution 
96 0.004 0.997 0.009 normal L-shaped distribution 
9 0.040 0.966 0.080 normal L-shaped distribution 
106 0.003 0.997 0.007 normal L-shaped distribution 
113 0.002 0.998 0.004 normal L-shaped distribution 
115 0.002 0.999 0.003 normal L-shaped distribution 
94 0.040 0.966 0.080 normal L-shaped distribution 
118 0.064 0.945 0.127 normal L-shaped distribution 
 Cluster 1  0.000 1.000 0.000 normal L-shaped distribution 

 

5.4.2 MSVAR 

MSVAR was run for six different datasets for A. sulcicollis (60 independent runs); three 

different datasets for I. grammatica (30 independent runs) and two different dataset for 

Baetis rhodani (12 independent runs). As a result of the high polymorphism of each species, 

each of the 102 runs took over 30 days to complete; some I. grammatica runs took 

considerably longer, limiting what could be achieved in the time available (for this reason B. 

rhodani sites could not be tested at all ten independent runs and I. grammatica Cluster 2 

and Site 93 had to be stopped before completion of 1x1010 simulations). 

Testing for convergence between independent runs assures that the priors tested have not 

influenced the posterior and increases confidence in the result, however for these data the 

ten independent runs did not always converge satisfactorily (meaning that the multivariate 

potential scale reduction factor (MPSRF) was not always <1.2, which it ideally should be). 

For A. sulcicollis when comparing all ten independent runs only site 96 (1.08), site 93 (1.04) 

and cluster 4 (1.03) showed convergence. The MPSRF of sites 95, 104 and Cluster 3 however 

were higher than 1.2. The number of independent runs used in this study is higher than in 

the literature (ten compared to four as in Costa et al. 2013; Minhós et al. 2016), therefore 

convergence tests were re-run with just three independent runs (representing 1 stable, 1 

bottleneck and 1 expansion); convergence was then found within site 95 (1.02 comparing 

run 2, 5 and 8) and site 104 (1.16 comparing run 1, 4 and 8) however Cluster 3 still did not 
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show convergence (1.69 comparing 1 4 and 8). Usually if convergence is not achieved it is 

recommended that simulations are run for longer, however these simulations were run for 

longer than other studies (1x1010 compared with 5x109 for polecats (Costa et al. 2013); 

2x109 for tomato frogs (Orozco-terWengel et al. 2013) and 9x109 for colobus monkeys 

(Minhós et al. 2016)), and it was not possible to extend them.  

Similarly for I. grammatica none of the datasets converged using all ten runs and only 

Cluster 2 converged using just three runs (1.17 using run 1 4 and 8), whereas sites 108 and 

93 did not converge. For B. rhodani, site 94 showed convergence with all 9 runs (1.09), 

however site 102 did not (3 runs 2, 5 and 6 had a MPSRF of 2.7). 

Though the convergence tests must be taken into consideration when viewing the results, 

useful information can still be taken from all of the simulations. The posterior probabilities 

of each independent run were plotted for each species, comparing N0 and N1 and showing 

Ta separately. First, MSVAR showed a consistent signature of a population decline in all 

species, in almost all different MSVAR runs (Figure 5.2 – 5.4). Though there is variability in 

the values of N1, N0 and Ta for each species, regardless of cluster, the mean value for N1 

(ancestral effective population size, darker red line) was almost always a higher value 

compared to N0 (the current population size, lighter red line) and were independent from 

the priors. Despite the convergence results, this was seen in almost all runs whether the 

priors represented stability, expansion or a bottleneck. Secondly, the time of this bottleneck 

was also very similar between species. Although we cannot be confident in the exact value 

of Ta (as it is quite variable), when removing obvious outliers in the data (see Appendix L, 

Table L3a-c) the time of the bottleneck ranged between 1 x103 and 1x107 for A. sulcicollis, 

1x101 and 1x105 for I. grammatica and 1x102 and 1x105 for B. rhodani and had a mean of 

between 1 and 10 thousand years ago for all three species (Figure 5.2 – 5.4). 

Summary statistics for N0, N1 and Ta (including Min, 1stQu, Median, Mean, 3rdQu and Max) 

for all MSVAR simulations are available in Appendix L (Figure L4 – L6, Table L3a-c). 
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Figure 5.2. Showing the posterior distributions calculated using MSVAR comparing N1 (effective 

population size at time Ta) = darker red line to N0 (current effective population size) = lighter red line 

and posterior distributions of Ta (Time between N0 and N1) = green line, along with priors (dotted 

lines) for representative sites and clusters for Amphinemura sulcicollis. Each site/cluster contains ten 



Chapter 5 

173 
 

independent runs: a and b) Site 104; c and d) Site 96; e and f) Site 95; g and h) Site 93; I and j) Cluster 

3; k and l) Cluster 4. 
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Figure 5.3. Showing the posterior distributions calculated using MSVAR comparing N1 (effective 

population size at time Ta) = darker red line to N0 (current effective population size) = lighter red line 

and posterior distributions of Ta (Time between N0 and N1) = green line, along with priors (dotted 
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lines) for representative sites and clusters for Isoperla grammatica. Each site/cluster contains ten 

independent runs: a and b) Site 108; c and d) Site 93; e and f) Cluster 2. 
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Figure 5.4. Showing the posterior distributions calculated using MSVAR comparing N1 (effective 

population size at time Ta) = darker red line to N0 (current effective population size) = lighter red line 

and posterior distributions of Ta (Time between N0 and N1) = green line, along with priors (dotted 

lines) for representative sites and clusters for Baetis rhodani. a and b) Site 94; c and d) Site 102; 

having 9 and 3 independent runs, respectively. 

 

5.4.3 MPVal 

The M-ratio method compares the average M of a site/cluster to a critical M (Mc) value 

assuming a certain pre-bottleneck theta size (θ), the higher the assumed θ the more 
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conservative the test. Particularly within A. sulcicollis and I. grammatica (which had the 

bigger ranges of θ according to results from MSA) the value of θ assumed had a significant 

impact on the results. When the Average M of all sites and clusters for A. sulcicollis was 

compared to the Mc assuming the lower θ of 10, all but site 104 show signatures of a 

bottleneck, however when the more conservative Mc was assumed (θ = 50), only sites 95, 6 

(inter-annual sites at the same location) and 93, and Clusters 2 and 3 showed a signature of 

a bottleneck (Table 5.3a).  

Similarly within I. grammatica when the Average M of all sites and clusters was compared to 

the Mc assuming the lower θ of 100, all sites and clusters apart from Cluster 1 showed 

evidence of a bottleneck, however when θ = 500 is assumed, no signature of a bottleneck 

was found in any site or cluster, apart from Cluster 2 (Table 5.3b). B. rhodani however, 

shows similar patterns between the two θ tested. At the lower range of θ all sites and 

clusters apart from 9 and 94 show a signature of a bottleneck, and when compared to the 

higher range of θ, this mostly remains the same apart from site 97 no longer shows 

evidence of a significant bottleneck (Table 5.3c). 

 

  



Chapter 5 

177 
 

Table 5.3a-c. Results from software MPVal and Critical M showing; n = sample size (2 x number of 

diploid individuals); Site  = Site (cluster represented); Average M = as calculated using MPVal; Mc = 

Critical M value calculated assuming one of two extremes of  θ (pre-bottleneck theta) and d = the 

different between the Average M and the Mc (Average M - Mc), where positive (blue) values indicate 

no signature of bottleneck, and negative (red) values indicate presence of a bottleneck. Calculated 

for a) Amphinemura sulcicollis b) Isoperla grammatica and c) Baetis rhodani.  

Table5.3a. Amphinemura sulcicollis. 

Site (cluster) Average M 
θ = 10 θ = 50 

Mc d Mc d 

104 (1) 0.649 0.636 0.013 0.525 0.124 
109 (2) 0.632 0.633 -0.001 0.514 0.118 
108 (2) 0.631 0.633 -0.002 0.514 0.117 
102 (2) 0.568 0.641 -0.073 0.525 0.043 
112 (2) 0.673 0.641 0.032 0.525 0.148 
96 (2) 0.603 0.628 -0.024 0.503 0.100 
9 (2) 0.603 0.645 -0.042 0.532 0.070 
116 (2) 0.591 0.646 -0.055 0.541 0.050 
113 (2) 0.658 0.633 0.025 0.514 0.143 
95 (3) 0.497 0.635 -0.138 0.514 -0.017 
6 (3) 0.505 0.641 -0.136 0.525 -0.020 
59 (2) 0.556 0.645 -0.088 0.532 0.024 
93 (4) 0.490 0.633 -0.142 0.514 -0.024 
Cluster 1 0.587 0.624 -0.037 0.494 0.093 
Cluster 2 0.639 0.702 -0.063 0.663 -0.025 
Cluster 3 0.594 0.682 -0.088 0.616 -0.022 
Cluster 4 0.523 0.618 -0.095 0.479 0.044 

Table 5.3b. Isoperla grammatica. 

Site (cluster) Average M 
θ = 100 θ = 500 

Mc d Mc d 

105 (1) 0.300 0.435 -0.134 0.264 0.036 
106 (1) 0.363 0.487 -0.124 0.314 0.049 
108 (1) 0.356 0.487 -0.130 0.314 0.042 
12 (1) 0.356 0.487 -0.131 0.314 0.041 
97 (1) 0.314 0.458 -0.144 0.286 0.028 
98 (1) 0.384 0.487 -0.102 0.314 0.070 
112 (1) 0.366 0.487 -0.121 0.314 0.052 
114 (1) 0.344 0.476 -0.132 0.305 0.039 
115 (1) 0.404 0.487 -0.083 0.314 0.089 
10 (1) 0.329 0.487 -0.158 0.314 0.015 
118 (1) 0.348 0.487 -0.139 0.314 0.034 
93 (2) 0.327 0.476 -0.149 0.305 0.022 
Cluster 1 0.632 0.626 0.007 0.493 0.139 
Cluster 2 0.182 0.343 -0.161 0.190 -0.008 
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Table 5.3c. Baetis rhodani. 

Site Average M 
θ = 40 θ = 60 

Mc d Mc d 

112 (1) 0.465 0.544 -0.079 0.508 -0.043 
102 (1) 0.514 0.578 -0.064 0.543 -0.030 
97 (1) 0.539 0.544 -0.004 0.508 0.032 
96 (1) 0.514 0.552 -0.038 0.517 -0.003 
9 (1) 0.534 0.486 0.048 0.442 0.092 
106 (1) 0.520 0.561 -0.041 0.527 -0.007 
113 (1) 0.470 0.544 -0.074 0.508 -0.038 
115 (1) 0.503 0.544 -0.040 0.508 -0.004 
94 (1) 0.587 0.544 0.044 0.508 0.080 
118 (1) 0.533 0.578 -0.045 0.543 -0.010 
 Cluster 1  0.528 0.682 -0.154 0.665 -0.137 

 

To aid comparison within the Discussion, tables Table 5.4a-c summarise the results from 

BOTTLENECK, MSVAR and MPVal, as well as results from Chapter 3. These include observed 

and expected heterozygosity (Ho and uHe) calculated in GenAIEx; deviations from Hardy–

Weinberg equilibrium (HWE) calculated in Genepop; Inbreeding co-efficient (FIS) and 

probability (p) calculated in Arlequin and mean allelic richness (adjusted for sample size: 

‘per site’ analysis had a minimum sample size of 11, 14, and 8, whereas ‘per cluster’ analysis 

had a minimum sample size of 13, 8 and 47, for A. sulcicollis, I. grammatica and B. rhodani, 

respectively) calculated in FSTAT (see Chapter 3 for methods; ‘per site’ results are identical 

to those in Chapter 3, however ‘per cluster’ results have been re-calculated as this chapter 

uses different sample sizes, i.e. a maximum of 50, see Appendix L for ‘how genotyping data 

were split into clusters’). 
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Table 5.4a-c. Summary table showing: Site (Cluster) = site code with which cluster it represents in 

brackets; n = number of individuals; Ho = mean (across loci) observed heterozygosity; uHe = mean 

(across loci) expected heterozygosity; HWE = p-value of Hardy-Weinberg Equilibrium test; FIS = the 

inbreeding co-efficient; p = the FIS p value; AR = mean (across loci) allelic richness adjusted for 

sample size. Bold represents significance. BOTTLENECK, MSVAR and MPVal represents a summary of 

these three methods, ‘Yes’ = this method found evidence of a bottleneck, ‘No’ = no evidence of 

bottleneck. For MPVal, this was based on the maximum θ tested for each species but * denotes 

when the result was consistent across both θ’s tested. 

 

Table 5.4a. Amphinemura sulcicollis. 

Site 
(Cluster) 

n Ho uHe HWE FIS p AR BOTTLENECK MSVAR MPVal 

104 (1) 17 0.676 0.842 0.000 0.222 0.000 9.00 No Yes No* 
109 (2) 16 0.677 0.837 0.000 0.141 0.000 8.30 No / No 
108 (2) 16 0.696 0.806 0.000 0.123 0.000 8.60 No / No 
102 (2) 17 0.612 0.793 0.000 0.208 0.000 7.40 No / No 
112 (2) 17 0.647 0.792 0.000 0.158 0.000 8.70 No / No 
96 (2) 15 0.616 0.786 0.000 0.163 0.000 7.40 No Yes No 
9 (2) 18 0.630 0.790 0.000 0.173 0.000 7.80 No / No 
116 (2) 19 0.631 0.768 0.000 0.123 0.002 7.80 No / No 
113 (2) 16 0.666 0.823 0.000 0.174 0.000 8.30 No / No 
95 (3) 16 0.660 0.796 0.000 0.166 0.001 7.30 No Yes Yes* 
6 (3) 17 0.573 0.720 0.000 0.174 0.000 6.30 No / Yes* 
59 (2) 18 0.650 0.822 0.000 0.193 0.000 8.70 No / No 
93 (4) 16 0.600 0.748 0.000 0.197 0.000 7.20 No Yes Yes* 
Cluster 1 14 0.650 0.839 0.000 0.264 0.000 9.44 No / No 
Cluster 2 50 0.636 0.808 0.000 0.187 0.000 8.48 No / Yes* 
Cluster 3 33 0.600 0.755 0.000 0.194 0.000 6.98 No Yes Yes* 
Cluster 4 13 0.631 0.747 0.000 0.153 0.000 7.70 No Yes No 
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Table 5.4b. Isoperla grammatica.  

Site 
(Cluster) 

n Ho uHe HWE FIS p AR BOTTLENECK MSVAR MPVal 

105 (1) 15 0.663 0.943 0.000 0.308 0.000 15.76 No / No 
106 (1) 20 0.640 0.939 0.000 0.329 0.000 16.13 No / No 
108 (1) 20 0.692 0.945 0.000 0.291 0.000 16.35 No Yes No 
12 (1) 20 0.628 0.936 0.000 0.338 0.000 15.92 No / No 
97 (1) 17 0.585 0.948 0.000 0.393 0.000 16.36 No / No 
98 (1) 20 0.688 0.946 0.000 0.291 0.000 16.25 No / No 
112 (1) 20 0.666 0.949 0.000 0.305 0.000 16.58 No / No 
114 (1) 19 0.671 0.939 0.000 0.306 0.000 15.87 No / No 
115 (1) 20 0.700 0.948 0.000 0.278 0.000 17.01 No / No 
10 (1) 20 0.705 0.942 0.000 0.268 0.000 16.37 No / No 
118 (1) 20 0.641 0.937 0.000 0.328 0.000 15.83 No / No 
93 (2) 19 0.710 0.883 0.000 0.213 0.000 14.54 No Yes No 
Cluster 1 50 0.662 0.953 0.000 0.277 0.000 10.89 No / No* 
Cluster 2 9 0.679 0.859 0.000 0.171 0.000 8.72 No Yes Yes* 

 

Table 5.4c. Baetis rhodani. 

Site 
(Cluster) 

n Ho uHe HWE FIS p AR BOTTLENECK MSVAR MPVal 

112 16 0.572 0.805 0.000 0.296 0.000 6.76 No / Yes* 
102 20 0.616 0.815 0.000 0.266 0.000 7.26 No Yes Yes* 
97 16 0.612 0.781 0.000 0.229 0.000 6.73 No / No 
96 17 0.618 0.818 0.000 0.255 0.000 7.45 No / Yes* 
9 11 0.640 0.812 0.000 0.253 0.000 7.37 No / No* 
106 18 0.576 0.786 0.000 0.281 0.000 6.52 No / Yes* 
113 16 0.640 0.778 0.000 0.186 0.000 6.87 No / Yes* 
115 16 0.640 0.813 0.000 0.235 0.000 7.38 No / Yes* 
94 16 0.607 0.798 0.000 0.249 0.000 6.88 No Yes No* 
118 20 0.640 0.807 0.000 0.219 0.000 6.95 No / Yes* 
Cluster 1 50 0.629 0.798 0.000 0.162 0.000 15.22 No / Yes* 
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5.5 Discussion 

Demographic changes, such as bottlenecks, leave signals in the genome that can be 

identified by simulating the genealogy they are expected to create using microsatellite loci 

(Cornuet and Luikart 1996; Beaumont 1999; Garza and Williamson 2001; Minhós et al. 

2016). The aim was to better understand the variation of genetic diversity in the three 

species studied; A. sulcicollis, I. grammatica and B. rhodani and to infer their genetic 

resilience in the face of disturbance. Previously it was found that at site 93, both A. 

sulcicollis (Cluster 4), and I. grammatica (Cluster 2) were shown to have significantly lower 

genetic diversity, additionally for A. sulcicollis inter-annual sites 95 and 6 (Cluster 3) also 

showed significantly lower genetic diversity than the rest of the sites studied (Figure 3.4a-b). 

Baetis rhodani showed less variation in genetic diversity across sites, though site 106 was 

shown to have a lower genetic diversity. It was hypothesised that reductions in genetic 

diversity at these sites could be due to a recent bottleneck. 

 

5.5.1 Statistical inference 

At first inspection the results from the three methods used to assess past demographic 

change seem to contradict one another. However, this was not unexpected, as they each 

have their limitations and assumptions (see Section 5.3) and do not capture the same 

signals from the data (Minhós et al. 2016). BOTTLENECK is a well-established method used 

in many studies (e.g. Bernard et al. 2016; Cornetti et al. 2016; Graignic et al. 2016) and 

follows the assumption that a sudden population decline will reduce the frequency of rare 

alleles in a population at a faster rate than heterozygosity will decline and searches for 

heterozygosity excess in comparison to the number of alleles. The program BOTTLENECK 

detected no signals of demographic change within any of the target species, however, as 

shown by Tables 5.4a-c, in every species, whether analysed by site or cluster, uHe is always 

higher than Ho which leads to significant Hardy-Weinberg disequilibrium because of 

heterozygosity deficiency. Additionally while heterozygosity is found to be low, the allelic 

richness is very high in all species, therefore, it is not surprising that this method cannot 

detect heterozygosity excess, hence a signal of demographic change, in these species.  
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MSVAR, using a full Bayesian method has been shown to be more powerful and reveal 

bottlenecks from further back in time when compared to methods which utilise summary 

statistics like BOTTLENECK (Girod et al. 2011; Peery et al. 2012; Leblois et al. 2014). Using 

coalescent theory, MSVAR showed a consistent pattern of population decline in all sites and 

clusters tested in all three species. However, Chikhi et al. (2010) warn that genetic 

differentiation/gene flow, genetic diversity, and the sampling scheme, can all potentially 

create false bottleneck signals within MSVAR, especially in populations with large effective 

sizes. Here, this was counteracted by testing both example sites and separating the data 

into clusters based on their genetic structure and removing those individuals that may 

confuse the genetic signal (Appendix L). In this case considering that the same signal is seen 

in both sites and clusters for all species, it appears to be a true signal of an ancient 

bottleneck which affected all three species. Because of convergence issues, the exact timing 

of the bottleneck cannot be certain, however in most independent runs, in all species it was 

more than 10 thousand years ago, possibly suggesting that all three species went through a 

bottleneck during the last glacial maximum (21 thousand years ago, (Theissinger et al. 

2013), with deglacial events between 40 and 12 thousand years ago (Bowen et al. 2002)). 

Genetic studies have found signatures of ancient lineages in other freshwater invertebrate 

species. Endo et al. (2015) identified areas of high genetic diversity in a collection of alpine 

species, and concluded that diversification events could have dated back to the early to mid-

Pleistocene, and that diversity hotspots were possible glacial refugial communities. 

Theissinger et al. (2013) investigated the Pleistocene and Holocene history of the stonefly 

Arcynopteryx dichroa, and concluded that the genetic diversification seen was linked to 

glacial expansion and contraction events in the Pliocene and Pleistocene periods. However, 

neither of these studies specifically investigated bottlenecks in their species; however they 

inferred them from genetic diversity estimates. Since the aim here was to investigate recent 

bottlenecks to try and explain the differences in genetic diversity and resilience within and 

between the three species, and as others have noted, MSVAR is not likely to detect recent 

declines (Girod et al. 2011; Salmona et al. 2012; Dussex et al. 2015). 

Lastly, MPVal was used to assess each species using the M-ratio method. This method is the 

only one that identified differences within and between species, especially when the results 

are compared to the most conservative Mc (calculated with the highest value of θ). The 
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range of θ for each species was calculated from the data, where the sites and clusters with 

the lowest genetic diversity gave the value used for the minimum θ, and those with the 

highest genetic diversity gave the value for the maximum θ. Considering the hypothesis 

being tested is that sites with low genetic diversity may have undergone a bottleneck, it 

follows that the results should be compared to a Mc which assumes a pre bottleneck θ of 

the highest found in that respective species, as it is assumed that the sites with high genetic 

diversity (therefore high value of θ) have not gone through a bottleneck. The higher value of 

θ for each species is also better supported by values of ancient effective population size (N1) 

calculated in MSVAR. Therefore, using the most conservative Mc, within A. sulcicollis M-ratio 

finds that sites 93, 95 and 6 show signals of recent bottlenecks, and site 104 is the only site 

that does not show a bottleneck when compared to either Mc. This mirrors the genetic 

diversity data (Table 5.4a) and supports the hypothesis that a bottleneck may be responsible 

for this reduction in genetic diversity. When analysing the data ‘per cluster’ however, 

Cluster 2 shows a signal of bottleneck which was not expected. It is possible that, because 

this dataset consists of a randomly selected 50 individuals from a large group, this has 

affected the ratio between the allele size range and allele frequency distribution (Appendix 

L, Table. L1.). Cluster 3, which represents individuals from sites 95 and 6 (as well as partial 

sites), mirrors the ‘per site’ result and shows a bottleneck; Cluster 4 however does not, 

despite being made up of individuals from site 93 (which did), though perhaps this is due to 

the sample size (13 rather than 16 individuals) which has again affected the M-ratio in an 

unforeseen way. To find a signature of a bottleneck at these specific sites, especially when 

compared to the other statistics in Table 5.4a that show consistent Hardy-Weinberg 

disequilibrium and significant Inbreeding co-efficient at all sites, highlights that it is not just 

this general pattern that the program is detecting, and therefore is likely to be a true 

signature of a population decline. 

Within I. grammatica, it is only when analysing the data ‘per cluster’ that differences are 

found, Cluster 1 (which is the ad hoc cluster, Appendix L, Figure L2, Table L1) showed no 

evidence of a bottleneck when compared to either Mc, whereas Cluster 2 did (again, when 

compared to either Mc). This fits with the hypothesis, as Cluster 2 represents individuals 

from site 93 shown to have significantly lower genetic diversity, though (opposite to A. 

sulcicollis with Cluster 4) a bottleneck is detected in the Cluster with a lower sample size but 
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not in the site with a slightly higher sample size (Table 5.4b). Baetis rhodani surprisingly 

showed evidence for more bottlenecks than any other species, though they do not tally with 

genetic diversity (AR; Table 5.4c), only site 97, 9 and 94 did not show evidence of a 

bottleneck. 

It is not uncommon for these different methods to yield different results, Costa et al. (2013) 

and Dussex et al. (2015) also compared BOTTLENECK, MPVal and MSVAR to assess 

demographic history. Both found no signature of a bottleneck with the heterozygosity 

excess method; a signal of bottleneck in some clusters using the M-ratio model (for Dussex 

et al. only), but consistent signatures of a bottleneck when using MSVAR. Minhós et al. 

(2016) compared BOTTLENECK, MSVAR and a different third method, - the Extended 

Bayesian Skyline Plot. Using these they found that the heterozygosity excess tests was only 

able to detect bottlenecks in some of the datasets, whereas again a consistent signal of 

population collapse for both species was found using the two Bayesian methods. 

 

5.5.2 Conclusions 

Comparing the three methods has given insight into the demographic history of A. 

sulcicollis, I. grammatica and B. rhodani. BOTTLENECK found no signature of population 

decline but perhaps is not suited to study the demographic history of species characterised 

by heterozygosity deficiency. The full Bayesian method, however, revealed a possible 

historical bottleneck which affected all three species, regardless of genetic differentiation 

and clusters, but therefore does not explain the differences in genetic diversity seen within 

and between species. MPVal, however, identified signature of a recent bottleneck in the 

sites previously identified in Chapters 3 and 4 as being unique in their chemistry and having 

significantly lower genetic diversity, therefore validating our hypothesis. Within A. sulcicollis 

and I. grammatica it is possible that bottlenecks have occurred at these sites because of the 

acidity and metal concentrations discussed in Chapter 3 and 4. This suggests that though 

these species have undergone a bottleneck, they have persisted at these sites, therefore 

while not being resistant (remaining unchanged) they have shown resilience, and bounced 

back from a once low population size. Further ecological research, however, is needed to 

fully investigate this theme of resilience, as we do not currently know whether these 
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populations are recovering. Past disturbances may also explain why B. rhodani shows 

evidence of bottlenecks at more sites than both other species. This was unpredicted due to 

there being less variation in genetic diversity over the sites studied, however, this result 

makes biological sense as this is an acid sensitive species and has been known to be affected 

by acid episodes (short periods (hours to weeks) of reduced pH generated by rainstorms or 

snow melt) (Kowalik and Ormerod 2006; Kowalik et al. 2007). These bottlenecks could be 

due to past acidification events that did not occur at all sites but have been a major post-

industrial feature of the region (Ormerod et al. 1989; Ormerod and Durance 2009). These 

signatures of bottlenecks could be responding to acidification at two geographical scales: 1) 

across the whole Welsh region as 50% of the total stream length was once affected 

(Ormerod et al. 1989); 2) temporal acid episodes. Unlike A. sulcicollis and I. grammatica, B. 

rhodani was not present at any sites below a pH of 6, however past acidification or acid 

episodes that have been recorded within the sites studied could have affected the 

populations. Previous studies have used this phenomenon to explain why biological 

recovery has not necessarily followed chemical recovery from acidification (Kowalik et al. 

2007; Pye et al. 2012). In terms of abundance stream assemblages appear to recover from 

acidification (Ormerod and Durance 2009), however, these results may have revealed the 

genetic response to these past disturbances. 

 

5.6 Further work  

Using these methods to investigate past bottlenecks has given us new and interesting 

information into the demographic of A. sulcicollis, I. grammatica and B. rhodani, however, 

to fully investigate the concepts of resistance and resilience within these species further 

research is needed. The next step would ideally be to compliment the methods used here 

with an Approximate Bayesian Computational (ABC) framework that allows the 

incorporation of prior knowledge to reduce computation constraints without a significant 

drop in accuracy (Beaumont et al. 2002). This would allow us to verify the ancient and more 

recent bottlenecks already found and also to estimate values for key parameters of interest 

such as pre- and post- bottleneck effective population sizes and time and duration of the 
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bottleneck. Using ABC enables more complex scenarios to be investigated. Currently, we can 

only speculate as to the genetic recovery of these species however, it is not only bottlenecks 

and expansions that can be identified but also signatures of recovery, allowing focus to be 

on the resilience of the species. 

While a preliminary attempt was made to use programs that include DIYABC (Cornuet et al. 

2008) and ABCtoolbox (Wegmann et al. 2010), unfortunately a lack of computational time 

prevented this from being included in this chapter.  

The theme of resistance and resilience is part of an over-arching aim within the DURESS 

project, it is a big question which may only be answered through collaboration with other 

researchers that are studying other trophic levels in the freshwater environment from 

biofilm, to fish and birds, as part of achieving this aim. 
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Chapter 6 - General discussion 

6.1 Overview 

The main theme running through this study is biodiversity. This is essential for the long-term 

resilience of an ecosystem, including its functions and provision of services (Oliver et al. 

2015). The study explored how biodiversity varies across geographical distance, and how it 

responds to environmental stressors at the species and genetic level. The streams of upland 

Wales provided an ideal location for such a study.  Not only does freshwater represent one 

of the most threatened types of ecosystem worldwide, with biodiversity declining at a 

greater rate than in any other ecosystem (Sala et al. 2000; Dudgeon et al. 2006; Sievert et al. 

2016), but also as the region represents a wide range of environmental heterogeneity, 

differing, for example, in land-use, acidity and metal concentration. 

In the context of conserving freshwater ecosystem biodiversity, this thesis attempted to fill 

certain knowledge gaps in the literature. Generally, that few risk assessments have taken 

advantage of the use of molecular markers that can provide more cost-effective and reliable 

indicators of demographic change than some traditional approaches (Schwartz et al. 2007). 

The study highlighted the fact that availability of genetic resources, in terms of 

microsatellite markers, are very limited for freshwater invertebrates, particularly within two 

wide and diverse orders of Insecta; Plecoptera and Ephemeroptera (Section 1.5). Freshwater 

invertebrate populations make excellent models for basic ecological studies because of their 

abundance, diversity, ease of sampling and functional importance (Strayer 2006). 

The study focused on three invertebrate species: Amphinemura sulcicollis, Isoperla 

grammatica and Baetis rhodani. These species were chosen because of their abundance and 

widespread distribution. Not only was this useful for studying large geographical areas but it 

also ensured that the resources developed would be useful to other researchers in the 

future. 
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6.2 Synthesis of outcomes and results 

Within Chapter 2, whether cryptic diversity was present in the three species was 

investigated. While B. rhodani had previously been shown to have cryptic diversity (Williams 

et al. 2006), A. sulcicollis and I. grammatica had never been studied for this purpose. As 

expected, cryptic B. rhodani species was confirmed within upland Wales. At site 14 (Llyn 

Brianne, Tywi Catchment, Figure 2.6), in particular, a cryptic species was recorded with 

haplotypes more closely related to Baetis liebenauae (a species that does not occur in 

Britain) than to other B. rhodani individuals. This could represent a previously undetected 

taxon. Neither A. sulcicollis nor I. grammatica showed any evidence of cryptic diversity 

within the study area; a diagnostic tool was, therefore, only created for B. rhodani to ensure 

that cryptic diversity did not confound results. 

Through Chapter 2 resources have been made available not only for use in this study but 

more generally to increase the resources available within freshwater invertebrate genetics. 

To ensure that this happened accessibility of all raw data were paramount.  To this end, all 

mtDNA CO1 sequences (Appendix A, Table A2), raw Next Generation Sequencing (NGS) data 

and all assemblies created have been made available to download from Genbank (see 

Macdonald et al. (2016a) for Genbank accession numbers); furthermore, all necessary 

information on methods is available in a Genomic resource note posted to the preprint 

sever BioRxiv (since being posted on BioRxiv (29 March 2016 – 1 July 2016), this note has 

had 346 abstract viewings and 76 pdf downloads and 58 reads via Researchgate). 

As well as creating genetic resources, software was also developed. The program 

PrimerPipeline provides a user-friendly program with a graphical interface, previously 

unavailable for microsatellite maker development. Since its creation, as well as being used 

to develop the microsatellite primers in this study, it has been used by numerous colleagues 

and the website has had 282 unique users from more than 22 countries (from 21 January 

2016 – 1 July 2016). To promote this software more widely, a technical note for publication 

in GigaScience is currently under preparation. 

The development of novel microsatellite markers (Macdonald et al. 2016b) means that I. 

grammatica, A. sulcicollis and B. rhodani now have between 18-21 microsatellites each 

(including primers by Williams et al. (2002)). This represents a large resource as there were 



Chapter 6 

189 
 

previously only three other species of Ephemeroptera (with between 2 – 10 loci available), 

and only three other species of Plecoptera (with between 4 – 13 loci available) for which 

microsatellites were available (Table 1.2). 

The aim of Chapter 3, the first study to utilise microsatellites to investigate three species of 

freshwater invertebrate simultaneously, was to investigate the fine-scale genetic 

differentiation, population structure and genetic diversity of the species and their response 

to environmental heterogeneity and environmental stressors. By doing this, inferences 

could be made about their dispersal ability and, therefore, stream connectivity. All species 

were found to have high dispersal ability, owing to their adult terrestrial life-stage; all three 

species showed panmixa across catchments in southern and mid-Wales. Amphinumera 

sulcicollis and I. grammatica did, however, show genetic isolation and reduced genetic 

diversity in certain sites in North Wales. This was reflected by low pH levels and higher 

metal concentration at these sites. Baetis rhodani did not show this pattern of genetic 

diversity, their acid sensitivity meant that they were not present at these sites. 

The reduced genetic diversity seen at these sites could be a genetic response to acidity not 

observed before in these species. Amphinemura sulcicollis and I. grammatica were 

previously considered to be acid tolerant because although it is well documented that acid 

sensitive species are removed from acidic sites, these or related species have been shown to 

persist (Eriksen and Pettersen 2016; Petrin et al. 2007). The implication of this result is a 

possible explanation as to why biological recovery does not always follow chemical 

recovery. As a consequence of past acidification in a demographically isolated location, 

decreased genetic diversity could hinder recovery due to reduced resilience in the face of 

other disturbances. Further research is necessary to determine if this genetic response is 

recorded in other locations. 

In Chapter 4, the genetic diversity of each species was compared to the species diversity 

across whole macroinvertebrate assemblages. The aim was to determine whether a species-

genetic diversity correlation (SGDC) existed. When using species richness and Shannon 

diversity, a significant positive SGDC was only found for A. sulcicollis. The underlying driver 

of this correlation was thought to be a combination of genetic isolation and acidity; both 

species diversity and genetic diversity for A. sulcicollis, had a significant positive correlation 
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with pH across the various locations. Studying the genetic structure of three freshwater 

invertebrates, that vary in their sensitivity to certain stressors (drivers), simultaneously, has 

helped highlight possible causes of SGDCs. The fact that differences were observed between 

species shows that a SGDC can never be assumed, even between related species. 

As reported in Chapter 3, reduced genetic diversity was found at acidic sites. To investigate 

the cause of this in Chapter 5 the hypothesis that reduced genetic diversity at these sites 

was caused by a past bottleneck was tested. Signatures of genetic bottlenecks were tested 

using three different approaches, using the software BOTTLENECK, MSVAR and MPVal. Only 

the M-ratio method using MPVal detected differences between sites/clusters and species, 

although MSVAR found an ancient, possibly post-glacial, bottleneck common to all species 

and sites tested. Within A. sulcicollis and I. grammatica, evidence of bottlenecks was found 

within the sites/clusters previously identified as having reduced genetic diversity. This 

validated the hypothesis that reduced genetic diversity was caused by previous bottlenecks. 

Baetis rhodani showed evidence of previous bottlenecks in almost all sites, and when 

analysed as one cluster. These bottlenecks could be due to past acidification events that did 

not occur at all sites but have been a major post-industrial feature of the region (Ormerod 

et al. 1989; Ormerod and Durance 2009). Bottleneck signatures could be responding to 

acidification at two geographical scales: 1) across the whole Welsh region (50% of the total 

stream length having been affected (Ormerod et al. 1989)), or 2) episodic acidification that 

is still apparent at many sites (Kowalik and Ormerod 2006; Kowalik et al. 2007). 

 

6.3 Limitations 

6.3.1 Observation study 

All the results in this study come from sampling in a natural environment. It was therefore 

not possible to control or record all possible influences that could have affected the results. 

The aim was to sample across a range of heterogeneous environments so that causes for 

patterns could be established. Major efforts were made to reduce confounding effects by 

collecting as many data on each site as possible. Altitude was not shown to be a factor; 
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although the sites studied range from 160 - 440 m; each species was collected from a similar 

range (190 – 440 m, 160 – 370 m and 210 – 400 m for A. sulcicollis, I. grammatica and B. 

rhodani, respectively). The sites also represented a combination of six different land-uses 

(coniferous woodland, deciduous woodland, improved pasture, rough pasture, moorland 

and heathland). This also did not seem to influence genetic isolation or genetic diversity. 

Sites for all three species represented all of these land-uses (Appendix A, Table A1). 

Weather data were also gathered at catchment level but again, no patterns were seen.  

 

6.3.2 Number of different sites 

When comparing results within species the number of sites used varied between 10 – 13 (9 

– 11 when temporal sites were not included). This is a relatively low sample size per species, 

although comparable to other invertebrate studies (Table 1.2, for example Alp et al. (2012) 

used 11 and 14 sites to compare two freshwater invertebrates; and Asmyhr et al. (2014), 

Watts and Thompson (2012), and Huey et al. (2011) used 8, 9 and 10 sites respectively to 

study one species). The number of sites was reduced further when comparing genetic data 

to chemical and species data as this information was not available at every site. The number 

of sites used to investigate SGDC was comparable to that reported in the literature (Table 

1.3; for example, Evanno et al. (2009) and Odat et al. (2004) compared SGDC over five and 

ten local sites). This current study does not, however, compare to larger scale studies such 

as that of Taberlet et al. (2012) which had 249 sites spanning several countries. 

 

The number of sites studied was restricted logistically because of time availability and 

budget. This was further constrained due to the need for high levels of repetition when 

genotyping to ensure accuracy. The number of sites per species is, however, a limiting factor 

in this study. For example, within I. grammatica, there is only one site that shows 

demographic isolation and significantly reduced genetic diversity. There is evidence to 

suggest this is due to low acidity at the site. This is also illustrated in A. sulcicollis, although 

with only one site displaying such a result it is difficult to prove it is not an outlier. If more 

sites were to be added, sites based on a pH gradient would probably be most suited in order 

to validate the hypothesis of the general genetic response to acidification. 
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6.3.2 Hardy-Weinberg disequilibrium  

All three species show Hardy-Weinberg disequilibrium and consequently, evidence of null 

alleles, at a relatively high proportion of loci. While this is an issue if the cause is artificial, 

this has been found to be a common factor within highly polymorphic invertebrate species. 

All efforts were taken to: 1) ensure high levels of accuracy at the scoring and binning stages, 

and 2) assess the influence of these loci on the results. An investigation into the effect of 

null alleles on STRUCTURE results for A. sulcicollis was carried out in Chapter 2, and, as 

reported in Chapter 3, a large proportion of the analysis was carried out with and without 

loci displaying this characteristic. Individual A. sulcicollis loci were found not to influence the 

STRUCTURE plots unduly, and for each species the same patterns were seen using both 

datasets in Chapter 3. 

 

6.4 Future directions 

The immediate next step for this research is, as mentioned in Chapter 5, to try an 

Approximate Bayesian Computational (ABC) framework to assess the demographic 

resilience of each species. It would also be advisable to collaborate with other researchers 

working within the extensive research program funded by the Natural Environment 

Research Council (NERC): DURESS (Diversity of Upland Rivers for Ecosystem Service 

Sustainability: http://nerc-duress.org). Colleagues have been preforming genetic studies on 

trout, dipper and biofilm within the same locations as the macroinvertebrates reported in 

this study. Through collaboration and comparison of studies across various trophic levels it 

is hoped that key questions on ecosystem resilience can be answered and the connection 

between biodiversity and ecosystem service resilience unravelled (http://nerc-

duress.org/work/theme-3-resilience-and-thresholds). 

While this study has advanced our understanding the findings also highlight certain 

knowledge gaps and areas where further research is required to validate conclusions. 

Within A. sulcicollis and I. grammatica, a genetic response to acidity was suggested to 

http://nerc-duress.org/
http://nerc-duress.org/work/theme-3-resilience-and-thresholds
http://nerc-duress.org/work/theme-3-resilience-and-thresholds
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explain the reduced genetic diversity at acidic sites. This conclusion is only based on a 

limited number of sites. It is recommended that further studies into the genetic response to 

environmental stressors should be tested at a greater number of locations, ideally 

controlling for a larger range of environmental stressors. This research could be extended to 

see if this pattern is found in other freshwater macroinvertebrates. Further research could 

focus on recovery from acidification to determine whether past bottlenecks and reduced 

genetic diversity hinder recovery in macroinvertebrate assemblages. 

 

6.5 Conclusions 

In its entirety, this study has shown the benefit of adding a genetic component to 

biodiversity investigations. Work reported in Chapter 3 showed that although species are 

present at low acidity sites it does not necessarily follow that they are unaffected. Lower 

genetic diversity at these locations could reduce their resilience by reducing their 

evolutionary potential. Some researchers have suggested that species diversity could 

potentially predict genetic diversity (e.g. He et al. 2008) and that species diversity could be 

used as a surrogate for genetic diversity and vice versa. The content of Chapter 4 highlights 

that this is not always the case, and in order to investigate the genetic health of a species 

the genetic diversity must be assessed, not inferred. 

Investigating the genetic health of ecosystems may help achieve international policy goals to 

reduce the decline of biodiversity. The Convention on Biological Diversity (CBD)’s Aichi 

Targets for 2010 to the United Nations (Pereira et al. 2013), for example,  seek to minimise 

genetic erosion and safeguard genetic diversity (Aichi Target 13), while one of the goals of  

CBD 2020 is to “enhance ecosystem resilience” (Convention on Biological Diversity 2012). 

More local legislation from the Welsh Government seeks to reduce biodiversity decline in 

Wales to “support social, economic and ecological resilience”. Undoubtedly, further 

research is required to untangle the connection between biodiversity, both at the species 

and genetic level, and resilience in freshwater and other natural environments.
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Table A1. Details of all sites where samples were collected in Wales, UK. Including Site Code
1; Site 

name; Year = the year in which the samples were collected (both years the samples were collected in 

May); E and N = the Eastings and Northings (Coordinates are in EPSG:27700 - OSGB 1936 / British 

National Grid); Alt = Altitude; Land-use; Catchment; Spp = the species code (A = Amphinemura 

sulcicollis, B = Baetis rhodani, I = Isoperla grammatica and P = Plectronemia conspersa; P. conspersa 

was subsequently removed from ongoing analysis); a * beside the species code shows that this site 

was used in the final data set for that species; and Total = total number of individuals collected 

(identified to Genus level in the field). If the site was resampled the following year, it appears below 

in bold with a new site number. 

Site 
Code 

Site name Year E N Alt 
(m) 

Land-use Catchment Spp Total 

1 Afon Bidno 2012 287650 282200 316 Moor/ heathland 
Rough Pasture 

Wye A 22 
       B / 
       I / 
       P 19 

2 Afon 
Calettwr 

2012 285760 349330 235 Moor/Heathland 
Rough Pasture 
 

Conwy A / 
      B 80 
       I 4 
       P 4 

3 Afon 
Colwyn  

2012 257600 350900 190 Moor/ Heathland 
Rough Pasture 

Glaslyn A / 
      B 26 
      I 65 
      P 4 

93 Afon 
Colwyn  

2013      A* 19 

        B 1 
        I* 61 
        P 65 

4 Afon 
Fechan 

2012 297800 358700 400 Moorland/ 
Coniferous 

Dee A* 33 
      B 40 
      I 6 
      P 3 

94 Afon 
Fechan 

2013      A* 50+ 
       B* 40+ 
       I / 
       P 3 

5 Afon Gain 2012 275500 333530 305 Moor/ Heathland Mawddach A 2 
       B 30 
       I 39 
       P 2 

6 Afon Pistyll 2012 275070 342810 440 Rough pasture Dwyryd A* 45 
       B / 
       I / 
       P 33 

95 Afon Pistyll 2013      A* 50+ 

        B / 
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Site 
Code 

Site name Year E N Alt 
(m) 

Land-use Catchment Spp Total 

        I 6 

        P 33 

7 Aran 2012 314700 267200 290 Rough Pasture 
Tips/Waste 
(Disued tip) 

Wye A / 
       B 48 
       I 2 
       P 1 

8 Berwyn 2012 269400 259700 168 Rough Pasture Teifi A 28 
       B 54 
       I 50 
       P 1 

9 Brefi 2012 268100 254500 210 Moor/ Heathland 
Rough Pasture 

Teifi A* 26 
       B* 68 
       I 70 
       P 34 

96 Brefi 2013      A* 19 

        B* 70 

        I 51 

        P 34 

10 Cerist 
(Afon) 

2012 282450 316380 160 Moor/Heathland 
Rough Pasture 
 

Dyfi A ~3-5 
      B 54 
      I* 117 
      P 9 

11 Ceirw 2012 276830 328920 250 Rough Pasture 
Coniferous 
Woodland 

Mawddach A 117 
       B 26 
       I 2 
       P / 

12 CI1 2012 276268 257632 370 Rough pasture/ 
moorland 

Tywi A 25 
       B 60 
       I* 30 
       P 25 

97 CI1 2013      A 3 

        B* 50 

        I* 17 

        P 25 

13 CI2 2012 276379 257381 373 Rough Pasture Tywi A / 
       B 6 
       I 53 
       P 18 

14 CI4 2012 277065 256513 364 Rough Pasture Tywi A 2 
       B 63 
       I 26 
       P 24 

98 CI4 2013      A / 

        B 20 

        I* 41 

        P 24 

15 CI5 2012 277454 255697 350 Rough Pasture Tywi A 2 
       B 74 
       I 2 
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Site 
Code 

Site name Year E N Alt 
(m) 

Land-use Catchment Spp Total 

       P 20 

99 CI5 2013      A / 

        B 40+ 

        I 2 

        P 20 

16 Clywedog 2012 308300 265000 205 Rough Pasture  Wye A / 
       B 54 
       I 52 
       P 4 

17 Cnyffiad 2012 290700 252300 269 Rough Pasture 
Deciduous 
Woodland  

Wye A 1 
       B 41 
       I 3 
       P / 

18 Dulais 2012 269900 240000 225 Rough Pasture 
Coniferous 
Woodland 

Tywi A 21 
       B 34 
       I / 
       P / 

19 Dulas North 2012 277860 310450 140 Rough Pasture 
Coniferous 
Woodland 

Dyfi A 24 
       B 38 
       I 44 
       P 23 

100 Dulas North 2013      A 4 

        B 1 

        I 13 

        P 23 

20 Edw at 
Hundred 
house 

2012 311400 254400 200 Improved 
pasture 

Wye A / 
      B 113 
      I 26 
      P 14 

101 Edw at 

Hundred 

house 

2013      A / 

       B 88 

       I 35 

        P 14 

21 GI1 2012 273879 246723 216 Deciduous 
woodland 

Tywi A 52 
       B 7 
       I 7 
       P 2 

102 GI1 2013      A* 27 

        B* 57 

        I 24 

        P 2 

22 GI2 2012 272948 246591 245 Deciduous Tywi A 50 
        B 44 
        I 84 
        P 13 

103 GI2 2013      A 9 

        B 22 

        I 43 

        P 13 
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Site 
Code 

Site name Year E N Alt 
(m) 

Land-use Catchment Spp Total 

23 Giar 
(Ceiliog) 

2012 251650 240030 205 Rough Pasture Teifi A 33 
      B 31 
      I 62 
      P 28 

24 Groes - Teifi 2012 269400 259900 175 Rough Pasture  Teifi A 8 
       B 27 
       I 14 
       P 28 

25 Grwyne 
Fawr 

2012 325800 226800 374 Coniferous 
Woodland 
Deciduous 
Woodland  

Usk A 62 
      B 40 
      I 22 
      P / 

104 Grwyne 

Fawr 

2013      A* 28 

       B 75 

       I 19 

        P / 

26 Gwy 
headstream 

2012 282391 285385 395 Moor/ Heathland 
Coniferous 
Woodland  

Wye A 26 
      B 37 
      I 62 
      P 24 

272 Hafren 
headstream 

2012 284287 287756 357 Coniferous 
woodland  

Severn A 20 
      B 1 
      I 5 
      P 20 

28 Hay Dulas 2012 324400 240600 217 Deciduous 
Woodland 

Wye A 32 
       B / 
       I / 
       P / 

29 Hirnant 2012 299200 256900 203 Deciduous/ 
rough pasture 

Wye A / 
       B 47 
       I 88 
       P / 

30 Honddu at 
Capel 

2012 325600 231500 318 Rough Pasture Wye A 22 
      B 52 
      I 44 
      P / 

105 Honddu at 

Capel 

2013      A / 

       B 45 

       I* 19 

        P / 

31 Irfon at 
Builth 

2012 303300 251700 126 Deciduous Wye A / 
       B 44 
       I 7 
       P 5 

32 Ithon at 
Llandewi 

2012 310400 268300 235 Rough Pasture  Wye A / 
      B 47 
      I 15 
      P 24 

106 Ithon at 2013      A / 
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Site 
Code 

Site name Year E N Alt 
(m) 

Land-use Catchment Spp Total 

 Llandewi       B* 70 

       I* 23 

        P 24 

33 LI1 2012 280871 252985 303 Coniferious Tywi A 41 
        B / 
        I 43 
        P 20 

34 LI2 2012 281060 251643 307 Coniferious Tywi A 21 
        B / 
        I / 
        P 38 

35 LI3 2012 281467 250743 344 Coniferous 
Woodland   

Tywi A 26 
       B / 
       I 2 
       P 2 

107 LI3 2013      A 55 

        B / 

        I 9 

        P 2 

36 LI4 2012 281617 250043 335 Coniferious Tywi A 30 
        B 3 
        I 22 
        P 29 

37 LI5 2012 282015 249739 326 Rough pasture Tywi A 80 
       B 50 
       I 17 
       P 17 

38 LI6 2012 282215 249639 326 Rough Pasture Tywi A 32 
       B 50 
       I 25 
       P 20 

108 LI6 2013      A* 39 

        B 70 

        I* 42 

        P 20 

39 LI7 2012 281832 249233 330 Moor/ Heathland  Tywi A 125 
       B 42 
       I 28 
       P 10 

109 LI7 2013      A* 80 

        B 70 

        I / 

        P 10 

40 LI8 2012 280533 248866 322 Moor/ Heathland 
Coniferous 
Woodland  

Tywi A 70 
       B / 
       I / 
       P 23 

110 LI8 2013      A 20 

        B / 
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Site 
Code 

Site name Year E N Alt 
(m) 

Land-use Catchment Spp Total 

        I / 

        P 23 

41 Lower 
Chwefru 

2012 299700 253000 201 Rough Pasture 
Coniferous 
Woodland 

Wye A / 
      B 55 
      I 22 
      P / 

42 Lower 
Hafren 
headstream 

2012 284287 287756 357 Coniferous 
woodland  

Severn A / 
      B 20 
      I 21 
      P 9 

43 Lugg at 
Monaughty 

2012 323700 268300 193 Rough Pasture 
Coniferous 
Woodland 

Wye A / 
      B 54 
      I 60 
      P / 

44 Marteg 2012 295200 271500 236 Rough Pasture, 
Deciduous 
Woodland  

Wye A 1 
       B 20 
       I 20 
       P / 

111 Marteg 2013      A / 

        B 48 

        I 4 

        P / 

45 Meurig 2012 271800 267500 175 Rough Pasture Teifi A 1 
       B 36 
       I 4 
       P 1 

46 Nant 
Clawdd 

2012 265200 246200 210 Improved 
pasture 
Deciduous 
Woodland 

Cothi A* 115 
      B 56 
      I* 58 
      P / 

47 Nant 
Clwedog 
Uchaf 

2012 264400 251600 230 Moor/ Heathland 
Deciduous 
Wooland  

Teifi A 18 
      B 19 
      I 35 
      P 10 

48 Nant Dar 2012 270300 243800 220 Coniferous 
Woodland 

Cothi A 50 
       B 47 
       I 65 
       P 19 

112 Nant Dar 2013      A* 38 

        B* 49 

        I* 29 

        P 19 

49 Nant Gelli 
Gethin 

2012 304550 306275 288 Rough Pasture Severn A 74 
      B 33 
      I 21 
       P 21 

113 Nant Gelli 

Gethin 

2013      A* 64 

       B* 70 

       I 10 
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Site 
Code 

Site name Year E N Alt 
(m) 

Land-use Catchment Spp Total 

        P 21 

50 Nant Glan 
dwr 

2012 273300 283330 285 Moor/ Heathland 
Rough Pasture 
Coniferous 
Woodland 

Rheidol A / 
      B 69 
      I 52 
      P 2 

114 Nant Glan 

dwr 

2013      A 1 

       B 11 

       I* 48 

        P 2 

51 Nant 
Helygog 

2012 279110 319620 215 Moor/ 
Heathland/ 
Rough Pasture/ 
Coniferous 
Woodland 

Mawddach A 20 
      B 44 
      I 30 
      P 12 

115 Nant 

Helygog 

2013      A 3 

       B* 20 

       I* 32 

        P 12 

52 Nant Peiran 2012 277500 274800 280 Deciduous 
woodland 

Ystwyth A 20 
       B 22 
       I 26 
       P 30 

116 Nant Peiran 2013      A* 20 

        B / 

        I 14 

        P 30 

53 Nant Pen y 
Cwm 

2012 305400 306200 238 Rough Pasture Severn A / 
      B 47 
      I 30 
      P 37 

54 Nant y foel 
Ddu 

2012 292400 358300 381 rough pasture/ 
moorland 

Clwyd A / 
      B 2 
      I / 
      P 21 

117 Nant y foel 

Ddu 

2013      A 4 

       B 20 

       I / 

        P 21 

55 Nant y 
Gwryd 

2012 270000 357240 210 Moor/ Heathland 
Rough Pasture 

Conwy A* 20 
      B 69 
      I 21 
      P 2 
118 Nant y 

Gwryd 

2013      A 6 

       B* 20 

       I* 22 

        P 2 

56 South Dulas 2012 291800 246900 177 Rough Pasture Wye A / 
       B 114 
       I 45 
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Site 
Code 

Site name Year E N Alt 
(m) 

Land-use Catchment Spp Total 

       P 3 

119 South Dulas 2013      A / 

        B 50 

        I 7 

        P 3 

57 Upper 
Duhonw 

2012 304400 248700 182 Rough Pasture Wye A / 
      B 37 
      I 20 
      P / 

58 Upper 
Garth Dulas 

2012 294700 253100 226 Rough Pasture  Wye A / 
      B 61 
      I 59 
      P / 

59 Upper 
Llugwy 

2012 271764 358966 180 Moor/ Heathland  Conway A* 82 
      B 50 
      I 26 
      P 21 

60 Wye at 
Scithwen 

2012 308900 243700 111 Rough Pasture Wye A / 
      B 114 
      I 38 
        P 3 

NOTE 

1 Freshwater sites visited in 2012 were listed alphabetically by Site name and numbered 1 to 60 to 

get their Site Code for simplified labelling of samples. Then, 31 terrestrial sites were visited and 

numbered 61 to 92, and 27 freshwater sites were revisited in 2013 and numbered 93 to 119. This 

was to ensure all sites and years had a unique, simple site code. The terrestrial sites have not been 

included in ongoing analysis. 

2 Site 27 (Hafren Headstream) was an additional site due to initially sampling in slightly the wrong 

location when attempting to sample Site 42 (Lower Hafren Headstream). 
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Table A2. Table showing details of all samples barcoded using protocols in Table 2.2 and 2.3. All 

sequences are available on Genbank. F =  sequence in the forward position only; F&R = sequenced in 

the forward and reverse and a consensus sequence of the two was made. 

No. Seq. ID Species Genbank accession 
number 

Haplotype F/ F&R Note 

1 109A1 A. sulcicollis KU955863 H1 F  
2 109A2 A. sulcicollis KU955864 H1 F  
3 96A1 A. sulcicollis KU955865 H1 F  
4 96A2 A. sulcicollis KU955866 H1 F  
5 108A2 A. sulcicollis KU955867 H1 F  
6 104A2 A. sulcicollis KU955868 H1 F  
7 107A1 A. sulcicollis KU955869 H1 F  
8 95A2 A. sulcicollis KU955870 H1 F  
9 94A2 A. sulcicollis KU955871 H1 F  
10 93A1 A. sulcicollis KU955872 H1 F  
11 93A2 A. sulcicollis KU955873 H1 F  
12 113A1 A. sulcicollis KU955874 H1 F  
13 113A2 A. sulcicollis KU955875 H1 F  
14 112A1 A. sulcicollis KU955876 H1 F  
15 112A2 A. sulcicollis KU955877 H1 F  
16 108A1 A. sulcicollis KU955878 H4 F  
17 116A2 A. sulcicollis KU955879 H2 F  
18 95A1 A. sulcicollis KU955880 H2 F NGS 
19 110A2 A. sulcicollis KU955881 H2 F  
20 107A2 A. sulcicollis KU955882 H2 F  
21 102A2 A. sulcicollis KU955883 H5 F  
22 102A1 A. sulcicollis KU955884 H6 F  
23 110A1 A. sulcicollis KU955885 H7 F  
24 116A1 A. sulcicollis KU955886 H8 F  
25 104A1 A. sulcicollis KU955887 H9 F  
26 95A3 A. sulcicollis KU955888 H1 F&R  
27 95A4 A. sulcicollis KU955889 H1 F&R  
28 95A5 A. sulcicollis KU955890 H3 F&R  
29 109A3 A. sulcicollis KU955891 H1 F&R  
30 109A4 A. sulcicollis KU955892 H1 F&R  
31 109A5 A. sulcicollis KU955893 H1 F&R  
32 94A1 A. standfussi KU955894  F misidentified 
33 104I2 I. grammatica KU955895 H1 F  
34 101I1 I. grammatica KU955896 H1 F  
35 105I1 I. grammatica KU955897 H8 F  
36 101I2 I. grammatica KU955898 H5 F  
37 104I1 I. grammatica KU955899 H4 F  
38 105I2 I. grammatica KU955900 H3 F  
39 115I2 I. grammatica KU955901 H2 F  
40 106I5 I. grammatica KU955902 H1 F  
41 106I4 I. grammatica KU955903 H9 F  
42 93I1 I. grammatica KU955904 H4 F  
43 118I2 I. grammatica KU955905 H2 F  
44 98I5 I. grammatica KU955906 H2 F  
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No. Seq. ID Species Genbank accession 
number 

Haplotype F/ F&R Note 

45 93I2 I. grammatica KU955907 H6 F  
46 114I9 I. grammatica KU955908 H1 F  
47 108I14 I. grammatica KU955909 H3 F  
48 114I8 I. grammatica KU955910 H1 F  
49 97I5 I. grammatica KU955911 H5 F  
50 97I6 I. grammatica KU955912 H1 F  
51 112I6 I. grammatica KU955913 H4 F  
52 118I1 I. grammatica KU955914 H2 F  
53 98I6 I. grammatica KU955915 H1 F  
54 115I1 I. grammatica KU955916 H10 F  
55 108I15 I. grammatica KU955917 H11 F  
56 109I2 I. grammatica KU955918 H2 F&R  
57 109I3 I. grammatica KU955919 H7 F&R  
58 96I3 I. grammatica KU955920 H1 F&R  
59 96I1 I. grammatica KU955921 H3 F&R NGS 
60 96I2 I. grammatica KU955922 H2 F&R  
61 109I1 I. grammatica KU955923 H3 F&R  
62 102B3 B. rhodani KU955924 H2 F NGS 
63 96B1 B. rhodani KU955925 H1 F&R  
64 96B2 B. rhodani KU955926 H1 F&R  
65 102B1 B. rhodani KU955927 H2 F&R  
66 112B1 B. rhodani KU955928 H2 F&R  
67 94B2 B. rhodani KU955929 H2 F&R  
68 112B2 B. rhodani KU955930 H3 F&R  
69 118B1 B. rhodani KU955931 H2 F&R  
70 94B1 B. rhodani KU955932 H2 F&R  
71 115B2 B. rhodani KU955933 H1 F&R  
72 115B1 B. rhodani KU955934 H12 F&R  
73 111B1 B. rhodani KU955935 H4 F&R  
74 118B2 B. rhodani KU955936 H2 F&R  
75 103B1 B. rhodani KU955937 H1 F&R  
76 106B2 B. rhodani KU955938 H1 F&R  
77 106B1 B. rhodani KU955939 H1 F&R  
78 101B1 B. rhodani KU955940 H13 F&R  
79 111B2 B. rhodani KU955941 haplogroup 2 F&R  
80 103B2 B. rhodani KU955942 haplogroup 2 F&R  
81 102B2 B. rhodani KU955943 H8 F&R  
82 105B1 B. rhodani KU955944 H10 F&R  
83 104B2 B. rhodani KU955945 H9 F&R  
84 105B2 B. rhodani KU955946 H1 F&R  
85 104B1 B. rhodani KU955947 H4 F&R  
86 101B2 B. rhodani KU955948 H1 F&R  
87 97B2 B. rhodani KU955949 H11 F  
88 99B1 B. rhodani KU955950 haplogroup 2 F  
89 99B2 B. rhodani KU955951 H1 F  
90 97B1 B. rhodani KU955952 haplogroup 2 F  
91 109B2 B. rhodani KU955953 H6 F  
92 113B1 B. rhodani KU955954 H5 F  
93 113B2 B. rhodani KU955955 H5 F  
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No. Seq. ID Species Genbank accession 
number 

Haplotype F/ F&R Note 

94 109B1 B. rhodani KU955956 H6 F  
95 108B1 B. rhodani KU955957 H7 F  
96 119B2 B. rhodani KU955958 H3 F  
97 108B2 B. rhodani KU955959 H1 F  
98 119B1 B. rhodani KU955960 H3 F  
99 14B1 B. rhodani KU955961 haplogroup 3 F Cryptic species 
100 14B2 B. rhodani KU955962 haplogroup 3 F Cryptic species 
101 14B3 B. rhodani KU955963 haplogroup 3 F Cryptic species 
102 14B4 B. rhodani KU955964 haplogroup 3 F Cryptic species 
103 14B5 B. rhodani KU955965 haplogroup 3 F Cryptic species 
104 14B6 B. rhodani KU955966 haplogroup 3 F Cryptic species 
105 14B7 B. rhodani KU955967 haplogroup 3 F Cryptic species 
106 14B8 B. rhodani KU955968 haplogroup 3 F Cryptic species 
107 14B9 B. rhodani KU955969 haplogroup 3 F Cryptic species 
108 14B10 B. rhodani KU955970 haplogroup 3 F Cryptic species 
109 14B11 B. rhodani KU955971 haplogroup 3 F Cryptic species 
110 14B12 B. rhodani KU955972 haplogroup 3 F Cryptic species 
111 14B13 B. rhodani KU955973 haplogroup 3 F Cryptic species 
112 14B14 B. rhodani KU955974 haplogroup 3 F Cryptic species 
113 14B15 B. rhodani KU955975 haplogroup 3 F Cryptic species 
114 14B16 B. rhodani KU955976 haplogroup 3 F Cryptic species 
115 14B17 B. rhodani KU955977 haplogroup 3 F Cryptic species 
116 14B18 B. rhodani KU955978 haplogroup 3 F Cryptic species 
117 14B19 B. rhodani KU955979 haplogroup 3 F Cryptic species 
118 14B20 B. rhodani KU955980 haplogroup 3 F Cryptic species 
119 14B21 B. rhodani KU955981 haplogroup 3 F Cryptic species 
120 14B22 B. rhodani KU955982 haplogroup 3 F Cryptic species 
121 14B28 B. rhodani KU955983 haplogroup 3 F Cryptic species 
122 14B27 B. rhodani KU955984 haplogroup 3 F Cryptic species 
123 14B23 B. rhodani KU955985 haplogroup 3 F Cryptic species 
124 14B25 B. rhodani KU955986 haplogroup 3 F Cryptic species 
125 14B26 B. rhodani KU955987 haplogroup 3 F Cryptic species 
126 14B24 B. rhodani KU955988 haplogroup 3 F Cryptic species 
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Appendix B - Genomic Resource Note 

 

Appendix B comprises of the manuscript submitted to bioRxiv (available here: Doi: 

http://dx.doi.org/10.1101/046227) detailing how Next Generation Sequencing (NGS) data 

was created and processed including full instructions of bioinformatics pipeline used to 

assemble NGS data for microsatellite development. Also provides links to where all the data 

is stored online. 
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Abstract 

A low-coverage genome was generated for each of four environmental key-species of 

macroinvertebrate taxa for the primary purpose of microsatellite marker development. De 

novo assemblies and microsatellite markers were designed for the freshwater species 

Isoperla grammatica, Amphinemura sulcicollis, and Baetis rhodani but have not been completed for 

the common shiny woodlice Oniscus asellus. Here, the data is made available, and the methods 

and pipeline are described which led to the creation of this resource. As widespread and 

functionally important organisms, which are often neglected in favour of studies on 

vertebrates, this data will be a useful resource for further research. 

Keywords: invertebrates, freshwater, terrestrail, de novo assembly  

 

Introduction 

Macroinvertebrates are widespread, often dominant and functionally important members 

of their environment that, coupled with their relative ease of sampling make them ideally 

suited for use as indicator species for biomonitoring and conservation assessment (Pfrender 

et al. 2010; Buss et al. 2015; Cardoni et al. 2015), and are recognised as such by the Water 

Framework Directive (2000/60/CE) (European Commission 2000). However, their use in 

genetic approaches is still limited, often being neglected from studies because of the lack of 

data (Cardoso et al. 2011). 

Four macroinvertebrate species were sequenced for the primary purpose of developing 

microsatellite markers for use in population genetics; these include three freshwater 

invertebrates (Amphinemura sulcicollis, Isoperla grammatica, and Baetis rhodani) and one 

terrestrial soil invertebrate, the common shiny woodlice, Oniscus asellus. They all represent 

dominant, widespread species and therefore can be used as biomonitoring tools that will be 

effective at large spatial scales, as policy demands (Statzner and Bêche 2010). Microsatellite 

markers within this group are scarce, for example, within the large and diverse groups of 

Plecoptera and Ephemeroptera, there are only five species with between 3-13 

microsatellites each, therefore this data will be a valuable and considerable resource for 
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future research. This data could be used for further study into these invertebrates, such as 

describing their mitochondrial genome (as in Stewart and Beckenbach (2006)), or studying 

their genome content; evolutionary analyses (e.g. divergent rates), and further investigation 

of their genetic features (as in Li et al. (2010). 

Data Access  

Raw data is stored in NCBI’s Sequence Read Archive (SRA): NGS data for four invertebrates: 

Amphinemura sulcicollis, Isoperla grammatica, Baetis rhodani and Oniscus asellus (STUDY: 

PRJNA315680 (SRP072016)). 

1. NGS sequence data (raw data sent from sequencing centres): 

 Amphinemura sulcicollis: 

SAMPLE: Amphi_NGS (SRS1349204)  

EXPERIMENT: Amphi_NGS (SRX1642982)  

RUN: Amphi_NGS (SRR3262386) 

  

WTCHG_93433_274_1.fastq.gz 

WTCHG_93433_274_2.fastq.gz 

WTCHG_93434_274_1.fastq.gz 

WTCHG_93434_274_2.fastq.gz 

 

 Isoperla grammatica: 

SAMPLE: Iso_NGS (SRS1351356)  

EXPERIMENT: Iso_NGS (SRX1648180)  

RUN: Iso_NGS (SRR3262388) 

 

WTCHG_93433_273_1.fastq.gz 

WTCHG_93433_273_2.fastq.gz 

WTCHG_93434_273_1.fastq.gz 

WTCHG_93434_273_2.fastq.gz 
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 Baetis rhodani: 

SAMPLE: Baetis_NGS (SRS1351357)  

EXPERIMENT: Baetis_NGS (SRX1648181)  

RUN: Baetis_rhodani_NGS (SRR3262630) 

 

Beatis_L3_1.fq.gz.1.gz 

Beatis_L3_1.fq.gz.2.gz 

Beatis_L3_2.fq.gz.1.gz 

Beatis_L3_2.fq.gz.2.gz 

 

 Oniscus asellus:  

SAMPLE: Woodlice_NGS (SRS1351401)  

EXPERIMENT: Oniscus_NGS (SRX1648318)  

RUN: Oniscus_NGS (SRR3263253) 

 

WTCHG_93433_275_1.fastq 

WTCHG_93433_275_2.fastq 

WTCHG_93434_275_1.fastq 

WTCHG_93434_275_2.fastq 

 

2. Each freshwater species has a CONTIG file (after de novo assembly) deposited at 

DDBJ/ENA/GenBank under the accession’s listed below, any contigs under 200bp were 

removed. 

 Amphinemura sulcicollis: 

SUBID: SUB1394726 

BioSample: SAMN04568201 

Accession: LVVV00000000 

Organism: Amphinemura sulcicollis Dwyryd 

File name: amphi_kmer61.contig 

 

 Isoperla grammatica: 
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SUBID: SUB1397890 

BioSample: SAMN04568202 

Accession: LVVW00000000 

Organism: Isoperla grammatica Teifi 

File name: iso_kmer61.contig 

 

 Baetis rhodani: 

SUBID: SUB1398024 

BioSample: SAMN04568203 

Accession: LVVX00000000 

Organism: Baetis rhodani Tywi 

File name: B_61.contig 

 

3. Other data stored in Genbank: 

 132 Mitochondrial cytochrome c oxidase I (mtCOI) sequences for all four species 

(using barcoding primers from Folmer et al. (1994)) are available on genbank: 

Accession numbers KU955863-KU955994 (Amphinemura sulcicollis 31 sequences; 

Isoperla grammatica 29 sequences; Baetis rhodani 65 sequences; Oniscus asellus 6 

sequences). 

 51 Microsatellite markers for Isoperla grammatica, Amphinemura sulcicollis and 

Baetis rhodani available on Genbank: between KR068997-KR069048 (Iso_1-18, 

Amp_1-21, B_1-13, respectively) and described fully in Macdonald et al. (2016) in 

review. Subsequent microsatellite marker development has not been completed for 

Oniscus asellus. 

 

Meta Information 

Data for the four draft genomes sequenced (Table B1) was generated at two different 

sequencing centres, which were compared for their cost effectiveness and yields. Libraries 

1-3 (A. sulcicollis, I. grammatica and O. asellus) were sent to Oxford MRC Sequencing, 



Appendix B - Genomic Resource Note 

274 
 

multiplexed with five other samples (eight libraries) as part of collaboration at Cardiff 

University. Whereas B. rhodani was sent at a later date to Beijing Genomic Institute (BGI), 

along with two other samples, these three samples were labelled by BGI and multiplexed in 

one lane (see Table B1 for full details). The main goals of the experiment were to develop 

enough genomic resources for each target species in order to retrieve enough high quality 

microsatellite markers. 

 

Library 

Multiple samples of each species were collected from sites around upland Wales, UK (Table 

B1) and stored in absolute ethanol. Genomic DNA was extracted from whole individuals 

using a High Pure PCR Template Preparation Kit for blood and tissue following the 

manufacturer’s instructions (Roche Diagnostics GmbH Mannheim, Germany). All samples 

were treated with RNase after DNA extraction. Individual samples were identified using 

Sanger sequencing, with standard barcoding primers from Folmer et al. (1994) and by 

comparing the sequences with data in Genbank. To assure sample quality, quantification 

was assessed using a Qubit and visualised on a gel (Figure B1. ). Nanodrop was used to 

assess contamination, where the 260/280 ratio were found to be between 1.8 and 2 and 

that the 260/230 ratio was between 2-2.2 across all analysed samples. The highest quantity 

and best quality samples were chosen; all species yielded DNA quantities required (which 

was 1-5μg of DNA normalized to a concentration of 50ng/μl) apart from A. sulcicollis, for 

which a vacuum concentrator had to be used. Samples showed high DNA integrity with no 

observed smearing on the electrophoresis gel (Figure B1. ). 

The samples of A. sulcicollis, I. grammatica, and B. rhodani were all made up of only one 

individual; however the O. asellus sample is made up of two individuals pooled. This was 

because allozyme loci have been used to show that two genetically distinct sub populations 

of O. asellus exist (O. asellus and O. occidentails) (Bilton et al. 1999) within O. asellus, it was 

thought that mixing two individuals would give the highest chance of success at developing 

microsatellites for the largest amount of samples. However, this meant that a de novo 

assembly could not be performed on this species. 
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Genomic DNA for all four samples were sent to their respective sequencing centres for 

library preparation (DNA was sheared, Illumina adapters were ligated, libraries were 

controlled for quality, normalized, pooled) and sequencing on HiSeq run (Table B1).  

 

Processing 

For each library NGS created four raw Illumina read files (two libraries, each with two pairs), 

which was transferred to Linux, unzipped, and the two libraries were concatenated, leaving 

two files of two pairs (renamed from the raw file names in section Data Access, to 

Amp_1.fastq & Amp_2.fastq, Iso_1.fastq & Iso_2.fastq, Woo.fastq & Woo_2.fastq, and 

B_1.fastq & B_2.fastq for I. grammatica, A. sulcicollis, O. asellus and B. rhodani, respectively, Table 

B1). Quality control was preformed using Trimmomatic v0.32 (Lohse M et al. 2012) and 

Musket v1.1 Musket (Yongchao Liu et al. 2013). Trimmomatic was used to cut adapters and 

other illumina-specific sequences from the reads. It was also used to remove reads of low 

quality and short length. In this case the threshold for quality window was set at 18 and the 

minimum length was 35bp (using phred33). Musket is multistage k-mer based corrector for 

Illumina short read data and was used to identify and remove any common Illumina errors 

for a higher quality de novo genome assembly. 

For all aquatic (single sample) species SOAP de novo 2 (Luo et al. 2012) was then used to 

build de novo assemblies using short-reads. This was done in order to provide longer reads 

for microsatellite marker mining. Several de novo assemblies were run per species in order 

to test different Kmer values and best assembly metrics. Draft assemblies were chosen 

according to maximum contig and highest N50 value. 

A de novo assembly was not attempted for the pooled sample of O. asellus due to the risk of 

chimeras, which is much higher for assemblies of mixed samples. Instead FLASH v 1.2.9 (Fast 

Length Adjustment of SHort reads) was used to merge paired ends creating reads of 300 bp 

(http://ccb.jhu.edu/software/FLASH/MANUAL [Date accessed: 02.03.16]). 

PrimerPipeline (http://www.scrufster.com/primerpipeline/ [Date accessed: 02.03.16]) was 

then used to identify repeat regions within the data files and design forward and reverse 

http://ccb.jhu.edu/software/FLASH/MANUAL
http://www.scrufster.com/primerpipeline/
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primers for each microsatellite. It is a windows program incorporating MISA (MIcroSAtellite 

identification tool, http://pgrc.ipk-gatersleben.de/misa/ [Date accessed: 02.03.16]) and 

Primer3 v.2.3.6  (Untergasser et al. 2012). 

The full pipeline (including all scripts and annotations) is described in ‘Appendix 1 

Script_NGS’ at the end of this manuscript. 

 

Results 

The NGS for all four species was very successful as the total number of reads (raw data) 

were very high (ranging from 71,727,142 to 123,076,504 reads), and they were of relatively 

high quality because the quality control sections of the pipeline did not remove too much 

(ranging from 0.3% and 11% of the total reads, see Table B1). B. rhodani data from BGI 

appears to be the most successful as it had the highest total reads and the lowest 

percentage of reads removed by quality control. 

The de novo assemblies varied according to which kmer size was used (see Table B2) for an 

example of how the kmer size affected the N50 in A. sulcicollis). For all three species that 

assemblies were performed for, kmer 61 was chosen as it produced the best assemblies. A. 

sulcicollis had the best N50 at 1,543, whereas I. grammatica had 568, meaning that on 

average the de novo assembly for A. sulcicollis produced larger contigs, therefore the best 

assembly. 

  

http://pgrc.ipk-gatersleben.de/misa/
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Table B1. Details of the development of four separate libraries of macroinvertebrate using next generation sequencing. 

 Library 1 Library 2 Library 3 Library 4 

Species Amphinemura sulcicollis 
(Stephens, 1836) 

Isoperla grammatica 

(Poda, 1761) 
Oniscus asellus 
(Linnaeus 1758) 

Baetis rhodani 

(Pictet, 1845) 

Genus Amphinemura Isoperla Oniscus Baetis 

Order Plecoptera Isopoda Ephemeroptera 

Class Insecta Malacostraca Insecta 

Meta Information 

Sequencing 
centre 

The Oxford Genomics Centre (WTCHG) / High-Throughput Genomics (Oxford, UK) BGI (Shenzhen, China) 

Platform Illumina 

Model HiSeq 2500, Rapid run HiSeq 2000 (PE91) 

Analysis type DNA 

Run date 10.12.2013 13.10.2014 

Library 

Strategy Whole-genome shotgun sequencing of genomic DNA 

Shared lane One lane (by itself) One lane (by itself) One lane (by itself) One lane (shared with two 
other samples) 

Sample type 
(mtDNA seq 
name available 
in genbank) 

One individual (95A1) One individual (96I1) Two individuals mixed (71W3 
and 70W1) 

One individual (102B3) 

Sex Unknown 

Source of 
material (Taxon) 

Tissue 

Sample 
Location# 

275070E      342810N 268100E     254500N 298106E              231045N 
309487E 230414N 

273879E      246723N 

Catchment: Dwyryd 
Upland Wales, UK 

Catchment: Teifi 
Upland Wales, UK 

Brecknock Wildlife trust reserve, 
Upland Wales, UK 

Catchment: Tywi 
Upland Wales, UK 

Insert length 450 450 450 200 

Max read length 300 300 300 200 



Appendix B - Genomic Resource Note 

279 
 

 Library 1 Library 2 Library 3 Library 4 

Species Amphinemura sulcicollis 
(Stephens, 1836) 

Isoperla grammatica 

(Poda, 1761) 
Oniscus asellus 
(Linnaeus 1758) 

Baetis rhodani 

(Pictet, 1845) 

Results 

Total reads 
(before QC) 

79,196,610 71,727,142 81,811,132 123,076,504 

Total reads (after 
QC) 
 

71,796,770 64,628,924 74,813,127 122,669,217 

% removed 10.3 11.0 9.4 0.3 

Mode of 
assembly 

De novo assembly De novo assembly Flash De novo assembly 

Best kmer size 61 61 / 61 

N50 1,543 568 / 850 

Total No. of 
contigs 

91,245 356,623 / 144,347 

Total scaffold 
length 

182,044,631 304,248,447 / 162,525,650 

Longest scaffold 148,977 16,928 / 47,828 

# Coordinates are in EPSG:27700 - OSGB 1936 / British National Grid. 
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Table B2. Information on all de novo assemblies performed with Amphinemura sulcicollis data. 

 Kmer_55 Kmer_61 Kmer_71 Kmer_81 Kmer_85 Kmer_91 Kmer_101 

Scaffold number 88,343 91,245 89,130 87,731 88,028 87,347 92,636 

In-scaffold contig number 834,812 832,323 832,173 842,707 850,059 864,994 1,170,180 

Total scaffold length 184,467,063 182,044,631 180,880,141 183,600,553 181,179,087 179,755,162 172,156,150 

Average scaffold length 2,088 1,995 2,029 2,092 2,058 2,057 1,858 

Filled gap number 177,030 183,386 171,646 170,306 161,405 153,310 173,854 

Longest scaffold 149,091 148,977 140,148 149,117 147,505 147,516 113,833 

Scaffold and singleton number 606,125 580,009 605,194 626,038 645,302 671,404 950,155 

Scaffold and singleton length 297,424,877 287,874,638 295,491,963 300,591,981 302,518,974 303,469,211 305,381,813 

Average length 490 496 488 480 468 451 321 

N50 1,550 1,543 1,482 1,525 1,466 1,448 1,141 

N90 195 193 192 196 198 203 102 

Weak points 0 0 0 0 0 0 0 
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Figure B1. Photograph of a 3% ethidium-bromide stained agarose electrophoresis gel under UV light, 

showing genomic DNA of two individuals each species of the three species Isoperla grammatica, 

Amphinemura sulcicollis and Oniscus asellus that were sequenced first, compared to three 

concentrations of lambda DNA (left to right: 16.5ng/µL, 34 ng/µL and 67 ng/µL). 
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Appendix 1: NGS script 

Key: Commands in red, annotations and instructions in black 

 

1.0. Check and unzip 

#To check data files are unaffected from download/upload use md5sum to check the unique 

identity of the file (compare the md5 number, it has to be exactly the same format) 

md5sum file1 > file1_md5.txt  

#And check the first line of the sequence  

head filename 

#E.g. md5sum formats for B. rhodani raw data files: 

#aa278e7dd0de7af2e12aaf0d4ba9fc97  Beatis_L3_1.fq.gz.cut/Beatis_L3_1.fq.gz.1.gz 

#1ba32f3d3a72be4877311163ce07ddc6  Beatis_L3_1.fq.gz.cut/Beatis_L3_1.fq.gz.2.gz 

#26eaa5697b1c950aba2d83095f143f0c  Beatis_L3_2.fq.gz.cut/Beatis_L3_2.fq.gz.1.gz 

#f7fee1ecf2b928cf4504e6d48f417636  Beatis_L3_2.fq.gz.cut/Beatis_L3_2.fq.gz.2.gz 

#Check per permissions, the following code changes the permissions of the file called 

et_trimmer.pl.  

chmod 777 est_trimmer.pl   

#Unzipping 

#E.g. Rawdata files end in “gz” so they need to be unzipped: 

#WTCHG_93433_274_2.fastq.gz 

#WTCHG_93433_274_1.fastq.gz 

#WTCHG_93434_274_1.fastq.gz 

#WTCHG_93434_274_2.fastq.gz 
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#The following command will unzip everything ending in .gz in the background. The above 

file goes from a fastq.gz file to just a fastq file. 

gunzip *.gz &  

#For unzipping program files e.g. musket. If ends in tar.bz the command is: 

tar –xvjf  

#If ends in tar.gz the command is: 

tar –xvzf 

 

2.0. Concatenate 

#I had two libraries with a forward and reverse, put the two forwards into one file and the 

two backs in one file, just to make it simpler. The two 1’s together and the two 2’s.  

#The following command tells Linux to concatenate the files called  

‘WTCHG_93433_273_1.fastq’ and ‘WTCHG_93434_273_1.fastq’, and name the combined 

file iso_1.fastq, and do it all in the background (&). Note, you have to be in the directory 

that the files are in or tell Linux where to find them e.g. home/c1135170/Hannah/ 

cat WTCHG_93433_273_1.fastq WTCHG_93434_273_1.fastq > 

iso_1.fastq &  

#Do the same with the other pair 

cat WTCHG_93433_273_2.fastq WTCHG_93434_273_2.fastq > 

iso_2.fastq & 

#E.g with B. rhodani: 

cat Beatis_L3_1.fq.gz.1 Beatis_L3_1.fq.gz.2 > B_1.fastq & 

cat Beatis_L3_2.fq.gz.1 Beatis_L3_2.fq.gz.2 > B_2.fastq & 
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3.0. Trimmomatic 

#First need to download Trimmomatic, you can find here: 

http://www.usadellab.org/cms/?page=trimmomatic 

#Right click, ‘copy link address’ for the Binary.  

wget  

#right click to paste: 

http://www.usadellab.org/cms/uploads/supplementary/Trimmomatic

/Trimmomatic-0.32.zip 

#It downloads to the folder you’re in and it’s called Trimmomatic-0.32.zip 

unzip Trimmomatic-0.32.zip  

#now just called Trimmomatic-0.32 

#Now ready to run Trimmomatic 

#Code means: Using Trimmomatic PE (paired end) which can be found here (pathway) do “–

phred33” to these two files (B_1.fastq & B_2.fastq) then rename them 

trimmomatic_B_1.fastq.gz (for paired) and trimmomatic_B_1_unpaired.fastq.gz for 

unpaired, and the same with the other pair. The nohup at the beginning is there so I can 

close the window and it will still carry on running. 

nohup java –classpath /home/c1135170/Hannah/app/Trimmomatic-
0.32/trimmomatic-0.32.jar 

org.usadellab.trimmomatic.TrimmomaticPE –phred33 B_1.fastq 
B_2.fastq trimmomatic_B_1.fastq.gz 

trimmomatic_B_1_unpaired.fastq.gz trimmomatic_B_2.fastq.gz 

trimmomatic_B_2_unpaired.fastq.gz 

ILLUMINACLIP:/home/c1135170/Hannah/app/Trimmomatic-

0.32/adapters/TruSeq2-PE.fa:2:30:10 LEADING:3 TRAILING:3 

SLIDINGWINDOW:4:18 MINLEN:35 & 

#E.g. Nohup.txt  
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#Read Pairs: 61528668 Both Surviving: 61132622 (99.36%) Forward Only Surviving: 96495 

(0.16%) Reverse Only Surviving: 298538 (0.49%) Dropped: 1013 (0.00%) 

 

4.0 Musket 

#Have to download Musket the same way as Trimmomatic, you’ll find musket here: 

http://musket.sourceforge.net/homepage.htm#latest 

#Version used musket-1.1, right click, copy link address as with Trimmomatic: 

wget  

#right click to paste 

http://sourceforge.net/projects/musket/files/musket-1.1.tar.bz  

#When pasting link may have “/download” on the end of the link, delete this before 

pressing enter. 

#Unzip file (see section 1.0)  

#To install, go to the Musket folder and press ‘make’: 

cd ../app/cd musket-1.1/ls 

make 

#Then you can remove the original zipped file  

rm musket-1.1.tar.bz  

#2.0. Run Musket using file outputs from Trimmomatic: 

nohup /home/c1135170/Hannah/app/musket-1.1/musket -k 21 

2192141955 -p 32 -omulti corrected -inorder 

trimmomatic_B_1.fastq.gz trimmomatic_B_2.fastq.gz 

trimmomatic_B_1_unpaired.fastq.gz 

trimmomatic_B_2_unpaired.fastq.gz 1>out.txt 2>error.txt 
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#They are named corrected.0, corrected.1, corrected.2, and corrected.3, in order of how the 

files were listed in the command above. Rename the files: 

mv corrected.0 musket_B_1.fastq 

mv corrected.1 musket_B_2.fastq 

mv corrected.2 musket_B_1_unpaired.fastq 

mv corrected.3 musket_B_2_unpaired.fastq 

 

5.0. FLASH (used for O. asellus only) 

#To find Flash: http://ccb.jhu.edu/software/FLASH/ 

#To download: 

wget http://sourceforge.net/projects/flashpage/files/FLASH-

1.2.9.tar.gz 

#To unzip  

tar -zxvf FLASH-1.2.9.tar.gz 

# Command asks flash to merge paired ends <musket_woo_1> < musket_woo_1> [-m 

minOverlap - varied] [-M maxOverlap- 100] [-x mismatchRatio-varied] [-p phredOffset] [-o 

prefixOfOutputFiles] [-d pathToDirectoryForOutputFiles] [-f averageFragment Length- 300] 

[-s standardDeviationOfFragments- varied] [-r averageReadLength- 150]. 

#Several different compbinations tried to 

../app/FLASH-1.2.9/flash musket_woo_1.fastq musket_woo_2.fastq 

-m 15 -M 100 -x 0.1 -p -o merged -d -f 300 –s  50 -r 150 
1>flash.out 2>flash.err & 

#10% retained and matched 
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../app/FLASH-1.2.9/flash musket_woo_1.fastq musket_woo_2.fastq 

-m 10 -M 100 -x 0.1 -o merged2 -d -f 300 –s  40 -r 150 
1>flash2.out 2>flash2.err &  

#15% retained and matched 

../app/FLASH-1.2.9/flash musket_woo_1.fastq musket_woo_2.fastq 

-m 25 -M 100 -x 0.1 -o merged3 -d -f 300 –s  40 -r 150 
1>flash3.out 2>flash3.err &  

#9.5% retained and matched 

../app/FLASH-1.2.9/flash musket_woo_1.fastq musket_woo_2.fastq 

-m 20 -M 100 -x 1 -o merged4 -d -f 300 –s  40 -r 150 
1>flash4.out 2>flash4.err &  

#100% retained and matched 

../app/FLASH-1.2.9/flash musket_woo_1.fastq musket_woo_2.fastq 

-m 20 -M 100 -o merged4 -d -f 300 –s  40 -r 150 1>flash4.out 
2>flash5.err &  

#mismatchRatio: default 0.25 . 12.78% retained and matched 

#Use merged extendedfrags to feed straight into MISA 

#To continue must convert fastq file to fasta file, and removes spaces at the same time, 

using: 

awk 'BEGIN{a=0}{if(a==1){print;a=0}}/^@/{print;a=1}' 

myFastqFile | sed 's/^@/>/' > myfastafile 

 

6.0. SOAPdenovo2 

#Download soapdenovo, (same way as Trimmomatic and Musket), find here: 

http://sourceforge.net/projects/soapdenovo2/files/SOAPdenovo2/ 

#To download: 
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wget 

http://sourceforge.net/projects/soapdenovo2/files/latest/downl

oad?source=files 

#Unzip 

tar -xvvf SOAPdenovo2-src-r240-4.tar  

#Compile by navigating to the folder that the 'makefile' is in and type: 

make 

#First make config file to use with soap de novo, green needs to change depending on the 

data, especially the pathways to the musket output files so soap de novo knows where the 

files are. In this example the config file was named ‘iso_config.text’. 

max_rd_len=150 

[LIB] 

#average insert size 

avg_ins=300 

#if sequence needs to be reversed 

reverse_seq=0 

#in which part(s) the reads are used 

asm_flags=3 

#in which order the reads are used while scaffolding 

rank=1 

#a pair of fastq file, read 1 file should always be followed by read 2 file 

q1=/home/c1135170/Hannah/Isoplera/musket_iso_1.fastq 

q2=/home/c1135170/Hannah/Isoplera/musket_iso_2.fastq 
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q=/home/c1135170/Hannah/Isoplera/musket_iso_1_unpaired.fastq 

q=/home/c1135170/Hannah/Isoplera/musket_iso_2_unpaired.fastq 

 

#For kmers less than 63, use the following command, be in the same folder as the config 

file: 

nohup ../app/soapdenovo/SOAPdenovo2-src-r240/SOAPdenovo-63mer 

all –s iso_config.txt -K 55 -R -o iso_kmer55 1>iso_kmer55.log 
2>iso_kmer55.err 

# Command explained: nohup ../app/soapdenovo/SOAPdenovo2-src-

r240/SOAPdenovo-63mer (telling it where to find soapdenovo) all –s 
iso_config.text (name of the config file we made) –K 55 (kmer size 61)–R –o 
iso_kmer55 1>iso_kmer55.log 2>iso_kmer55.err (names of the output files) 

#For Kmers above 63: 

nohup /home/c1135170/Hannah/app/SOAPdenovo2-bin-LINUX-generic-

r240/SOAPdenovo-127mer all -s iso_config.txt -K 71 -p 10 -R -o 

iso_kmer71 1>kmer71.log 2>kmer71.err 
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Appendix C - PrimerPipeline Instruction Manual 
 

Appendix C consists of the Instruction manual for the software PrimerPipeline (available at 

http://www.scrufster.com/primerpipeline), developed in collaboration with computer 

programmer Greg Macdonald. PrimerPipeline is a user-friendly program that finds 

microsatellites, designs primers from NGS data and displays results in a clear, informative 

way. 
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1.0 Getting started 

1.1 Operating System: Windows 7 or later 

No installation required. All you need to do is download the PrimerPipeline.zip folder 

(available via the website here) and Extract all the contents together to a folder anywhere 

on your computer. It is not recommended to do this in the root of your C drive, or in 

Program files, as this will require you to run PrimerPipeline as an administrator in order for it 

to write files.  

If required, make a shortcut to PrimerPipeline.exe. 

Depending on your computer’s security settings, the first time you run PrimerPipeline you 

might have to click Run Anyway, because it won’t be recognised. 

 

1.2 Operating System: Windows XP 

If you are using Windows XP, you can still use PrimerPipeline as above, but in addition you 

have to ensure you have ‘Microsoft .NET Framework 4.0’ installed.  

To find out whether you have it already, go to: 

Start > Control Panel > Add/Remove Programs 

And look for ‘Microsoft .NET Framework 4.0’. If you do not have it, you can download it 

from Microsoft here. 

 

1.3 Contents of PrimerPipeline.zip 

Contains the following 5 items: 

 primer3_config (Folder containing setting files used by Primer3)  

 primer3_core.exe (This is Primer3, PrimerPipeline runs this program in the 

background during the Primer3 stage of the process) 

http://www.scrufster.com/primerpipeline/download
http://www.microsoft.com/en-gb/download/details.aspx?id=17851
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 PrimerPipeline.exe (This is the PrimerPipeline program itself)  

 PrimerPipeline_Instruction_manul_v1.0.pdf (The document you’re reading) 

 example.fasta (An example fasta file of sequence data) 

The first three files all need to be in the same folder for PrimerPipeline to work. The manual 

and the example file can be moved or removed if required. 

 

2.0 Using PrimerPipeline 

2.1 Input File 

 

Format:  Fasta file 

Location: The file can be anywhere on your computer, but be aware that the output 

  files from PrimerPipeline (see section 4) will be placed in same location as 

  the input file. 

 

Tip: The example.fasta file can be used for a practise run. The file contains 50,000 

sequences, and under default settings PrimerPipeline finds 59 microsatellites, and 

designed primers around 8 of them correctly. This takes roughly 30 seconds (depending 

on your computer specifications). 

Tip: We recommend that the input file has already gone through Quality Control (to ensure 

ambiguous bases and errors are removed, and which program you use to do this 

depends on what NGS platform you have used, e.g. Musket removes common Illumina 

errors, available here). Ideally, also perform a de novo assembly (for example, with 

SOAPdenovo, available here). This assures that your sequences are good quality so the 

results can be trusted, and preforming a de novo assembly assemblies your sequences 

into larger contigs to aid microsatellite mining; the larger the sequence length, the 

’

Note 1: Make sure output files are not overwritten by mistake 

If you repeat the pipeline with the same input file, make sure you either rename  the input file 

so that the output files have different names (see section 4) or make a new folder to avoid 

accidentally overwriting previous files. 

http://musket.sourceforge.net/homepage.htm#latest
http://soap.genomics.org.cn/soapdenovo.html
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Example of fasta file format: 

>2080906_length_274_cvg_7.0_tip_0 

ATTAGGTTTCAAGAAATAGTCTTCGCACGCACACAATGATATTCTATTCTTGTCACGCAAAT

GCCTTGTGGAATGCCTTTAGACCCCTGTCAAAGTTTTCTTTTTGGTTTTGCTAATACAAAAT

ATTTGAAAATGCCCACAAAAATAACACTGGGGCACAGTATTAAAATATAATGGAGTCTTCGG

AAGCAAGTTTTTTTTTTTATTAAAATGATACTCCAAAGGCAGAAAACAAAGAAAATATAGCA

CACAAATGTTTAAAAATACAATTTGA 

>2080908_length_274_cvg_10.0_tip_0 

ATTCAATCATGCAGCAAAGTGGGAGAAGAAGCAGCCGCCTCCAGGAATACATTAGACACGCA

CCGTTGCGTCTCGTGCGTGTTGCAAACTTTTCCACTCCTCTTTTCCATTCCACGTCAAAAGT

ATTAAATTTTGTATTCGGAAAGTGGCAAAAATTTAAATTTAATCCCATTTATCCTTTTGTAG

TTGGGCCCCCAGTGTGCGCATTGGACGTATGGAAATGTAAAGTAGCGTCAATGTAGCATGAA

AACAAGCACTTGAGCCGAACACTTGC 

See example.fasta file. 

 

2.2 Open Input File in PrimerPipeline 

 Open PrimerPipeline.exe by double clicking (Figure C1). 

 Click the Open files button and find the file containing the sequences you wish to run 

PrimerPipeline on. Or drag and drop the file into the box.  

 The status should now say ‘Ready to process’ (Figure C2). 
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Figure C1. How PrimerPipeline looks when opened. 

 

 

 

Figure C2.  PrimerPipeline with input file loaded. 

 

3.0 Editing Settings 

Select the file you wish to run, (it will be highlighted in blue as in Figure C2) and then go to 

the Settings tab (Figure C3). 
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3.1 Sequence Trimming 

 Within the Settings tab select Sequence trimming on the left hand side (Figure C3). 

 To edit settings click Edit argument, a small window will open where you can change 

any of the settings (Figure C4). 

 If you want to add anything to the trimming stage you can add arguments by clicking 

Add argument.  

 Click Reset to default to return to default settings at any point. Default Settings are 

shown in Figure C3. 

 Settings can be saved without running PrimerPipeline using Save settings and load 

previous settings files using Load settings.  

 

 

Note 2: PrimerPipeline remembers previous settings. 

The first time you open PrimerPipeline it will load the default settings for each stage. After the 
first time, PrimerPipeline will load the settings used in the previous run.  
 
It does this by saving a copy of the three settings files (Trim.Settings.txt, misa.ini, and 
primer3_v1_1_4_default_settings.txt) in the same location as ‘PrimerPipeline.exe’ and replaces 
these files after each run). If you want to return to default settings use the Reset to default 
button in each of the three setting tabs. Also PrimerPipeline will return to default settings if 
these setting files are removed or deleted.  

Tip: PrimerPipeline saves settings files automatically if you run the pipeline, use Save 

settings in any of the three different settings windows (Sequence Trimming, MISA and 

Primer3) when you’re not planning to run PrimerPipeline but want so save settings for 

later or to send to a colleague. The ability to load settings files for all sections makes it 

easier to: 1) repeat what a colleague has done; 2) make your runs 100% repeatable, and 

3) allows you to hone your settings gradually. For example, load a settings file from a 

previous run and change one thing, this will allow you to see the effect of the change in 
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Note 3: Further information on Trimming Settings  

PrimerPipeline assumes Quality Control (QC) has already been performed however has some 

QC during this step. 

1. ‘Ambiguous trim. Number of bases =2, Window size = 200.’ 

Searches and removes sequences with more than 2 N’s (unknown bases) in a row, it searches 

200 base pairs (bp) at a time. You can edit the number of N’s allowed and the window size. 

Increasing these numbers makes the trimming more relaxed, decreasing makes it stricter. 

2. ‘Remove stretches of Type A from 5’ end. Minimum accepted repeat = 5, window size = 200.’ 

3. ‘Remove stretches of Type A from 3’ end. Minimum accepted repeat = 5, window size = 200.’ 

An artefact of some sequencing (usually older types) is stretches of one bp repeated (in default 

settings this is A) at the beginning (5’) and end (3’) of the sequence. You can edit the number of 

accepted repeats and the window length, again, increasing these numbers makes the trimming 

more relaxed, and decreasing makes it stricter. 

You can add Arguments of Type G, C and T, to search for repeats of these bases, whether this is 

necessary depends on the type of sequencing used to acquire the data, and on the QC 

performed prior to using PrimerPipeline.  

4. Cut off. Minimum value = 500, maximum sequence size = 50700. 
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Figure C3. Settings Tab showing Sequence trimming selected. 
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Figure C4. Sequence trimming Settings tab, with Edit argument clicked so you can edit all trimming 

parameters. 

3.2 MISA 

 Within the Settings tab, Select MISA on the left hand side (Figure C5). 

 Can edit ‘Interruptions’ and SSR minimum repeats. Select one ‘Unit size’ at a time 

and then click Edit definition to change the minimum repeats. 

 Press the Reset to default to return to default settings at any point. Default settings 

are shown in Figure C5. 

 Again, settings can be saved using Save settings and settings files loaded using Load 

settings. 

 

 

 

Note 4: Further information on MISA Settings 

1. ‘Interruptions: 0’ 

This value means the maximum difference between two SSRs allowed, i.e. the number of base 

pairs between SSRs. Default value 0 will allow no interruptions within a microsatellite, however 

if you change this setting, MISA will then find compound microsatellites e.g.  Interruptions: 1 = 

(AAG)7A(AAG)24. 

2. ‘Unit Size – Minimum repeats’ 

‘Unit Size’ refers to the SSR/microsatellite type, e.g Unit size 2 = (CA)23, dinucleotide. 

                   Unit size 3 = (TGA)12 trinucleotide ect. 

The minimum repeats refers to the length of the microsatellite, for example, ‘Unit size 2, 

minimum repeats 20’ means that MISA will only search for dinucleotides that are repeated 20x 
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Figure C5. Settings tab, with MISA selected, allowing you to edit MISA settings. 
 
 

 

Figure C6. MISA settings tab, with Edit definition clicked so you can edit that unit size 
minimum repeats. 
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3.3 Primer3 

 Within the Settings tab, Select Primer3 on the left hand side (Figure C7) 

 Can edit any of the Primer3 settings directly on this tab 

 Press the Reset to default to return to default settings at any point, some of which 

are shown in Figure C7. 

 If you wish to see the advanced settings Tick the box at the bottom ‘Include 

advanced settings’ and the advanced settings will be added to the list in grey (Figure 

C8). 

 Again, settings can be saved using Save settings and settings files loaded using Load 

settings. 

 

 

Figure C7. Settings tab, with Primer3 selected, allowing you to edit Primer3 settings (without 
advanced settings displayed). 
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Figure C8. Settings tab, with Primer3 selected, allowing you to edit Primer3 settings (with 
advanced settings displayed). 
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Note 5: Further information on Primer3 Settings 

All setting names in PrimerPipeline have been kept consistent with Primer3 so you can refer to 

Primer3’s website here for more information. 

There are too many settings in Primer3 to explain them all fully in this manual, however, for all 

settings explanations are available within PrimerPipeline. If you hover over  the setting name a 

tip box will appear with a short description of the setting, however some are too long to 

present fully in this way, so if you read ‘See Primer3 website for more details’, then refer to the 

Primer3 website for a longer explanation. 

For simple navigation of Primer3 settings, they have been gathered into seven groups:  

‘General’  
‘Product and primer sizes’  
‘GC content’ 
‘Melting temperature’  
‘PCR conditions’ (advanced only) 
‘Self-binding (primer-dimer and hairpins)’ 
‘PolyX and other’ 

‘Include thermodynamic parameters’ tick box at the top. This tick box specifies the path to the 

directory that contains all the parameter files used by the thermodynamic approach 

(‘PRIMER_THERMODYNAMIC_PARAMETERS_PATH’ in Primer3). If this is unticked, Primer3 will 

not be able to locate the files it needs. 

‘Include advanced settings’ tick box at the bottom. In order to make PrimerPipeline even more 

user-friendly, many of the Primer3 settings that will not be needed by the average user have 

been placed in the advanced settings. However, if you wish to change more settings, click 

‘advanced’ at the bottom for the full functionality of Primer3. 

the option to pick ‘ (internal oligo)’

‘ ’ ‘Mispriming ’ ‘ ’

http://primer3.ut.ee/
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Tip: There is a lot of advice online about designing primers which you can read; however 

here are some of my suggestions of settings to change to design better quality primers: 

 

1. ‘PRIMER_MIN_SIZE’, ‘PRIMER_OPT_SIZE’ and ‘PRIMER_MAX_SIZE’  

I advise primers to be between 18-30 bases, optimum 20, this will make sure the 

primers are specific and increase amplification success. 

2. ‘PRIMER_MIN_GC’, ‘PRIMER_OPT_GC_PERCENT’ and ‘PRIMER_MAX_GC’ 

I recommend that the primer GC% be between 40-60%, with the optimum 50%. This is 

due to fact that there are three hydrogen bonds between G and C, whereas there is only 

two between A and T. This means the bonds between G and C are stronger, and a good 

percentage of C’s and G’s across your primer will ensure the primers will bind affectively 

and increase amplification success. 

3. ‘PRIMER_GC_CLAMP’  

For the same reason as above, it is good to have a GC clamp at the end of your primer, 

meaning the primer ends in a G or C (3’ end). Default is 0, meaning not all primers will 

have one, you can change this to 1 if you want a GC clamp. 

4. ‘PRIMER_PAIR_MAX_DIFF_TM’ 

This is the maximum acceptable difference between the melting temperatures of the 

left and right primers. Default is 100, however for PCR it is better that the annealing 

temperature of your primers to be similar. I advise you to change this to 2. 

5. ‘PRIMER_MAX_POLY_X’ 

This is the maximum allowable length of a mononucleotide repeat within a primer, for 

example AAAAAA. I advise a maximum repeat of 3. This reduces the chance of slippage 

occurring during annealing step of the PCR reaction. 

 

Other things you could consider changing are the annealing temperatures (‘PRIMER_MIN_TM’, 

‘PRIMER_OPT_TM’ and ‘PRIMER_MAX_TM’) and product size range  

(‘ ’).



Appendix C – PrimerPipeline Manual 
 

307 
 

4.0 Output Files from PrimerPipeline 

During each run, PrimerPipeline creates nine files. These files will be placed in the same 

location as the original input file. 

Files are named after the original input file, for example, when using the input file name 

example.fasta the files will be named as follows: 

 

4.1 Trimming 

1. example_TrimSettings.txt (The trimming settings file so that for every run of 

PrimerPipeline there is a record of what settings were used (a duplicate 

TrimSettings.txt settings file is created in the same folder as PrimerPipeline.exe)). 

 

4.2 MISA 

2. example_misa.ini (MISA settings file. PrimerPipeline will read and write your MISA 

settings to this file (a duplicate misa.ini settings file is created in the same folder as 

PrimerPipeline.exe)). 

3. example.misa (The output file from MISA, containing details of the microsatellites 

found). 

4. example.misa_statistics (The MISA statistics file containing details of the MISA step, 

including how many files were examined). 

5. example.p3in (Input file for Primer3). 

 

 

 

Note 6: Running Primer3 only 

Drag the Primer3 input file, example.p3in, into PrimerPipeline if you want to re-run the Primer3 

stage only, PrimerPipeline will then ask for the example.misa file, direct it to this file, and then 

you can adjust primer3 settings and click Process Pipeline to re-run Primer3 and results stage. 



Appendix C – PrimerPipeline Manual 
 

308 
 

4.3 Primer3 

6. example.p3out (Primer3 output file, containing details of all Primers designed) 

7. example.Primer3_ErrorLog.txt (Primer3 error log file) 

8. example.Primer3_Settings.txt (Primer3 Settings file, (a duplicate 

Primer3_Settings.txt settings file is created in the same folder as 

PrimerPipeline.exe)). 

4.4 Results 

9. example.FinalResults.csv (This is the Results file that can be opened in PrimerPipeline 

and also excel) 

 

5.0 Running the Pipeline 

 When happy with the settings for all three stages, return to the Selected Files tab 

(Figure C2) 

 Select your file so that Process pipeline button becomes enabled (blue), then click 

Process pipeline button to start. 

 The pipeline will now run until results are ready.  

 In the ‘Status’ column you will always be able to check the progress of the pipeline, it 

will state which step (of 3) it is on and the percentage complete.  
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Figure C9. While PrimerPipeline is running you can ‘Move to next task’ or ‘Cancel process’ at 
any time. 

 
 

5.1 Step 1.  

This step incorporates Sequence trimming and MISA (finding microsatellites), and when 

complete makes a Primer3 input file for the next step. 

 Within the ‘Current task details’ column the ‘SSR results (found/read)’ are shown 

and updated every 50 sequences, therefore is constantly updating (Figure C10).  

Note 7: Move to next task/ cancel process 

At any point during the process you can ‘Move to next task’ or ‘Cancel process’. To do this right 

click on the running process and the options will pop up like in Figure C9.  

If you click ‘Move to next task’ during ‘Step 1/3 – Searching for microsatellites’ PrimerPipeline 

will continue with ‘Step 2/3 – Running Primer3’ will the microsatellites already found. 

If you click ‘Move to next task’ during ‘Step 2/3 – Running Primer3’ PrimerPipeline make the 

results file with the primers designed so far. 
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 Within the ‘Status’ column the percentage complete compares the amount of 

sequences read to the total number of sequences in the input file (Figure C10). 

 

 

 

 

 

 

 

Figure C10. How PrimerPipeline looks whilst running step 1/3 – Searching for microsatellites. 
 

 

5.2 Step 2.  

Running Primer3 (Figure C11 and 12) 

Note 8: Current task details for Step 1 

In the ‘Current task details’ column ‘Read’ = the number of sequences read by PrimerPipeline so 

far (Read for the Trimming stage, not necessarily searched for SSR’s, this depends on your 

trimming settings); ‘found’ = the number of microsatellites found so far. 

Tip: If your sequences are listed in size order, smallest to largest sequence, (like outputs 

from SOAPdenovo are) then it will take proportionately longer per sequence to 

complete, therefore , during ‘Searching for microsatellites’ and ‘Running Primer3’ the 

percentage complete will increase quickly at the start and slow down towards the end.  
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 During the Primer3 step the ‘Current task details’ and percentage complete in 

‘Status’ updates every 30 seconds. This was a decision based on a compromise to 

keep the user informed during the process but not to significantly increase running 

time. So for the first 30 seconds of Primer3 running, the ‘Current task details’ will say 

‘(updates every 30 seconds)’ as in Figure C11.   

 After 30 seconds the ‘Current task details’ will show ‘Results found (valid/total)’ 

(Figure C12). 

 In the ‘Status’ column the percentage is calculated by comparing the total amount of 

sequences in the Primer3 input file to the amount of sequences so far in the Primer3 

output file. 

 

 

 

5.3 Step 3.  

Creating Results file.  

 This is a very quick step, therefore is usually not shown on the display. 

 When PrimerPipeline has finished (Figure C13) you can right-click on the file and go 

to ‘view results’ which will take you to the Results window (Figure C14).  

 

5.4 Time Taken 

Steps 1 and 2 are the longest steps; with time taken depending on your computer 

specifications, your input file and the settings that are chosen (e.g. number of sequences 

being read, the number of sequences that go through to the MISA stage, number of 

microsatellites found, and the number of primers that can be designed). Therefore it is 

Note 9: Current task details for Step 2 

In the ‘Current task details’ column ‘total’ is the number of sequences (that contain an SSR) 

that have been read so far and, ‘valid’, are the number of results that Primer3 has been able to 

design primers for. 
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difficult to predict the total time taken for each process, (however if in a hurry, please see 

Note 7). 

 

Figure C11. How PrimerPipeline looks for the first 30 seconds of step 2/3 – Running Primer3. 
 
 
 

 

Figure C12. How PrimerPipeline looks when running step 2/3 – Running Primer3. 
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Figure C13. How PrimerPipeline looks when the pipeline has finished. 
 
 
 
 
 

 

Figure C14. PrimerPipeline Results Window. 

 



Appendix C – PrimerPipeline Manual 
 

314 
 

 

Figure C15. PrimerPipeline Results Window displaying information added in the ‘Details’ 
column of the FinalResults.csv. 
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6.0 Viewing results 

When the pipeline has finished, the status will say ‘Processed’ (Figure C13). Right-click on 

the file, and click View results, this will open the ‘Results’ window (Figure C14). 

 Viewing. You can view the results with or without the Data (Data means the 

sequence in the output column) by selecting or deselecting Include data, and you 

can chose whether to have the data highlighted or not, again by selecting or 

deselecting Highlight data and Highlight in bold. 

 

 

 

 Ensuring correct results. The status at the bottom of the ‘Results’ window (Figure 

C14) shows the results from an automatic check. The program has checked that the 

microsatellite and primer positions are in the correct order and do not overlap with 

each other. So you know that no errors in Primer3 have been made. If you see that a 

few primers are not correct, you can select Correct results only in the ‘Settings’, and 

click the Export button at the bottom (Figure C14), PrimerPipeline will ask you to 

‘Save as’ to export all the correct sequences into a new .csv file.  

 Exporting. If you wish to make a new .csv file with selected sequences only, click the 

boxes to the Left of the ‘Summary’ column, of the chosen sequences and then in 

Export Settings, click Selected results only before clicking the Export button at the 

bottom of the page. 

 Copying. You can copy and paste sequences with formatting (with the forward and 

reverse primers and SSR highlighted) into Word, powerpoint, ect, if you wish.   

 Using the results file in Excel. It is useful to open example.FinalResults.csv file in 

excel to edit, it is very flexible and allows you to plan your next steps in the 

microsatellite development. For example: 

1) To order the sequences by SSR type or length. 

Tip: We recommend viewing the results with Include Data, Highlight data and Highlight in 

bold all selected because seeing the sequence with primers and SSR clearly defined 

allows you to check the flanking regions and pick the primers you will test in an easy, 

well informed way.  
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2) To add a more user-friendly name for the primer pairs that you will order (a 

‘Details’ column in the FinalResults.csv file is felt empty for this purpose, see Figure 

C15). 

3) If you’re only interested in certain SSRs, you can make a new .csv file with only 

dinucleotide microsatellites or with a certain size range so you can open a smaller, 

more manageable number of sequences in PrimerPipeline ‘Results’ window.  

 

 

 Reopening Results files in PrimerPipeline. To reopen a file in PrimerPipeline save as 

.csv and drag into PrimerPipeline, it will recognise the file as a results file and 

immediately say ‘Processed’ in the ‘Status’ column, allowing you to right click on the 

file and click on View Results. 

 

6.1 Results Window: Each column explained 

1. Summary  

Containing:  

Details: Is the empty ‘Details’ column in the .csv file, allowing you to give the primers 

a new name or add any other extra information. If you write it in the column in excel 

and save as ‘.csv’ it can be displayed by PrimerPipeline. If you haven’t added your 

own names, this will be empty like in Figure C14, if you add a detail; it will look like 

Figure C15. 

ID: Is the ID of the sequence from the original input file uploaded. 

SSR: The SSR type and number of repeats e.g. (TG)24 

2. # Correct: The number of primer pairs that are correct (out of however many you chose in 

the Primer3 settings ‘Number of primers to return’, default is 5). Correct means forward 

primer first, SRR then reverse primer with no overlap between the three. 

3. Correct Primers: States which primer pairs (called 1 to 5) are correct. 
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4. Highlighted: This column has a drop down menu to enable you to change which primer 

pair is shown overlaid on the sequence, for each microsatellite. All show Primer pair 1 as 

default because Primer3 sorts primer pairs by quality, 1 being the highest quality. However 

if you are looking for a different product size for multiplexing then you may wish to use one 

of the other Primer pairs. 

5. Has Overlap: Tells you if there are any overlap between the microsatellite and each 

primer. If you select Correct only under ‘Settings’, or if the status says 100% correct, then 

this will be ‘No’. If there are overlap it will say ‘Yes’, avoid these primers if you can.  

6. Output: This column shows the sequence in normal text, and if Highlight data and 

Highlight in bold are both selected the microsatellite (SSR) will be overlaid in red, and 

forward primer in green and the reverse compliment primer in blue (see key on Figure12). 

This allows you to easily view and check your primers. This column is only there if Include 

data is highlighted in ‘Settings’. 

7.0 Tips 

1. Not finding enough microsatellites?  

Consider relaxing the settings. To see where you need to change your settings first check the 

‘example.misa_statiz`stics’ to see how many sequences were examined and compare this 

number to the total number of sequences in the original input file. If there is a large 

difference, it means that the Trimming step is possibly too strict, and isn’t letting enough 

sequences through to the MISA stage. Consider decreasing you minimum sequence and 

increasing your maximum sequence.  

If the trimming settings are fine, in the MISA settings consider decreasing the minimum 

repeat so that smaller microsatellites can be found or allowing interruptions so that 

compound microsatellites can be found. 

 

2. Not finding enough Primers? 
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If you are finding plenty of microsatellites but are not getting enough primers, it may be due 

to the position of the microsatellite in the sequence. If the microsatellite is at the very 

beginning or very end of the sequence there is no room for Primer3 to design a primers 

around it. Check this by looking at the ‘example.misa’ file and looking at the start and end 

column. This shows where the microsatellites are located in the sequence. 

There are a lot of settings during the Primer 3 stage which you can adjust, it is always a 

compromise between quality and quantity of primers. Look into more detail at the Primer3 

settings and consider making them more relaxed. To read more about Primer3 settings 

please visit Primer3’s website here (see Note 2 to run Primer3 only, without having to re-run 

Trimming and microsatellite mining steps).  

  

http://primer3.ut.ee/
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Appendix D - Microsatellite Development 

 

Appendix D contains details of all correct microsatellite primers tested for each species 

during microsatellite development. 

In the tables within this appendix, each microsatellite is colour coded relating to the 

outcome of testing each primer. The meaning of each colour is shown below: 

 

 Tested but not continued with 

  

 Chosen for publishing but not used in ongoing analysis 

  

 Chosen for publishing and used in ongoing analysis 

 

Microsatellites chosen for publishing were renamed, as shown in the tables, and their 

sequences were submitted to Genbank. 
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Table D3 ................................................................................................................................. 341 



Appendix D - Microsatellite Development 
 

321 
 

Amphinemura sulcicollis 

Table D1. Details of microsatellite development for Amphinemura sulcicollis. Microsatellites were initially named Amp_1 to Amp_75, however Amp_1 to 50 

were incorrect due to an error in primer design. This table details Amp_51 to Amp_75, containing the microsatellite number (No.) in order of testing; 

original Contig ID from Next Generation Sequencing, the Name, SSR (Simple Sequence Repeat), Forward primer, Annealing temperature (Tm) of the forward 

primer, Reverse primer and corresponding Tm, the Product size of the amplified region, and details of the Outcome from testing this microsatellite. The 

corresponding sequence can be found below each microsatellite with the forward primer highlighted in green, the SSR highlighted in red and reverse primer 

highlighted in blue and all underlined. 

No. Details SSR Forward primer (5'-3') Tm 
(oC) 

Reverse primer Tm 
(oC) 

Product 
size 

Outcome 

1 ID: 

3251325_length_3685_cvg_19.5 
Name: Amp_51 

(GT)28 ATCCGCTCAATCACACTG
CA 
 

60 CCTATCGAGTATCGCGCAG
G 
 

60 274 No samples successfully 
amplified in 1st round of 
analysis -rejected  

GGCGTATCCGCTCAATCACACTGCACCAAAATTCACAGGTCGCGTTTTGTGTGTGTGTGAGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGT

GTGTGTGTAAGTGTGTGTGTGTGTGATGCTTAGTACCTTTAAGTAGTCGAGATCACTTGCAAAGTTAGACAGTTCAAATATCTTGCAGCTCGTTGCCGGCAAAGTGGCA
TAGTATCTCACCAACTAATTGGATTACATTACTTGACACTCGCCTGCGCGATACTCGATAGGCTCAAAAACAAGCGAAACATACTGAGATCTTGTTGGGATCTTACTGG
GATCTTGGCTAGGAGCTTGCCAGCCACACGGTGAGCCCACATGGCACAGAGCA 

2 ID: 
3253285_length_4017_cvg_18.2 
Name: Amp_52 
New name: Amp_13 
Genbank #: KR069027 

(CT)27 
 

TCACACGCTCTATACACC
GC 
 

60 TTTCTACCCTCTGTGTCGC
C 
 

59 151 Through to 2nd round 
of analysis, but not 
found to be in HWE - 
accepted for publication 
and ongoing analysis.   

GACGATTTTTCCACTTCCACAACTTTTCCGCCATCAACAAGCTAGAAGGTCATCACTGACAAACATTTTCCAAGAACCAACACCATGGGCTACATCACCGTCACACGCTC

TATACACCGCGTTTTCCCATCCAACAAGAACGTCATTTACTTTCCTCTCTATTAACTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCGAGGC
AGTGCCGGCGACACAGAGGGTAGAAAAAATACTTCCTTTGTCTCCTTTAATGCATTTGATTAAATAATTCACATTTCGAGCCTATTATTCTTGATAAGGTTTTGCGTAAA
GTGTCAGAAGCAGAAA 
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No. Details SSR Forward primer (5'-3') Tm 
(oC) 

Reverse primer Tm 
(oC) 

Product 
size 

Outcome 

3 ID: 
3237201_length_2407_cvg_18.8 
Name: Amp_53 

(CA)26 ATTCCACCCATCACAGCT
GT 
 

60  ACATACAGTGACAGTCCC
GTT 
 

59 185 No samples successfully 
amplified in 1st round of 
analysis -rejected 

GATAGGTACGTTTTATAATTTTGCTTCTTAGTTTGCGACATTTTTAATGTTGATCACATACAATTACGTGCATGAAAACGATTGTAAAATGCTTGAACACATTCCACCCAT

CACAGCTGTGTATGCTGATAATTATTTAAAGTCACCACACACACACACACACACACACACACACACACACACACACACACACACACACCCTCACACACACACACACCA
ACATAAAAGTTAATCACAACTGCGACAAATTTTCTAGAAAGTTAAAACGGGACTGTCACTGTATGTATACACACACGACAATTTAGCCTGATAAATTACCTCAAAGCTA
GACGAC 

4 ID: 
3197869_length_1335_cvg_16 
Name: Amp_54 
New name: Amp_18 
Genbank #: KR069032 

(AG)25 
 

CATCCCCATACGGCGGTT
AA 
 

60 TTGCTCTCTCCCTTTCCCCT 
 

60 171 Through to 2nd round 
of analysis, but not 
found to be in HWE- 
accepted for publication 
but not continuing for 
ongoing analysis. 

ACGAGACACGCAATGTCACAACAAATTCTCGCAAATTACAAACAGCAGCGACGTTCAGACCATCAAAGGGTCGCGAGGTCAAAACACCATTGTCATCGCGCATCCCCA

TACGGCGGTTAACAAGCGCCGAACAATTTGAAAGGTGAGGAATGCAGATTTGCTGCAATGTCGTCGCCGTCGTCGCGGTGAAGAGAGAGAGAGAGAGAGAGAGAG

AGAGAGAGAGAGAGAGAGAGAGAGAGAACGCGAGAGGGAGGGGAAAGGGAGAGAGCAAGCCGCCCACCCGGATGGCCCCGCGCCGAGAACTAGAGCGCCTGG
CAGAGTGCAGACACGCCCTAGCCAGACCCGTGAAGGTCATCTCGCGGCAAAAGATT 

5 ID: 
3176935_length_1107_cvg_12.9 
Name: Amp_55 
New name: Amp_2 
Genbank #: KR069016 

(CA)24 
 

GTGTGAAGTGGAGGCTG
TCA 
 

60 ACAGCGCAAACTAAATCG
CTC 
 

60 233 Through to 2nd round 
of analysis, and found to 
be in HWE in both 
populations tested – 
accepted for publication 
and ongoing analysis.   

GTGCGCTCAGAATCGCAGCGCTGCCTTTCACCATCGGCACGGCGTGCTTTCTTTCAGGCGTCGCTTTGAAGGCGACGCCCGGCGCCCGACGCCGGCGAGTGTGTGAAG

TGGAGGCTGTCATCCGAGATAACGTGATCATCTAGGCGTGCGCTGAACTGCTTTGACGAGGACACCCCGAACGCGATGGATCCGATGGAACGGATTGATGATTGAAA
GGATTTACTTTAATACACCCAGCACTGCATGCACACACACACACACACACACACACACACACACACACACACACACACATAGATACTTGCACACAGAGAGCGATTTAG

TTTGCGCTGTTTTGCACCATTACGCGCTCGGTTTGTGAACCAATCCGCTTTGAATTTACTTTGAGACTGAGTAGCAGGATGTCTTTTGTTTTTGCGTTTAATGAATTGGA 
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No. Details SSR Forward primer (5'-3') Tm 
(oC) 

Reverse primer Tm 
(oC) 

Product 
size 

Outcome 

6 ID: 
3260393_length_6163_cvg_20.1 
Name: Amp_56 
New name: Amp_21 
Genbank #: KR069035 

(TG)24 
 

AGACGCAGCGAATTTAG
AGGT 
 

60 TGCAAATGGTCACGTTACT
GTT 
 

59 249 Through to 2nd round 
of analysis, but not 
found to be in HWE- 
accepted for publication 
but not continuing for 
ongoing analysis. 

CCCGCCGACCTCAGAGCAGTGGGCATCCCCTCCCTCAATGATCCGAGGCCGAGGGGGTAACTAGCTTACAGATATAGGAATATAGGCCGTGATTGGAATTAGACGCA

GCGAATTTAGAGGTAGTTACCCTTGCAGGTGGATTTTTAATTTTAGGTATTTGTGTGTGTGTGTCTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTG

TGTGATTTTCAAAACAGTTTTTGTTTACGATATAACTTTGCATAATATGTGTGTGTAAAGAAAGATGATTTATAAACCATGTTATGCTTTTTATTATTTAGTAATATTTATA

ACAGTAACGTGACCATTTGCAATTACAACCACTTTCAATTTATTACAGAACTCGGTTGAAATTTGAAAAATCTTTTGGTTTGTAGTTTCTATAGGTGGGTTTACCATAAG
GTGAGCCGGAT 

7 ID: 
3250749_length_3601_cvg_19.1 
Name: Amp_57 
New name: Amp_1 
Genbank #: KR069015 

(AG)23 
 

TCAACCTATGGATCTGG
AAACGA 
 

59 TGCATTTCCTTTCTCTTTCC
AGC 
 

60 199 
 

Through to 2nd round 
of analysis, and found to 
be in HWE in both 
populations tested – 
accepted for publication 
but not continuing for 
ongoing analysis. 

ACTGCTCTCATATCTTGAATGTGCATTTGTTTCAAGATCGGATAATGTTAAATGCTCACAGTTGTAGATTTAAAGTACCCAGCATTCTGATGTATTTTTTTCAACCTATGG

ATCTGGAAACGATAAAATCAGAATAACGAAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAAAGAGAGAGAAAATAAATAAATAAAT
AATTCTACGGCTATCCAAATACATGGTTGACCATATTAATCTTTATTATAAAATAAAATGAAAGCTGGAAAGAGAAAGGAAATGCAGCTTACAGTGAAAAAAAGAATA
TTGGGCTGCCACAGTACTTGTAGATGGAACGAAACGTTTCGGCGTCTGCCTTCGTCAGTTTGATGAGAAATGATGTCA 

8 ID: 
3257949_length_5134_cvg_20.5 
Name: Amp_58 
New name: Amp_3 
Genbank #: KR069017 

(TG)23 
 

GCCGTGCAGATCTCCAT
ACT 
 

60 ACTCACCTGCCTCGAACAA
G 
 

60 185 Through to 2nd round 
of analysis, and found to 
be in HWE in both 
populations tested – 
accepted for publication 
and ongoing analysis.   
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No. Details SSR Forward primer (5'-3') Tm 
(oC) 

Reverse primer Tm 
(oC) 

Product 
size 

Outcome 

TTTATCTCATCTCATGAAAACAGAAACCTGATGTTTATAATTTTTCAAATATAGTTACCCTAATAATAGAACAAATTCGCACGAAACCTTGTTGTTTTTGGCCGTGCAGAT

CTCCATACTTCCTAAAGTAAGCCCCTTTATGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTACAAATTTTATTGGTGCTTTAAACGCAACGAGG
ACAATTTGACTGGAACTAATTTAAAGATAAAGTCTGGCAACAAGGCTTGTTCGAGGCAGGTGAGTAGAAACTAAAACGCGTTGCCATCTGTCCTGTTCCTCGCAAGCA
GCTACCGGCAAAAGTGCGTATACTAGTGCCTATGGCTGGCTGGTACCACAGACTGGT 

9 ID: 
3257095_length_4889_cvg_17.8 
Name: Amp_59 
New name: Amp_11 
Genbank #: KR069025 

(GT)23 
 

CATTTTGCTGCCCAGTTG
CT 
 

60 AAAAGCCGCGAACACACA
AA 
 

60 250 Through to 2nd round 
of analysis, and found to 
be in HWE in one 
population – accepted 
for publication and 
ongoing analysis.   

TATGTGTCATGAAGAAAATGCCTGGTTTTGAAAATAGTAGGTTTAGATCTGCAAGAATTGCAATTCAACTTTGCCTTTCAACTTGAACCTGGGAAGTGGCCATTTTGCT

GCCCAGTTGCTTAGAAAAATAATAGACACAGCGTTTAAGATAAATACAGGTGCTTTTTTCAATTCTTGTATACATAGAAATAACTCTGGAAGGTAAAGATATTCCGTTCA
TGTGTGATATTCATTGACTCTTTCAATTACACTGATCCAGAATGCTCATCGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGCGTTTGTATGTTT
GTTTGTGTGTTCGCGGCTTTTCGCTCGCAGCGTAGCGGCCAAACAAAAGCACGGATTGCGTTGTAATTTTTAGGGAACCTTTTAAGGTTAGATACCCATTGTTTTTGAG
GACGATCCGAGC 

10 ID: 
3260569_length_6259_cvg_18.2 
Name: Amp_60 
New name: Amp_5 
Genbank #: KR069019 

(AG)22 
 

CCAGGGAGGTGATTGCA
AGT 
 

60 TCCGGTGGACTGCACAATT
T 
 

60 189 Through to 2nd round 
of analysis, and found to 
be in HWE in both 
populations tested – 
accepted for publication 
and ongoing analysis.   

CCCATGGGCTACCCAGGGAGGTGATTGCAAGTATTTTTGTAGTTTGTAAGGTGCAAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAAAG
AGAGAGAGACAGCCGCTCGTGGCCACGGCTGGCAGCGTGAGAGATAAGACACCAAGAGAGAAATGAGAGACAGCACCAAAATTGTGCAGTCCACCGGATTCGGCA
CCAGCATCTTCGATCTCAAGCAACAGTCTTGTGAATGCAGTAAAATTTCTATTCTCCAGCCAATACATAATTAGACTGATAATTTGAAATTTG 

11 ID: 
3256387_length_4696_cvg_17.2 
Name: Amp_61 
New name: Amp_9 
Genbank #: KR069023 

(GA)22 
 

TCAAGCGGTCTCCTTTGC
TC 
 

60 CCCTTTTCACGCATCGCAA
T 
 

60 204 Through to 2nd round 
of analysis and found to 
be in HWE in both 
populations – accepted 
for publication and 
ongoing analysis.   
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No. Details SSR Forward primer (5'-3') Tm 
(oC) 

Reverse primer Tm 
(oC) 

Product 
size 

Outcome 

ATGCGACAAATCGTGGAGTTTTCCTCGACGACGGAAAGCCGAGGGTGCTGTACGAGAATTTATCGTGATCTCTATGCTCTTTTAACATGTCGCACTTCTCTCAAGCGGT

CTCCTTTGCTCTTGTAGCCGCTATGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGGGAGGGAGAGAGAGGCCCAAACTTTACATGACAC
GGGAGTTTGTCATGACTGTGTTTTGGCTAATAAACTATTTCTGTCGTGGTGCAAGGATTTATCAGACCCAACATTGCGATGCGTGAAAAGGGAATGTAATGTCACACTT
CAAGTACTGCCTTGGATGATTGATTAGAAGATATAAAATTTTAGCATTTTTTGCCAAGATATCAGAATATATTTAAGATTTTT 

12 ID: 
3251643_length_3736_cvg_23.3 
Name: Amp_62 

(AC)21 CAGAGCGCGAACAAACA
GG 
 

60 GCACAATTGACCTTCTTTC
ATGC 
 

59 275 No samples successfully 
amplified in 1st round of 
analysis -rejected 

TGGATTTATTGAAAATTGAATTAGGTTCAAGTTGAGAACACAAACACCTGCCCTCCAAATTTGGTTCAAATCGGTGCAGGCGTTTGGCCGCCAGAGCGCGAACAAACA

GGCGAAACACACACACACACACACACACACACACACACACACACACACAAAAGTGCTTCTTTTCTACCGTATGTGAAATTGAAGATTTCGCTTGCTACGCTCATCAATT
AGAGTAGGTTATTAGTCGGAATTCAAGTAAAATAGGTTAGTCTCATTTTTGTAATTTTTATTGTAATAGTTTATTTTTCAATTTCTTTGCAGAAACACTCTTTAAGTTGGTT
ACAACAAAATACGAGCATGAAAGAAGGTCAATTGTGCATAAAATACATCATGATAAAATTAAAACCAAATACCAATATACAGTCAATTTATACAGATAAATCTATACA
ATTCTGTAATTATGTATATATTATTATAT 

13 ID: 
3196705_length_1320_cvg_11.6 
Name: Amp_63 
New name: Amp_8 
Genbank #: KR069022 

(GA)21 
 

CGGATCGGATGCAGTGG
TTA 
 

60 GTCGGGCAAGTGACTAGA
GG 
 

60 125 Through to 2nd round 
of analysis, and found to 
be in HWE in both 
populations tested – 
accepted for publication 
and ongoing analysis.   

GGCAAGCTGGGTCACTGAACTGCTGAAGAGGACCCGCCACTGCCTTCTCCGGCGACCGACTCGAGCGGACTGCGAGGAGTGAGGACTGACCATGATTCGGCGGATC

GGATGCAGTGGTTACCTGCGCTGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGCTTATACTCGCGGTCGACAAACCTGAGGGTGGCGCCTC

TAGTCACTTGCCCGACGATTGGGCAACATAACAAAATGAAAGCTTAGCGTATGCTCCAAAGCTTTAAATTTTGATAAATAAGTACCCTAGGAAAGCTGGACGTATTTGT
TTGTTTG 

14 ID: 3192841 
Name: Amp_64 
New name: Amp_15 
Genbank #: KR069029 

(TG)21 
 

GTGGGATAAGCGCCTAG
AGTT 
 

60 GTTAGGGTCGGCATGGAA
CT 
 

60 235 Through to 2nd round 
of analysis, and found to 
be in HWE in one 
population – accepted 
for publication but not 
continuing for ongoing 
analysis. 
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No. Details SSR Forward primer (5'-3') Tm 
(oC) 

Reverse primer Tm 
(oC) 

Product 
size 

Outcome 

GACTATTGAAACGCACACGACCGCGGTTAACAACGCAAGTTCGTATAAAGCCAGCTGGCATCGCAACGCAACGATAAAAACACTCTGGCCGGATCGCGATGTGGGAT

AAGCGCCTAGAGTTTTTAATGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGCAAACTCGAAGATCGAAGCCGACTCGCAGACCCTACTCGTGAAATCC
CAGCCTAGCCTAACCAATCCAAATCCAGTTCTGCAGAGAAACTGCGTGGTGAAACCCCAACCAGGCCTTGAACGGCTGTGACTGAAACCCCCCGTCACGAAGTTCCAT

GCCGACCCTAACCCTAATTCTAAGAACCCCAGCTAATCTAACTTAACTCGGCCCGCCAGCGCATCTGCACGGGCTTCGTTGGCTTCCCCGGAATGCAGAAAACATCCCG
AGA 

15 ID: 3257263 
Name: Amp_65 
New name: Amp_14 
Genbank #: KR069028 

(CA)21 
 

GCAACATTCAGGTCAAC
GCA 
 

60 GGCAGGAGAACACAACAC
CT 
 

60 178 Through to 2nd round 
of analysis, but not 
found to be in HWE- 
accepted for publication 
but not continuing for 
ongoing analysis. 

AACTCTAACAAATATTCGGTAACGAAAAAGCTCTTGATCCATAAATATTTTTAACGCCACAACCAAGGGCTAAATTTTCTTCCCACGTGTGCCAAGTTTGGCAACATTCA

GGTCAACGCAAACTCAAACGCACACACACACACACACACACACACACACACACACACACACAATTCCATCGGTAAAGGCATAGACTATAGATAAAGGTAAAGGTAAA
GGTAAAGGTAAAGGTAAAGGTAAAGGTAAAGGTAAAGGTAAAGGTGTTGTGTTCTCCTGCCTGTTAACAACGTAACAAAGCAAAACAGGTCGACTTTATTCGAAATT
GCAACCATCACTTCTAACACCCATCTCAAAAGGAGCAACTGCAAATCCCCAAGG 

16 ID: 3197241 
Name: Amp_66 
New name: Amp_4 
Genbank #: KR069018 

(TC)20 
 

GGTCGACGCTGATAGTT
TTCC 
 

59 AGAAGGATTATGGGAGGA
GGAGA 
 

60 152 Through to 2nd round 
of analysis, and found to 
be in HWE in both 
populations tested –
accepted for publication 
and ongoing analysis.   

CCGCGAGCCAACCAGCGTCGCCGAAGCGACGAAAGAGTGACTATGAGATCCGGTCGACGCTGATAGTTTTCCTATGAGAGCGCCAGTGTCTTGCCCAACAATTGTGA
TCACAGCCCATGCCCATCATCAATCAATTACGTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTTCTCCTCCTCCCATAATCCTTCTCTATCTTACAAGCTAATTA
GCAACCTGTGCGACCTCTTTATGCACACACTGGTAAAGCCAATCGGAGATTTGTTTATTTCAGGGAACCCAATGTCATAGG 

17 ID: 3212711 
Name: Amp_67 
New name: Amp_16 
Genbank #: KR069030 

(AC)20 
 

TATCCAGCAGACATCGC
CAG 
 

60 GGGACCCTTGTGAGTCGG
TA 
 

61 250 Through to 2nd round 
of analysis, but not 
found to be in HWE- 
accepted for publication 
but not continuing for 
ongoing analysis. 
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No. Details SSR Forward primer (5'-3') Tm 
(oC) 

Reverse primer Tm 
(oC) 

Product 
size 

Outcome 

GTGGATTTTGAACTCTGTGTTCTTAGGCACAGCACAAACCTACAACAGTGCTGCCGTGGTGGTCACTTTAATCAACTTATACGCTAGAAAAACTACGGCATATCCAGCA

GACATCGCCAGTGTTTGCTCAGTTAAAGTGAGCAAAATCTGTTCACAGCTTGTCTAATTGTATTGTTAACTAAACTAAAGCCAACCCTTCTCACTTCACATGGCAAAACA
CGCATACACACACACACACACACACACACACACACACACACACACAGATAAATAAGCTAGCTCGAGTCGTTCACATATCAAACTACACACGACTCACTCCACAGAATTA
ATTACCGACTCACAAGGGTCCCCCCCCCC 

18 ID: 3171045 
Name: Amp_68 
New name: Amp_7 
Genbank #: KR069021 

(GT)22 
 

TAACGCACTGTGTACGC
ACT 
 

60 CCCAAATTGTGATTGGCCG
T 
 

59 278 Through to 2nd round 
of analysis, and found to 
be in HWE in both 
populations tested – 
accepted for publication 
but not continuing for 
ongoing analysis. 

GCCCGGGATCGAGACAAGCTCACAAGCATAACGCACTGTGTACGCACTTTCTATCTTAACGACGCACTTTCGCCGCTGCGTTTATCGCCGCTTCATCTCGAGCACGCAT
CATGCGTCTAGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTAGAGAAAGTGCGTGCTTTCGAATGTGCGCGTGTCGTTATTTTTCATGCGGCTCA
CACACATGAACATTTTGCGTTGTGTGTTTGTCGTACGCGGCCGACTAGATTCGCTGTTCACAGTGGCGCACGGCCAATCACAATTTGGGAGAATTTTGTTTGAATATTT
GTAGGTCTTAAAGACCTGGTAGTCTGAGTCTCATATCACAGTTGAAGCAAAATCTTACAGAGTTGACTTCAAAGATGAAG 

19 ID: 3151381 
Name: Amp_69 
New name: Amp_19 
Genbank #: KR069033 

(TG)24 
 

ATCCGCTCAATCACACTG
CA 
 

60 CTGAAATTTCGCCAGGTGC
C 
 

60 177 Through to 2nd round 
of analysis, but not 
found to be in HWE- 
accepted for publication 
but not continuing for 
ongoing analysis. 

GGCGTATCCGCTCAATCACACTGCACCAAAATTCACAGGTCGCGTTTTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTTTGTTGTGACCA
GAACCCATGAGCTCAAATTTTCTAGGGATTGGAGCAGTGCTGAGAGTGATTTTCGGCACCTGGCGAAATTTCAGCCCTAACCTCGGATTGAAATAAAAACACGTTTTG
CAGGTGTAACTTGTAAGATCCGGGCAGTACTTTTTTACACATAGGGTCTTTAAAAGGCCTTTTTGA 

20 ID: 3182603 
Name: Amp_70 
New name: Amp_12 
Genbank #: KR069026 

(CGC)1
8 
 

CAAGTTGGAAGCTCGGG
TCT 
 

60 GTTTTTAGTGGGCCCATCG
C 
 

60 200 Through to 2nd round 
of analysis, but not 
found to be in HWE and 
low success rate- 
accepted for publication 
but not continuing for 
ongoing analysis. 
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No. Details SSR Forward primer (5'-3') Tm 
(oC) 

Reverse primer Tm 
(oC) 

Product 
size 

Outcome 

GGCCAAAAACTTTTTGCAAGCATAGCGAGTTAACATTACGCAATCTCGTCGATCAGAGAGCATTTCCTCGAGGTATTTTTCTATTCGCGGTGATTCGTATCAAGTTGGA

AGCTCGGGTCTCGGTCTTTGAATGGCTTCCAGTTCGCAATCGCCGCCGCCGCCGCCGCCGCCGCCGCCGCCGCCGCCGCCGCCGCCGCCGCCGCTGTTGGGTGGTGGG
GGTAGGAGTGCCTCGCAAACACACACTAGTTTATTGAGCCGGGGCCGCGAAGGGCTGGGGGGCGCGATGGGCCCACTAAAAACCTACCCCGCGCAGCGCAGCGCG
GCTCGCGGCTCGTGGCGGCACAGATAAGACGCAACGATCAATTTAATTACGCAAGTTTTTCCATTCGCTTAGAAATGA 

21 ID: 2754993 
Name: Amp_71 

(GT)25 CGTAATTCCGTGCAGTAC
AGC 
 

61 TGACTGACGCGCTAAGTTT
G 
 

60 205 Poor amplification -
rejected 

CAATTCCTGAGAAATTAGATTATCGTAATTCCGTGCAGTACAGCTTACAGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGCTTACCAG
TGGCGTGCAGTCCATGGAAGCAAAGAAAGTACTGCTATACCTTAGCAATGCCGTGGTCGGGCGCTTTTCAACCGACGATGCATATTAAGTTGTGAGAGCACAAACTTA

GCGCGTCAGTCATATAAATGTTGCTTTTCAAATTATTCTGTGCAAATACTCATGGTGAGTACTAGCGGCGGCTGTCGCCTTTGCACAGAAG 

22 ID: 2825633 
Name: Amp_72 
New name: Amp_6 
Genbank #: KR069020 

(AC)21 
 

TCGGTTTCACGTGCAGTT
AG 
 
 

60 TGTCAATACGTTCCACTGC
G 
 
 

61 249 Successfully amplified 
for two sites, in HWE for 
both populations – 
accepted for publication 
and ongoing analysis.   

TTTTGCCCGCCACTCTCGGTTTCACGTGCAGTTAGCACATACACACACACACACACACACACACACACACACACACACACACATCCTGGGGAAGCGAGTTAAAAGTTT
ATCTAAACGTGGAAGGAAGCGGAGAACATATAACAAATCAACTTAGAAACAGTTAAGTTAGACTGCGCTTTAAAACACAAAGAAGGTAAAGTTCGCAAGGGGATTCG
GTTGATTGAATTTCGCCGCGGGCGCTTGGCGCAGTGGAACGTATTGACACACGAGAAAGAAAAGTGAAATAATGAATTTATCGGGAAAACCTCTAGCCGCCGGCGTG
GTAATTATAAACGCTGTGGGCATACACTTT 

23 ID: 3024733 
Name: Amp_73 
New name: Amp_17 
Genbank #: KR069031 

(AC)25 
 

TGCCCTTACTGTGTTTGT
CG 
 

58 AGTGCGAATATGGGCCTG
TC 
 

60 188 Successfully amplified 
for two sites, out of 
HWE for both 
populations – accepted 
for publication but not 
continuing for ongoing 
analysis. 

TCTTATTCTTATGCTTAAATAGCACAAAATTCCATGTTTTCAAACCTTTCCGTTTTTCCGTTTTTTCTGTATTTTAATATTTTTCCGCGACGTTTTCCGGATATTTTTGCCCTT

ACTGTGTTTGTCGATCACACAAACACACACACACACACACACACACACACACACACACACACACACACACACAAAATCTCATCAAAATGCTAGTAGCCAGAGCCACCA
ATCGACCAAGTAAACGTAAATTATACTCACACTCACTCATGGACGAGGACTGCGACAGGCCCATATTCGCACTCGTAATGAACTGAATCTTTTTTTCTGTAACCAGCGC
GACAGTGATCGCCCCTCCC 
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(oC) 

Reverse primer Tm 
(oC) 

Product 
size 

Outcome 

24 ID: 2913891 
Name: Amp_74 
New name: Amp_20 
Genbank #: KR069034 

(TC)25 
 

TCCTTTCCACGTCTCGGT
C 
 

61 TGGCCTGCTCCTAGAAGTT
C 
 

60 152 Successfully amplified 
for two sites, out of 
HWE for both 
populations – accepted 
for publication but not 
continuing for ongoing 
analysis. 

TCCTTTCCACGTCTCGGTCGTTTTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCGTGTTGCTCGCGTCCGACGGCAGTTGATATGTGGATTCGC
GGTCCCCGATCTCGCGAGCGAACTTCTAGGAGCAGGCCAGGAGCAGGTCAGGAGCAGGCCAGGAGCAGGCCAGGAGCAGGTCAGGAGCAGGTCAGGAGCAGGTC
AGGAGCAGGCCAGGAGCAGGCGAGGAGGTGGCGAG 

25 ID: 2973107 
Name: Amp_75 
New name: Amp_10 
Genbank #: KR069024 

(GA)21 
 

AGAGATAGCGGCGTATC
ACG 
 

60 TTTCCTGTCCCTCACACTCC 
 

60 248 Successfully amplified 
for two sites, in HWE for 
both populations – 
accepted for publication 
and ongoing analysis.   

GGCATCGTCGACATCGAGTTGGACAGCCAAGGCCATTCCACGGGAATGTTTAGCGTAAGTATTATTATTTTTTACAGTAAAGTTCTCTGATAATTGAGAGATAGCGGC

GTATCACGGGAACGCTGTCATCTATGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGGGAGTACTAAATAGAAGTTGCTATTAGACTTAAAG
AGAGTTAGAGGGGAGAGGGGAGAGGGAGAAGCCAAAACTGAAACGAAAGCCACGGCTTTTCGAAAATTATCGGCGATGTCAACAACTTCATTAATTTTTTACCATGA
CTGCCTGGAGTGTGAGGGACAGGAAAATAGAATTTCAGGCTCCTCTCGCTTTCCTCCAAAGAATATCCTGACCCAAAGATGAAGACATCTTCCTGTTGGTTATAAGTA
GCTCCGGTCGTTGATCCT 
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Isoperla grammatica 

Table D2. Details of microsatellite development for Isoperla grammatica. Microsatellites were initially named Iso_1 to Iso_65, however Iso_1 to 44 (apart 

from Iso_12, 15, 18 & 22) were incorrect due to an error in primer design. This table details Iso_12, 15, 18, 22 that were correct despite the error, Iso_3(5), 

8(2), 14(3) that were tested again with a different primer set correcting the error (as Primer3 gives you 5 sets of forward and reverse primers per SSR) and 

Iso_45-65. This table contains the microsatellite number (No.) in order of testing; original Contig ID from Next Generation Sequencing, the Name, SSR 

(Simple Sequence Repeat), Forward primer, Annealing temperature (Tm) of the forward primer, Reverse primer and corresponding Tm, the Product size of 

the amplified region, and details of the Outcome from testing this microsatellite. The corresponding sequence can be found below each microsatellite with 

the forward primer highlighted in green, the SSR highlighted in red and reverse primer highlighted in blue and all underlined. 

No
. 

Details SSR Forward primer (5'-3') Tm 
(oC) 

Reverse primer Tm 
(oC) 

Product 
size 

Outcome 

1 ID: 
13685736_length_1337_cvg_4.7_
tip_0 
Name: Iso_12 
New name: Iso_13 
Genbank #: KR069009 

(AG)23 
 

AATACACGAGCTGGCCC
AAA 
 

60 AGGCACCCAATCAGTGAT
CG 
 

60 210 Through to 2nd round 
of analysis, but not 
found to be in HWE - 
accepted for publication 
but not continuing for 
ongoing analysis. 

 TTGTGTAATTCTTAAGGCGCTTTGCCCTGGGGAAGTCACATTAATAAAATATATAATATTCACTTATTCTATTGCGTTCACCCACTGTGCTGGGTTAACAAATACACGAG

CTGGCCCAAATATGAACAAAGAGAGAGTGAGAGAGACTAGAGACTAAAGAGAGATAGATGGATCAATGTCTTTATTTTCAGGCGTGATTAAGAGAGAGAGAGAGA

GAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAATGCGAGCGAAGCACAGGCGCATTCTGCAATCATCTATAAATACGATCACTGATTGGGTGCCTAACACATGAA
CTAGTCACCTCGTACGACATGCAGAGCGCCCTCTCCCGATAAAGCGAAGCACTAACGAAATGAAACCTACACGGTCGTCGTCCTAACCTT 

2 ID: 
13398137_length_723_cvg_4.4_ti
p_0 
Name: Iso_15 

(CT)21 GTCTGCACAGCATGTTTC
GG 
 

60 AGCGATGGGTCTGACAGT
TG 
 

60 242 After 1st round of 
analysis, low success 
rate, and no 
heterozygotes - rejected  
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No
. 

Details SSR Forward primer (5'-3') Tm 
(oC) 

Reverse primer Tm 
(oC) 

Product 
size 

Outcome 

 AAGTTCTAACGGAATAAGTTAGACACTTCGAAACGAAAGTATATTTCGAGCGAGACAAATGGACAAAGTTCTAGTTCTCGTTTGTGGGTCTGTCTAATCGGTCTGCACA

GCATGTTTCGGTGTAGTTTCGGTGTACACTTTCAAACTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCGCTCTACTCCTCCCCCAAACTCTTCACTTATATCT
CGTTGTTTTATATAATACCAATACTGCAACGATGATGATATCTTGTACAGGATTCGAACCCACGCCCTTTGATTCCGGTTGGTTTGGATCTGATCCCCTCAACTGTCAGA

CCCATCGCTGTCGAGCTCCCTACATTAGTACTTGCGTACTTGGCATTAGCTAGCGTATGATCCCTCATTGCTGGAATACAGATGAGACATCT 

3 ID: 
13619189_length_1045_cvg_4.1_
tip_1 
Name: Iso_18 
New name: Iso_10 
Genbank #: KR069006 

(AG)26 
 

CGATCTGGGCAGGACAA
GAG 
 

60 CCAAGAACTTCCAGCCCCT
T 
 

60 215 Through to 2nd round 
of analysis, and found to 
be in HWE in one 
population – accepted 
for publication and 
ongoing analysis. 
Size Range: 187-291 
No. Loci: 36 

 AACTGGTGGCTAACTGAAGACGACAGCGGTGTCGAGTCAAACAGCTGAATGTTGTTGTGTATCAGTATGTTAGCAAATGCTATGCTCGGTAGGCGAAAGTCGATCTGG

GCAGGACAAGAGCATGGAAAGGCTGTCGGATTAAACAGATAGAACGAAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGGG
ACAATGGGATGATATTTATTAGATTTGCTTTGAAAAAGAATGAGTTTTCTGACCAAGACCGAACTAAGACGCTAGACATAAATTTGAAGGGGCTGGAAGTTCTTGGGT
CTTTTGTTCAATCAAGACCACAGCTATGCAACGGTCGGCAAGAGGGTTATCACACAAGGTGGCGCCCTTCGACTTTTCAATTTCGACAAAATGGTGGT 

4 ID: 
13187499_length_589_cvg_4.0_ti
p_0 
Name: Iso_22 
New name: Iso_17 
Genbank #: KR069013 

(AG)25 
 
 

CGCCGGGGTCGTCATAA
TAA 
 

60 GTGGCCCCGAATCATCTCT
T 
 

60 196 Through to 2nd round 
of analysis, but not 
found to be in HWE- 
accepted for publication 
but not continuing for 
ongoing analysis. 

 GCATCACTATCACACCCACGTGATAAGAGCGCATCACTATCACACCCACGTGATAAGAGCGTATCACTTCACATCGCCGGGGTCGTCATAATAAGAGTCCAATAGAGG
GTTGGTGGGCATTACGCCGCAAAGAGGGCCGGCATGAATGTGAATGTGAAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGACA
TTAAAGTTAAAAAAGTGAGCAAGACCATGATAAAAGACCAAAGAGATGATTCGGGGCCACTGGTACCATAAATCCCTCCCTCCCTGATGTTCTTCCTCACATCTCACTC
GTTCTTCTTTAATGCATGGGAGGGCCCTCCCAGCTTGGAAACGCCACTGTA 
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No
. 

Details SSR Forward primer (5'-3') Tm 
(oC) 

Reverse primer Tm 
(oC) 

Product 
size 

Outcome 

5 ID: 
13595231_length_985_cvg_6.4_ti
p_1 
Name: Iso_3(5) 
New name: Iso_1 
Genbank #: KR068997 

(CT)22 
 
 

ACTTTCCATCCATGCGCT
CA 
 

60 GACTTTGGGTGACACCGT
GA 
 

60 270 Through to 2nd round 
of analysis, and found to 
be in HWE in both 
populations tested –
accepted for publication 
and ongoing analysis.  
Size range: 228-386 
No. Loci: 43 

 CGTCCGTAGAACGACAAGAGAAGAGGGCCTTGTGTTTGTTGGCTCTAGGTATCGCTACACAAATAGTGCGGCACACGCGTTTCCACTTTCCATCCATGCGCTCACCGAC
AGTCAAGCGGAGGAAGCAAACCCACTTCCCCGTCCAGTGACGTCACTACAGATAACTGTGACGTCACATGCGGTGGTTGTATCCTCACTTCACAACACTGTAATGCTCT

CTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTACGACAGTAACTGTTTCTAGGACTCGGATAGATAGATTACCTACATAAGGGGTCACCCCTCAGGAATATTTTT
GTATCACGGTGTCACCCAAAGTCGGTGCACTCTCAGCACAGATTTACACATTACAGTTACACCGAGCGTACTCTCAGTGCAGACGAGACACCGTTTGAGCACATTGTCT
ATCTTTACTATAGC 

6 ID: 
13723986_length_1898_cvg_5.9_
tip_1 
Name: Iso_8(2) 

(GA)20 GTGTTTCTCGGCCAGGG
TTA 
 

60 ATTTATCGTCGCCCAGCTG
T 
 

60 205 1st round of analysis was 
in HWE but 2nd round 
had multiple peaks - 
rejected  

 CTCCCCCCTACTTCCCCGTCGTCGCCGTATCTGTGTTTCTCGGCCAGGGTTAAATAATGAGCGAGCTCGATTATTAAAACTATCTTCATCATAAACTCGCTACTTGGTTGT
TTTCTACCCTTGGAAATAACAAGGGTAATGAAATGCGCTGTGTGAGAGCGAGAGAGCGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGGTGCA
CACACAGCTGGGCGACGATAAATTTTAATGAAAACAAGGACATGAACCCGAGGTGACCTTCGGAGTTCACACTTTCAAGGTCACTAAACTTCCAACTTAGTTTCTGAAC
AATTGTTTTTTGAT 

7 ID: 
13638145_length_1103_cvg_4.5_
tip_0 
Name: Iso_14(3) 
New name: Iso_5 
Genbank #:  KR069001 

(AG)21 
 

AGCTCACAGCCTTGTCAA
CA 
 

60 GTACCCGTATAGGTCGCAC
G 
 

60 223 Through to 2nd round 
of analysis, and found to 
be in HWE in one 
population –accepted 
for publication and 
ongoing analysis. 
Size range: 206-336 
No. Loci: 52 
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No
. 

Details SSR Forward primer (5'-3') Tm 
(oC) 

Reverse primer Tm 
(oC) 

Product 
size 

Outcome 

 TACGTCCTCTAAGAAAGACACATGTTTCTTGCGTATACAGACGTTTATCCCGACGTTTCTTACAGTTTATCCCGTACAGCGGTTGTATAAACTCTCACAAAGCTCACAGCC

TTGTCAACAACTTGAAACGAATTCTTCAAGCAGAACAAATCCCTATCTTGTCTTGCGTGAAAATATCGTCAACACTTATTTAAAATACTACACAGGCTGTTCCGAAACGG
AGGGAGAGAGAGAAAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAATTTGTTTCCGATGCGGCGAACTCACGTGCGACCTATACGGGTACA
CATACGGAAGTTAATAGCATTTGCATAGTTAATGCGGTGCTCATCAACACTAAGGTTTAACAAACTGATCGTAAACCTTGCCCCGATTCAGTAAGCCGC 

8 ID: 
13509499_length_839_cvg_2.8_ti
p_1 
Name: Iso_45(5) 
New name: Iso_2 
Genbank #: KR068998 

(TC)26 
 
 

TAGGCCTACTTACCGACC
GT 
 

60 ACCACTACCTCCTGTCTCC
C 
 

60 206 Through to 2nd round 
of analysis, and found to 
be in HWE in both 
populations tested – 
accepted for publication 
and ongoing analysis.  
Size range: 178 – 386 
No. Loci: 60 

 TAATAGTAAAATCGCCAGCCAAGTAGTTTCGAGTGATACAATAATAATACAAACATCTGGAGAGGATTTCAGTAAGCTCGCTAACATAATGCTGTTCTAATAGGCCTAC

TTACCGACCGTGTATATATACGGGTATTATATTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCCACATCTCTCCACCTCGGTCCATCATTGAA
AGTATCTCCATCCTTGTCGCACTCGCTCGAACGTTGTGGGCAATACTTACATATCTCACAACGGGGAGACAGGAGGTAGTGGTAACCCTATAATTATAAGCACTACGTC
ATAATGCTATCGTGTCGGCACATCATGCACCCCCCCTCTCCCCGCCCCCCACGCCCCGGGCGCCAGGGTACTGA 

9 ID: 
13525693_length_862_cvg_7.0_ti
p_1 
Name: Iso_46(4) 

(AG)26 AAGGTGGGATTAAGGCC
AGC 
 

60 AAGAAGTTCGGCAGCCAT
GT 
 

60 274 Failed to amplify- 
rejected 

 TAATGGTCTTTATTGAAGGTGGGATTAAGGCCAGCAAGGCCTTATCTTCCATCCAACCTTTAACAAATAATACAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAG

AGAGAGAGAGAGAGAGAGAGTTGAGTACGAAAGAAAGATGAGAACCAACAGCTTACGTTAAAGAAGTTCGACAGCCGTGTAGTTGGAGATAACATGGATATTTAC
AATAACAATAGCAATTCATGATGGAATGTTTCGGCTTACGCAGCCTTGATCACCCAACTACATGGCTGCCGAACTTCTTTAAGGTAAGCGGTTGGTTCCTATCTTTCTTT
CCCACTCAACAATAAAATAGACGACAGTAATATAAATGATATAGTCTTAGGGTTTAATTAAAACAACTT 
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No
. 

Details SSR Forward primer (5'-3') Tm 
(oC) 

Reverse primer Tm 
(oC) 

Product 
size 

Outcome 

10 ID: 
13239497_length_616_cvg_3.5_ti
p_1 
Name: Iso_47-3 
New name: Iso_3 
Genbank #: KR068999 

(CT)24 
 

CAGCGACAATAGCCTCG
GAT 
 

60 CGAACAAGGCGGTGTGAA
TG 
 

60 145 Through to 2nd round 
of analysis, and found to 
be in HWE in both 
populations tested – 
accepted for publication 
and ongoing analysis. 
Size range: 132-238 
No. Loci: 49 

 GATACATCTTGTATATTTTATTGGTGTTCTGCTCTACATATATACAAGTCTACTAATCCAGTGGTTAGGACTGTACGCGCGATTTCCCGCATCCTATTAACAGCGACAATA

GCCTCGGATAATTGAGTTTGTCGACAGCTCTTCTAGTTCTAAATATGGACACAGGATGCGTGCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCGC
CCATTCACACCGCCTTGTTCGTTAAATAAGAACACTCGACGAGTCGACGCTAAGCAATGGCTGTGACATTTTTACAC 

11 ID: 
13286386_length_643_cvg_2.5_ti
p_1 
Name: Iso_48-3 
New name: Iso_9 
Genbank #: KR069005 

(TC)24 
 

TACTATCGTGGTTCGCGC
TC 
 

60 GCAGGCCTCGAAACGAAT
TG 
 

60 247 Through to 2nd round 
of analysis, and found to 
be in HWE in one 
population – accepted 
for publication and 
ongoing analysis 
Size Range: 224-452 
No. Loci: 70 

 GCGAGGAAACGTTTTGTGCCTCACTCCCGTATCTGTCCTGTCTCAAGACATGTTTCATACTGATGCAAAATATTCGTCTCGACTCGGCCCGCTGTCATCATACTATCGTG

GTTCGCGCTCACATGGATATGCGCCACTTCGAGCATCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCGCGTGCGCACATCCAGTGTTTTACTCCGCA
CAAACTGCCTTCTTGTGTACTGGGATCATCGTTATCTGAGTTACTTGTGCGCGCACATGGAAACAGATAAATTGTGCAGCCTACACTAAATAAGACCAATTTAGCAATTC

GTTTCGAGGCCTGCTCAGTGTTCACCTTTTTATTTGGCTCACTGCGTTTC 

12 ID: 
13623575_length_1057_cvg_2.2_
tip_1 
Name: Iso_49-2 
New name: Iso_14 
Genbank #: KR069010 

(AG)24 
 

GTCGCTTCTGTCGTCAGG
AA 
 

60 AACATAGGTGGCTTCGGC
AA 
 

60 181 Through to 2nd round 
of analysis, but not 
found to be in HWE- 
accepted for publication 
and but not ongoing 
analysis. 
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No
. 

Details SSR Forward primer (5'-3') Tm 
(oC) 

Reverse primer Tm 
(oC) 

Product 
size 

Outcome 

 TTGTAGGTTTTAAGGGGTCGTATAAATATCTGTCAGTTTTGCGTTTAAACCATTGAATGGGTGAAATTGCTACGGTTGAAATACCTGCTGTGAACTTAGGGTCGCTTCTG

TCGTCAGGAATCCAGACAGTGGAATGTGACGCTGCAATTGTGTTGTTTTGATTTAGAGAGAAGGGGATAGAGAAAGAAGAGGATAGAGAGAGAGAGAGAGAGAG

AGAGAGAGAGAGAGAGAGAGAGAGAGAGAAATAGAGAATTTGCGTCATTGCCGAAGCCACCTATGTTAATTTCAGACGAGCCATCCAGCCAGCCAGCCAGGCAGC
CAAATAACAATAACAAACATATGAATGCCAGCTCACTGTATAATGCATATTATTAACCGGCC 

13 ID: 
13704996_length_1523_cvg_3.3_
tip_1 
Name: Iso_50-5 
New name: Iso_6 
Genbank #:  KR069002 

(CT)24 
 

TGTGAGAGCAACTGCAC
AGT 
 

60 ACACCGCTTCGAACACAA
GA 
 

60 270 Through to 2nd round 
of analysis, and found to 
be in HWE in one 
population – accepted 
for publication and 
ongoing analysis. 
Size Range: 260-508 
No. Loci: 59 

 TTAACGTTCTCTACTGCGAATAATCTTTTGTGTTTTAATGGAATAATGCCGAAATAATGAATAATTGTTATCAAATCATTGACCTCCAGGTGCAACATTCTGTGAGAGCA

ACTGCACAGTTAAGCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCCTGTCTTCACGCCGTAGGGCGTAGACTGTACTAGAACATAATAATGTTCA
TTTCTATGGATTTTCTGTTAGTTTATATTCCACTGATCTCCCTTTAGGATCTGGCTCATGACGGTAGCAGAGCTAGCTTAAGTTTTTCACTGCTGTCTTCCTCGATACCGCT
CTAGATTGTTCACAATCTTGTGTTCGAAGCGGTGTTACTAGTGAGTTATTAGTACAGTTAATGGCGCATTACCGGCTAGGCTGGGTCATTAGCACATTTGCAATTATTTT
CTGACGGGGAAAGTAAAACAAACGC 

14 ID: 
13348834_length_684_cvg_3.6_ti
p_1 
Name: Iso_51-5 

(TC)23 CACCACTGCTGACGAGG
ATT 
 

60 CGACGTACTAGCGAGGTT
CTC 
 

60 238 Failed to amplify- 
rejected 

 GCGCATCTTTACGGTTAGCGCTGTTGCCACCACTGCTGACGAGGATTCAACGTTCAATGATAAACCAACCAAGCTCATTCGTATAACATCTGTCAGTGTTGAAAACTCT
GGTTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTTCACACTCTCCTCGTCAAATGGATCCTTTGATAACCGGAACTCTTTGTGTCAGCAACACTGCAA
TATGTCAGCATTTTCTCTTGAGAGAACCTCGCTAGTACGTCGATATTTTTACTTAATTAAAACTGCGACTTCTTTTATCACTTATCATTATCAAGATACTTCCCAATGTTGC
TACAATTTAACAAAATTGTTAATAGAGTAC 
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(oC) 

Reverse primer Tm 
(oC) 

Product 
size 

Outcome 

15 ID: 
13576593_length_947_cvg_2.8_ti
p_1 
Name: Iso_52-3 
New name: Iso_8 
Genbank #:  KR069004 

(GA)23 
 

CGTGTTAAACGCGCTCG
ATA 
 

59 CTGCCTGGTCACTGTGTTC
A 
 

60 263 Through to 2nd round 
of analysis, but not 
found to be in HWE 
(depends on test)-
accepted for publication 
and ongoing analysis. 
Size Range: 256-414 
No. Loci: 51 

 CTACGTTCTTGCTAAGTGAGTAATCACACATCAATAACGACTTCATACAATTATTTCCTTAATTGGTGTTGATTAGAGAGCATTAACATTTGTTTGATGTCGTGTTAAACG

CGCTCGATATTCAACATCACGGTGATATTATTATCGAGGGGGTAACGTTACAAGTTTCACAAGCGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGA

GAGAGACAACCAATCTTGGCTTCCACAGATTGTTTGAATTGCCAAATCCGATATTCAGAATGTCGACTTATTCACCACTCTCTTCTCTTCTCTCCTCGTATCGAATCAGCT
GCTTCACCAGGCGCCAATGAACACAGTGACCAGGCAGCCACTCCGAT 

16 ID: 
12974368_length_504_cvg_2.1_ti
p_1 
Name: Iso_53-3 
New name: Iso_15 
Genbank #:  KR069011 

(GA)22 
 

AGACCAGCTCAATCGGG
TTG 
 

60 GTCTAGCTAGCGGGAGGG
AA 
 

60 232 Through to 2nd round 
of analysis, and found to 
be in HWE in one 
population – accepted 
for publication but not 
continuing for ongoing 
analysis. 

 ACTGTTTACAATAAATTAACATGTTATTGGCTGTTTGAACAAATGTGTTCTTTTAGCTCGCGTGTTCGTGTTCGGCTGGCATTTCGCAATGTAAATCTGCAGACCAGCTC

AATCGGGTTGTTCTAGAAAGCAATTAAAAGTCAATAGAAAGAACGAGCGCGAGAGAGAACGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGA

GAAAGAAAGCAATCACATAACACATCTGAATCCACCATTTTCCCATCCTTCTGGTATTTCACAAACATCAATGCATCACGACTATATATATACACGTATATTCCCTCCCGC

TAGCTAGACCCTATGACATCAGATCGTCACAAGCAAATATGTGTGTATATATTTGTGCGACGGCTGCTCCGAATGGAACCAGCCGAACAAC 

17 ID: 
13629105_length_1073_cvg_3.0_
tip_0 
Name: Iso_54-1 
New name: Iso_12 
Genbank #:  KR069008 

(AG)22 
 

TAACGTGCCATGACGTC
ACA 
 

60 TAGGGTCCCTGAGGAGAA
GC 
 

60 210 Through to 2nd round 
of analysis, and found to 
be in HWE in one 
population – accepted 
for publication but not 
continuing for ongoing 
analysis. 
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 TGTCTGAAATCATCACTGGATAGCATCGCTATCGCGTGCGACAATGACCTACGACATATATATGGTTGAATGTGGAATATACGGCTTAATAACGTGCCATGACGTCACA

GAGAAAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGGTAGCACAATACAAATTGCATACATTGCACAACCGTTTCTATTTGCTCACTCCAA
GCTTTTCATGTCCTTACTCTTCGCGATTCCCGAACTAAATCTCTCTAGCATGTGTTAGATTTACCTGCTTCTCCTCAGGGACCCTATTCTGTAACTTTGTCATTCAATGAAT
TCAGCTTGAATTAATGTAACAATAGAATGGAAACGCTCGCTTCGCTCGCTTAGCTTTACAACACTTTCATTTCT 

18 ID: 
12964466_length_501_cvg_1.1_ti
p_1 
Name: Iso_55-1 

(AG)21 CGGAGCTACGAGACACA
GAC 
 

60 TGCCTGTTGTACGGATGCT
T 
 

60 220 No samples successfully 
amplified in 1st round of 
analysis -rejected 

 ATTATCATACACTTACTTGTTTTCTATCAACGCGGACGTAGATTGACTCAAGAGACGTTTGAGACATAGCAACGAACCAACGATGCTCGGCTTTTCTACACGGAGCTAC

GAGACACAGACAGAGAGACAGAGAGTCAGACAGACCGACAGACAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGGGTGGAGAACAAATTT
ACTCCGTTCGCTGCTTTGAATTAATGGCATCAACCCTTAATCGACCAGAGAAGACAAACATTCAAATTAACAACCCCCTTCCGTCATCGCAAGCATCCGTACAACAGGC

AGACAGCCCGGGGAGCCAGGGGGTGATATTACACGTCACGCGTCACGCGTCACACGTCACACGTCACGCGTCACACGTCACACGCCACACGTCACACGTCA 

19 ID: 
13226837_length_609_cvg_3.2_ti
p_1 
Name: Iso_56-3 

(TC)21 AGGAAACTCGTTACACG
CGT 
 

60 AGCTTGTCATGTTCCCACG
T 
 

60 132 1st round of analysis was 
in HWE but 2nd round 
had multiple peaks - 
rejected 

 GGCTTGAAACGTATATATTTCTTCTCTTTTTATTATTTTTGTTAGGAAACTCGTTACACGCGTTGCGATTATTTTCATTTCTCAGTAGAATGTGCCTAAATGCGGTCTCTCT

CTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCCGCGTGTCACGTGGGAACATGACAAGCTGCGCCCTACATTCAACCCTACAACGGGGGTAGTTAGTATCTAGTTTGG
TTTAGCGAGGGATAATGAAAAACGTTCCCCGCCCGATCTGTGTTGCTGTATT 

20 ID: 
13428983_length_750_cvg_3.2_ti
p_1 
Name: Iso_57-3 
New name: Iso_16 
Genbank #:  KR069012 

(GA)21 
 

TTCCCCTAGCCTCCGATC
AA 
 

60 TTTCGGGAAGGTTGTTGG
GT 
 

60 198 Through to 2nd round 
of analysis, and found to 
be in HWE in one 
population – accepted 
for publication but not 
continuing for ongoing 
analysis. 

 TATTTCACCCAGCAAGGTACATATCACAAGTGCTGGATCGTGCCTTGGGCTGATTCAAGCTGAGAAGTGAAGAAAGATTGGCATCATTGATTCTTCCCCTAGCCTCCGA

TCAACACTTTTCTCATCTTTCACGAGAGAGCGAGAGACAGAGCGAGAGAGAGAGAGCGAGAGACAGAGCGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGA

GAGAGAGACATACAGCGGTATAAACCACCAGAGACAGTGAATGGCCGCGAAGAGTATAAACCCAACAACCTTCCCGAAAAGATTGAAAACGAAAGTCCTTTATTTTG
TTTCCCCATAAACTGGTAGTTTACCCTATTTTCTCTGCGTAGTAAACGAATATGTATTTATGAATACCATCA 
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21 ID: 
13521065_length_855_cvg_3.0_ti
p_0 
Name: Iso_58-4 
New name: Iso_11 
Genbank #:  KR069007 

(TC)21 
 

CCACTTTGCCTTATGCGT
CG 
 

60 GAGAAAGGGAGAGAGCG
CAG 
 

60 165 Through to 2nd round 
of analysis, and found to 
be in HWE in one 
population – accepted 
for publication but not 
continuing for ongoing 
analysis. 

 AAGTTACTATGTCAGAGGATGGAGGGGTAGAAGGGAAAGCTATCGCGAAGGTAGACTGGGACTACGTTCAATATGGGTTTATTTCTTCTCCCCTTCCTTCCCACTTTGC

CTTATGCGTCGTCTGCAAGGATGATCCAATCCACACACGATACCGCACTACATCGTAGACGTGATAATTTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCAC
ACACACATACACACACCCTCATCCTGCGCTCTCTCCCTTTCTCCCTTTTTCTCTCTCTCTTGTAACTGAGTGGGTGTAGACTATGTACTTTTTACTATGACTGACTATATGTG
ACTATATCGTATACACTAGCAAATGTATTT 

22 ID: 
13664003_length_1207_cvg_3.4_
tip_1 
Name: Iso_59-1 

(AG)21 GCAGGTCGACTTTTCGG
GTA 
 

60 GCCACGTGATTGCGTCATA
C 
 

60 145 No samples successfully 
amplified in 1st round of 
analysis -rejected 

 GCAGAAACTCGAACTTTAGGCGCGATACCTTTGGCGGTAAAGGCGATAAGATAACGCGGTATCAGTACACGTGTTAGGGGTTATCTACTGTTGAGTTTCTGCAGGTCG

ACTTTTCGGGTATCAACATCACCCATTCATCGTCTCGATTAGCATCGTGAAGAGAGAAAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGCGCT
AGCGAGATAGGATGTATGACGCAATCACGTGGCGCGCTCTATGGAGCGTGGCTCGCGACAGGTCGGCAATGTCCGGTCACGCCCGGTCGGGTTCGGGGCGCGTGCC
TGCCTCGACGCGGCCTCGTCCCACGAC 

23 ID: 
13065885_length_537_cvg_3.6_ti
p_1 
Name: Iso_60-4 

(GA)20 AGGGGGAAAACAGGAG
GAGA 
 

60 TTGTCGGTGGGAGTGAAC
TG 
 

60 164 No samples successfully 
amplified in 1st round of 
analysis -rejected 

 GGCGCAACTTTTTTGGAATTTCTTATTGATATCTTTGCCGTACGAATATTTGAAACGTGTTGTCCTTGTTTTTAATTAAAAACAGTGGGGGGAAAGAGAGAGGGGGAAA

ACAGGAGGAGAGAGAGAAAGAAAAGCGGAGCCGGTCTTCCGTCACGACGGGGTAAAATCAAACGCCAATCATTTTGGGCGAGACGAGAGAGAGAGAGAGAGAGA

GAGAGAGAGAGAGAGAGAGAATTGCATGCTCCAGTTCACTCCCACCGACAAAGCCGTTACTTCAACCTAGTTGCGTCTCAACTCTGTCTGTCTACATTCTTGCCACCGT
CACTTCCTTCACACTTGCAGGGATTCGGCTGTGTTGATGTTC 
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24 ID: 
10071274_length_164_cvg_2.5_ti
p_0 
Name: Iso_61 
New name: Iso_7 
Genbank #:  KR069003 

(CT)22 
 

TGTGTTCCGGATGCAAG
TAG 
 

60 GATGCAAACGCTCGATAA
AC 
 

58 131 Successfully amplified 
for two sites, in HWE for 
one population – 
accepted for publication 
and ongoing analysis.   
Size Range: 120-266 
No. Loci: 60 

 TCAGGTGTGTTCCGGATGCAAGTAGCACATGTGCCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCGCACACAGCATCAAGATCCTCACGTACGAGGA
TCATAGTTTATCGAGCGTTTGCATCTGGCGAATTATTTAAGTACAGCCGATCT 

25 ID: 
10519683_length_190_cvg_1.0_ti
p_1 
Name: Iso_62 
New name: Iso_18 
Genbank #: KR069014 

(GA)21 
 

TGAATGATGGTGTTCGA
AGTG 
 

60 TATTGACAGCACCGACGTT
G 
 

61 174 Successfully amplified 
for two sites, and found 
to be in HWE in one 
population – accepted 
for publication but not 
continuing for ongoing 
analysis. 

 CGATCAATGAATGATGGTGTTCGAAGTGTATGAATAGAATAGACCATCGCACCTGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGCATCATT
ACAATGCATGTCTAAGAATAACTCAACTGTCACCCAGCTGTCAACTTTCTGGACAAACAACGTCGGTGCTGTCAATAAATGACGTC 

26 ID: 
11337450_length_237_cvg_6.0_ti
p_1 
Name: Iso_63 

(AG)25 AGAGACGAAGCGATTGA
ACC 
 

59 GAAGGAGCTTCAGGGATT
CC 
 

60 183 Poor amplification -
rejected 

 GGGAGAGACGAAGCGATTGAACCCTCGCTAGGCGGGGCTGGTCAAGAGAAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAC
TTACCACTTGTGAACCACCGCCTGGTTGTGGAATGGAGCGAGGTAGCTTCCCACCGCCCTCGCAAGGAATCCCTGAAGCTCCTTCATGTACAACGAACACTGGCCGCTC
GGACTTGCGTCCCTGCAAACGCAC 

27 ID: 
11881420_length_291_cvg_1.9_ti
p_0 
Name: Iso_64 

(CT)23 TCTGGAGGTCCCAAGTG
TTC 
 

60 AATTAATGTATCCGGCGTG
C 
 

60 156 Poor amplification -
rejected 

 GTCTCGTCATTCCGTCTGGAGGTCCCAAGTGTTCAGCGCATAGGAACGCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCGGCGGGGATCGAGCCG
CAGAACACAAAGCATACGCAACACTTGTTTACAAACAATGCACGCCGGATACATTAATTAAACATGACAGACCTCACAG 
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28 ID: 
12763102_length_443_cvg_3.0_ti
p_1 
Name: Iso_65 
New name: Iso_4 
Genbank #:  KR069000 

(TC)23 
 

AACTGATCGCGAACTCC
AAG 
 

60 GTTCTTCACAGTCGGCTTC
C 
 

60 168 Successfully amplified 
for two sites, in HWE for 
both populations – 
accepted for publication 
and ongoing analysis.   
Size range: 160-356 
No. loci: 60 

 TATATGGGGCACAGACATAGACACAGACCAGCCGTGCAAATCAGCGATGTAAGTGAAACTGATCGCGAACTCCAAGTTTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTC

TCTCTCTCTCTCTCTGCTCCGTTGCAAACATAAATATATTCAAAAGCAAGCAAGGCAAGCGGGCATCCATCTTGTAGCGCGAGTCAAGTGGAGAGGAAGCCGACTGTG

AAGAACAAATGACGGTGTCAAGACGCTGTGTTTCGCCTGTCCCGAAACCGGATATAGATGGCGTTGATGTCCCGACCGGAAATCGCGTCGATTTGTTCAAACATGG 
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Baetis rhodani 

Table D3. Details of microsatellite development for Baetis rhodani. B. rhodani was the only species used in this thesis that already had microsatellites 

developed. No’s 1 to 13 shows microsatellites that were previously designed by Williams (2003). The microsatellites that were developed were initially 

named B_1 - B_15. This table contains the microsatellite number (No.) in order of testing; original Contig ID from Next Generation Sequencing (B_1 - B_15 

only), the Name, SSR (Simple Sequence Repeat), Forward primer, Annealing temperature (Tm) of the forward primer (B_1-B_15 only), Reverse primer and 

corresponding Tm, (for previously developed microsatellites the Tm is not per primer, it represents the published annealing temperature); the Product size 

of the amplified region; and details of the Outcome from testing this microsatellite. If known the corresponding sequence can be found below each 

microsatellite with the forward primer highlighted in green, the SSR highlighted in red and reverse primer highlighted in blue and all underlined. 

No. Details SSR Forward primer (5'-3') Tm 
(oC) 

Reverse primer Tm 
(oC) 

Product 
size 

Outcome 

1 Name: Brh-1 (Williams et al. 
2002) 
Genbank #:  AY081168 

(CA)11 GTGCGTTACATACGAAT
AAGTG 
 

 CGTGTTAGAGAAAATGAG
CC 
 

61 233 Tested: 173/182 
HWE: 2/9  
Used for ongoing 
analysis 

CGAAGTGCGTTACATACGAATAAGTGTACGTAGCAAGAGAGGAGTACGTGCCGCCGGAGCGCAGCCCGAGAGCTACTTTGCGGTGGTGGTATAGTGGTGGTGCGAC
GTTMTTGCACGTTGCATACTCGGCAGGCGGAATGTTCGCACACACACACACACACACACAGCACCGCCACCTCAACTCTCTACGTATTAGTATGTATATTGTATGCACG
CCGGCTCATTTTCTCTAACACGGCGCGCATTAGGCCGCACAACAAACTGCCGCCAGGAGACTTTATACACACCGAGTCTTTTGTTTACTCGCCCCGTGCTCACACACACC
ATCGGCTGAATGGCGCGTACACAAACGTGCAT 

2 Name: Brh-2 (Williams et al., 
2002) 
Genbank #:  AY081169 

(CT)18 ATTGCCGACAAAACTCG
C 
 

 CGTCTCATTGATATACCCT
GC 
 

61 177 Tested: 178/182  
HWE: 6/9 
Chosen for ongoing 
analysis 

TGCAAAGAGCACCGTGTTTATCTTGTCACATTTAAACGATTGCCGACAAAACTCGCTGGGGATTTCTTGGCAAACACGCAGCCAATGAATAGAGCCGTATGTCTCTCTG
CTGCGTGGGCGGTTCTCGTCGCTCCGACTCCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCCCGTGTTTGTCTAGCCGCGCAGGGTATATCAATGAGACGCGCAT
AACCCGATTATAGCGGTACCAATCTCTGT 
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 Name: Brh-2-IK (redesigned by 
(Alp et al. 2012) 

(CT)18 TTTCTTGGCAAACACGCA
G 
 

 ACAGAGATTGGTACCGCT
ATAA 
 

61 187 Not tested because 
same microsatellite as 
above and that was 
successful 

TGCAAAGAGCACCGTGTTTATCTTGTCACATTTAAACGATTGCCGACAAAACTCGCTGGGGATTTCTTGGCAAACACGCAGCCAATGAATAGAGCCGTATGTCTCTCTG
CTGCGTGGGCGGTTCTCGTCGCTCCGACTCCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCCCGTGTTTGTCTAGCCGCGCAGGGTATATCAATGAGACGCGCATA
ACCCGATTATAGCGGTACCAATCTCTGT 

3 Name: Brh-3 (Williams et al., 
2002) 
Genbank #:  AY081170 
 

(CA)12 ATGCAGTGAATGAGCCG
C 
 

 CACTTTGAGCCAATCTTAA
TAGAGC 
 

57 234 Tested: 178/182 
HWE: 1/9 
Used for ongoing 
analysis 

GTCTCGTATGCAGTGAATGAGCCGCACCGGCGTAAAATTAGAATTTACCTCATTCAAACTCACACACACACACACACACACACACGTCGACTTTCCTGGTGTGTACCAC
TCCTGTGGAGATTTTATACTTTCAATCTGCAATTCGGCGCCAATTGTGATTCACGTTTTTAAACGGCGAGTGCGTGATTAATAGTATGGTGTATGAACTACCTATTTGCTC

TATTAAGATTGGCTCAAAGTGCGCGCACTGTTTATATTATGGC 

 Name: Brh-3-IK (redesigned Alp 
et al. 2012) 

(CA)12 GGCGTAAAATTAGAATT
TACCTCAT 
 

 ATCACGCACTCGCCGTTTA 
 

57 159 Not tested because 
same microsatellite as 
above and that was 
successful 

GTCTCGTATGCAGTGAATGAGCCGCACCGGCGTAAAATTAGAATTTACCTCATTCAAACTCACACACACACACACACACACACACGTCGACTTTCCTGGTGTGTACCA
CTCCTGTGGAGATTTTATACTTTCAATCTGCAATTCGGCGCCAATTGTGATTCACGTTTTTAAACGGCGAGTGCGTGATTAATAGTATGGTGTATGAACTACCTATTTGC
TCTATTAAGATTGGCTCAAAGTGCGCGCACTGTTTATATTATGGC 

4 Name: Brh-4 (Williams et al., 
2002) 
Genbank #:  AY081171 

(GA)21 TAGCCCCATTTGCCTTTG 
 

 GGTTTTATGATGTGTTCGG
TTG 
 

61 213 Tested: 182/182 
HWE: 9/9 
Chosen for ongoing 
analysis 

AAAAGTTTTTCCCAGGGATAATCTGCCGGCTGACACAGCTAGCCCCATTTGCCTTTGTTTTATTTCGGCAGCGCGAAAAGGAGCGAGCGAGAGCTCTCCTCCGCTCTGC
CAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGTGATATAAAATGTCAGGCTAAAATGCCTATATAGTTGGCCGCTCTTGTTCTTCTGCAGCC
GAGCGGCGCATGCATGCAACCGAACACATCATAAAACCGAATTGGAAGCGACATT 
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(oC) 

Product 
size 

Outcome 

 Name: Brh-4-IK (redesigned Alp 
et al. 2012) 

(GA)21 GAAAAGGAGCGAGCGA
GAG 
 

 GAAGAACAAGAGCGGCCA
AC 
 

61 133 Not tested because 
same microsatellite as 
above and that was 
successful 

AAAAGTTTTTCCCAGGGATAATCTGCCGGCTGACACAGCTAGCCCCATTTGCCTTTGTTTTATTTCGGCAGCGCGAAAAGGAGCGAGCGAGAGCTCTCCTCCGCTCTGC
CAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGTGATATAAAATGTCAGGCTAAAATGCCTATATAGTTGGCCGCTCTTGTTCTTCTGCAGCC
GAGCGGCGCATGCATGCAACCGAACACATCATAAAACCGAATTGGAAGCGACATT 

5 Name: Brh-5 (Williams et al., 
2002) 
Genbank #: AY081172 

(TC)15 AAACGGTCTCTCTCTGTC
TG 
 

 CTGTCAAAACGAACAAAC
C 
 

61 220 Tested: 181/182 
HWE: 8/9 
Chosen for ongoing 
analysis 

CGAGATAACAAAAAAGTGAATTGCACAACGAGCTGTTGGAAAACGGTCTCTCTCTGTCTGTCTTTCTCAATTTATTTATATATTCGTGCCATCAATTTCATCCTTGGTGCA
CACACGCGGAGACACGAGAGATAATATAAGAGAGATGAAACGCATCGAGTTATGCTCTCTTTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCCCTCATCATGTGGCTGCGG
CCTTGGCTGCATGGTTACATGGTTTGTTCGTTTTGACAGATAAGCGCGCGCAGAGTGAAAAGAGAGGAGCGCGCTTAAGAGATTAGTTTGGCTTGCAACACACTTCAT
T 

6 Name: Brh-6 (Williams et al., 
2002) 
Genbank #:  AY081173 

(CT)26 GGATGGATGGATGGATG
C 
 

 CAAAGTTGGTCAAAGGCG 
 

57 151 Tested: 182/182 
HWE: 8/9 
Used for ongoing 
analysis 

GATACGACACACTCGGCGCTTGCCAACCCGCCCACAAAAGCAAACCCGGGCGCCAGCACCAGAATTCGCGCTGGATGGATGGATGGATGGATGCGGCACCGCCGCG
GCCGTGATTAATGATTGGAGTGACGCGCACCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTGGCATAATTATATTCATGCGGCGCCTTTGAC

CAACTTTGATTAAGCCACCGCAAACTTTTGCCGGGCCC 

 Name: Brh-6-IK (redesigned Alp 
et al. 2012) 

(CT)26 CGCCCACAAAAGCAAAC
C 
 

 TGCGGTGGCTTAATCAAA
GT 
 

57 213 Not tested because 
same microsatellite as 
above and that was 
successful 

GATACGACACACTCGGCGCTTGCCAACCCGCCCACAAAAGCAAACCCGGGCGCCAGCACCAGAATTCGCGCTGGATGGATGGATGGATGGATGCGGCACCGCCGCG
GCCGTGATTAATGATTGGAGTGACGCGCACCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTGGCATAATTATATTCATGCGGCGCCTTTGAC
CAACTTTGATTAAGCCACCGCAAACTTTTGCCGGGCCC 
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7 Name: Brh-7 (Williams et al., 
2002) 
Genbank #:  AY081174 

(CA)15 TGTGTGTAACAAGAAAA
CGC 
 

 GATTCGTCCCTTATGTATT
AGC 
 

57 174 Tested: 181/182 
HWE: 7/9 
Used for ongoing 
analysis 

AAAGAGAGACGATGTGTGTAACAAGAAAACGCGTCGCGCATCAGCCGCGGCGGCGGTCGCCGCCGCCGTCGTCGTCACACACACACACACACACACACACACACAG
AAGCTGCCGAGAGCGAGTTTTGGCTCTCTAGATATGCGTATAGAGAGAGGGTGAGATTGCTAATACATAAGGGACGAATCCGCCGCCGCCGCTCCACCGCTGCTCAA
CAGGGAGATGACAAAATCC 

8 Name: G7 (Williams 2003) No 
Sequence 

(GT)12 TGCAAACTGACATGAAT
GC 
 

 ACATTGATGCCCTCAAGC 
 

 177 Tested at a range of Tm 
and rejected due to 
poor amplification 

9 Name: G4 (Williams 2003) 
Sequence Unknown 

(GT)24 TGTTTAGCTGCTTGTCGG 
 

 CACAATGCACATGACACTT
CGC 
 

 126 Tested at a range of Tm 
and rejected due to 
poor amplification 

10 Name: A4 (Williams 2003) 
Sequence Unknown 

(GT)24 GGATTCGTCCCTTATGTA
TTCGC 
 

 CCGACAGTTTAGATTGCTT
TCCTC 
 

 217 Tested at a range of Tm 
and rejected due to 
poor amplification 

15 Name: F11 (Williams 2003) 
Sequence Unknown 

(CA)12 AATTGAAAGCATCCGTG
C 
 

 TTCACTGGACATCGTCGC 
 

 174 Tested at a range of Tm 
and rejected due to 
poor amplification 

11 Name: H2 (Williams 2003) 
Sequence Unknown 

(CA)13 GAGACGAAGGACAAAG
AAGTCGC 
 

 TGGGAAGTTGGAAGGTGT
TGC 
 

 171 Tested at a range of Tm 
and rejected due to 
poor amplification 

12 Name: G2 (Williams 2003) 
Sequence Unknown 

(GT)16 TTTCCAGCAAATGAGAG
C 
 

 TCGTCGGCAAACTTAATG 
 

 107 Tested at a range of Tm 
and rejected due to 
poor amplification 

13 Name: G3 (Williams 2003) 
Sequence Unknown 

(CA)12 TGCCCAAGAGACAAGAG
AG 
 

 GTGTGTGTTTGCCTCACG 
 

 142 Tested at a range of Tm 
and rejected due to 
poor amplification 

Newly Designed Microsatellites 
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No. Details SSR Forward primer (5'-3') Tm 
(oC) 

Reverse primer Tm 
(oC) 

Product 
size 

Outcome 

14 ID: 2513711 length 511 
cvg_5.4_tip_0 
Name: B_1 
New name: B_12 
Genbank #: KR069047 

(GA)28 
 

AATTCACATTTGCGTGAT
GG 
 

59 TCATCATTCTTCTTGCTGTC
AAA 
 

60 274 Success rate variable, 
out of HWE for both 
populations- accepted 
for publication but not 
ongoing analysis  

 TCAGCCGTGGTAATAATTCACATTTGCGTGATGGCCCCTATGAGCTTTCGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGA

GAATCTCGCCGGGAATCCAATTTTCACGCACTTTCGATAGGGGTCAAATGGATGCTTCAATTTTACGAACTGTTTTTTAATAGTTTATTCATATAAAGTCTTGATAATACC
CATGTCAAAACTATCCTTTTCCAAATTTAAGCTACTATTTTTAGCAAAGTATTTGACAGCAAGAAGAATGATGAT 

15 ID: 1750168 length 204 
cvg_4.7_tip_0 
Name: B_2 
New name: B_1 
Genbank #:  KR069036 

(CT)26 
 

GCGCGCTCGAATTTATA
ATT 
 

59 TCGTACATAATAATAATCG
GGCA 
 

58 148 In HWE in both 
populations – accepted 
for publication and 
ongoing analysis 

TATCTCCGGCGGGAGAATTATTGCGCGCTCGAATTTATAATTCGCGCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTGTGGCGAGAAAGAG
CTAGCGCCTTATCTCTTTCAAGAAGCTGCGCGCGCTGCCCGATTATTATTATGTACGACTGTAAATTATACTGCTCCCGCAAAAGTAT 

16 ID: 2212503 length 319 
cvg_10.1_tip_0 
Name: B_3 

(CT)25 GCGAGCGAGAGAGAGA
GAGA 
 

60 TTGAATGACGTCTGAATGC
G 
 

61 207 Gel. Failed to amplify -
rejected 

TTTCCAGCCACGCGAGCGTCTCTCCCGTTCGCGCTCGCTCGCTGCTTGCACACACAATGTGAACTCTTGTGAGCGAGCGAGAGAGAGAGAGAGAGCCTCTCTCTCTCT

CTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCGCTCACTCACTCAGTCTGCCAGCGAGCGCTCTCGCTACTTACACTAATAGCGTTGTCAGTCAGGGCACAAATG
TCAACATCACTTTTTATCTCGCTCTCTTTCTTCCCCAGCCGCATTCAGACGTCATTCAAGCAACTTTTTCATTCAATTTTCCCCTCTTTAAATGTGTG 

17 ID: 1743242 length 203 
cvg_6.7_tip_0 
Name: B_4 
New name: B_9 
Genbank #:  KR069044 

(GA)24 
 

TCGCACCAGAACAAGAC
ATC 
 

60 CGCCTCACACTTTGAGTGA
A 
 

60 168 In HWE in both 
populations – accepted 
for publication but not 
ongoing analysis 

TTACATTTTCGCACCAGAACAAGACATCTAAATCTCATTAGCAGCGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGGAAACTTGT
GAATGCTTGAGTTGCCGAATCCACAAGTTTTTTCAACTTTCCGTGCGACAAATTTCACTCAAAGTGTGAGGCGTTATGGATTTTTTGTCGTGGCGTT 
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No. Details SSR Forward primer (5'-3') Tm 
(oC) 

Reverse primer Tm 
(oC) 

Product 
size 

Outcome 

18 ID: 2089702 length 276 
cvg_7.9_tip_0 
Name: B_5 
New name: B_3 
Genbank #:  KR069038 

(GT)24 
 

GGCGCCGAATTATTATC
ATC 
 

59 TTATAAACGGCGCCAAGA
TC 
 

60 206 In HWE in both 
populations – accepted 
for publication and 
ongoing analysis 

CAGACGGCGCCGAATTATTATCATCATCATCAACACTGCCGGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGAATTTGTCAGCTTGCATG
TATATGTACATGCACCAGTCTGAGCGGATTACACGCCGCTATACACGCACGCATGGGCCGCCTTGTTATTACTCTCTGCGTCTGATCTTGGCGCCGTTTATAATCGTGTC
TTAAGCCTGCGAAATTTAGCGACTGCATTAACTGTGCTGCATCAACGGACACGCCGC 

19 ID: 2830165 length 2602 
cvg_8.3_tip_0 
Name: B_6 

(TC)24 CGCGTTGTTGATTTCATG
TT 
 

60 GTCACCACCATTGCATCAA
G 
 

60 233 Gel. Failed to amplify -
rejected 

TCAGTGGAATTGGGTCGAGCATGCAAATGCACCAGCGCGCGTTGTTGATTTCATGTTGCTACTCTACTTCTTATACAACTGCCTTTCTCTCTCTCTCTCTCTCTCTCTCTCT

CTCTCTCTCTCTCTCTCTCTCCATCAAATGCGTTGTTAAGGGGAATTTCTGCAAATGAAAGATACTAAAAGTATTCTTTGAGCTAAAAGTAGGCATATTTCTGGTTTCTGG
ACAAGATAAGATACATTTTTATAATTTCTTGATGCAATGGTGGTGACCACTGACCAGATAGAATATATAGTAGGAATGGACAAAACTTTCAGTTTTTGGTCCAATGGTC
GACCGTAAAAATAATTTGTTGAAACAAAAAGTCACATTTAAGTTAACTTTGTTTCCTATTTGCAATATTTTGTTCGATTTTAAAAATACAAAAATTATATTTTCAATGTTAG
CCTCACTTTTTATACAAATTATA 

20 ID: 2060120 length 268 
cvg_7.0_tip_0 
Name: B_7 
New name: B_7 
Genbank #:  KR069042 

(GA)23 
 

GCAGAAAGAGCAGCGCT
TTA 
 

61 GGCACGGTGTTTTAATTGC
T 
 

60 255 In HWE in one of the 
two populations – 
accepted for publication 
and ongoing analysis 

TGCAGAAAGAGCAGCGCTTTAATGAAACTGGACTTGTGTGATCAACATCGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGCGAGAG
TGTGGGTTGCGCAATTAGCATAAGCACGTCGTGGATAAACGTTTTAAATGTCACAGGGGCTGCAACATTATACAATCTCTGGCAATTATACAGATCGGTATCATCCCGG
CCGAGACAATATGCACGAGCCGAAAAGCAATTAAAACACCGTGCCGAGCGATGCCG 

21 ID: 1831274 length 217 
cvg_5.4_tip_0 
Name: B_8 
New name: B_4 
Genbank #:  KR069039 

(TC)22 
 

CCAATGCCAAATATGTTC
CC 
 

60 ACGACACGCACTCTTGGA
A 
 

60 181 In HWE in both 
populations – accepted 
for publication and 
ongoing analysis 

TGAATATTTTGAATTCTTGACCATTTGACCCAATGCCAAATATGTTCCCAAATACGCCATCAAGACTCTTTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTC

ACTTACAGTTGCAAATAATGGAAGGAATTGTGCAGTGCCTATACACACCATTGTGCGCAACGCCAGATGTTTTTATTTTCCAAGAGTGCGTGTCGTGCCGCC 
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(oC) 

Reverse primer Tm 
(oC) 

Product 
size 

Outcome 

22 ID: 2002316 length 253 
cvg_5.8_tip_0 
Name: B_9 
New name: B_2 
Genbank #:  KR069037 

(AG)22 
 

GCACACAGCATCAAGCA
AAT 
 

60 GCATATGCAGCCAGTCTTC
A 
 

60 234 In HWE in both 
populations – accepted 
for publication and 
ongoing analysis 

GCAGCGCACACAGCATCAAGCAAATAGCTTAGACTTTGCATGCAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAACGAGTGTGTGTGTG
CGCTGGGGGAGGAAATTGTAAAGAGAGAGAGAGGGTGCAGAGCGGTGTGCGCGCGCTGTCTTATTTCCCAACCCCACAGCTAGCGCACGCCGGGATTAAGTTTTTCC
GGGGGCTGCTGAAGACTGGCTGCATATGCGAATGAGCGCAGC 

23 ID: 2095284 length 278 
cvg_8.0_tip_0 
Name: B_10 
New name: B_11 
Genbank #:  KR069046 

(GA)22 
 

GCGTTTTCCTCCATCCCT 
 

60 TATTATGTCGCCGGCAAAA
T 
 

60 189 Out of HWE in both 
populations – accepted 
for publication but not 
ongoing analysis 

CCTGCGGCGGTTCCGGCCGCGCGCAGCAACCCTCGTCGCGTTTTCCTCCATCCCTCCGGCATGTGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGA

GAGAGCGATTACCAGATAGCTGCATCAAAATCACGCGGTGATGAATGCGCCGCCGAATTTACTTTTCCACACGGCCAAGCAGATTATTTTGTGTCACTGCACATTTTGC

CGGCGACATAATATAAAGAGTGAAT 

24 ID: 
1684850_length_195_cvg_4.0_ti
p_0 
Name: B_11 
New name: B_5 
Genbank #:  KR069040 

(CA)26 
 

GATTCGTGTTATGCATTG
CG 
 

60 ATAGCCGACGAGCATCAA
AC 
 

60 165 In HWE in one of the 
two populations – 
accepted for publication 
and ongoing analysis 

TTAGCTTCGTGTGCATGTTGGGCGATTCGTGTTATGCATTGCGCGCACACACACACACACACACACACACACACACACACACACACACACACACACACGTGAATAGA
AAATACGCGCGGCAGTGGTAATTAAATTTGGATGATGCAGTTGGTGCATTTAGTTATTTTTGTTTGATGCTCGTCGGCTATGAAAAG 

25 ID: 
1532350_length_176_cvg_5.0_ti
p_0 
Name: B_12 
New name: B_8 
Genbank #:  KR069043 

(GA)23 
 

CGGTGCTCCCTCTTACTC
TC 
 

59 TTTAATTAACGGACGCCCT
C 
 

59 143 In HWE in one of the 
two populations – 
accepted for publication 
but not ongoing analysis 
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(oC) 

Reverse primer Tm 
(oC) 

Product 
size 

Outcome 

GTCTCCGGCGCGCGCGGTGCTCCCTCTTACTCTCCTATTAGTGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGCTGCTCAAATATAATT
AAAACAAGCGCGTCTCTGCGCTTACACTCGAGGAGGGCGTCCGTTAATTAAAACCCCAGCACACTGTAT 

26 ID: 
2630505_length_664_cvg_8.3_ti
p_1 
Name: B_13 
New name: B_10 
Genbank #:  KR069045 

(GA)20 
 

GCTTGAGAATTGCATTCA
CG 
 

59 CGGTGAGCAAATGGTGTA
TG 
 

60 158 In HWE in one of the 
two populations – 
accepted for publication 
but not ongoing analysis 

CGGATGCTTGAGAATTGCATTCACGTTTCCTCGCGCGCCATGAGCGCCGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAAGTGTGAATTATTTAT
GTGTTTGGCGCGAGAGTGGAAAGGCTTAAAAGGCACACACATACACCATTTGCTCACCGGGCAAACGAGCCAACGAGACGATGCGTAAAGAGAGGTGCGGAAAATT
TATATATACGATTAACAGTTCTTTGATGGTTGTTTACATTGACACTGCCCTTTTGAAATGTGTCTTGTATATGTGGACGTGCGTGCGCAAGCAGCATGCAACAAATTGAT
TGATAAACGATTGAGGA 

27 ID: 
2836013_length_4915_cvg_7.7_ti
p_1 
Name: B_14 
New name: B_13 
Genbank #:  KR069048 

(GA)20 
 

CTTGACTTATTGCACGAA
ATCC 
 

59 CCACGCCTATATGATCTCC
C 
 

59 180 Out of HWE in both 
populations – accepted 
for publication but not 
ongoing analysis 

TTATTTAAACATACTATAGTCCCTGGAATCGATTAAAATTACAAACTTGACTTATTGCACGAAATCCTAATTACCTAGCGGGAGAGAGAGAGAGAGAGAGAGAGAGA

GAGAGAGAGAGAGAGGAAAACACCCAGGCAGTTTGGAGTTCAATCCAAGAGTAAATAATAGTAAATCTTATCTTTATCTTTATTTCACACAAAGAGAGGGGAGATCA

TATAGGCGTGGAGTGGGGAACATATAGAGGTACGGAGGCGCAAGTGGCGCGCACAATAATAATACCTGATAATATAATTTGTACACCGTTGGTGTTTAATAAAAGTT
TAATAATAATAATATAAT 

28 ID: 
1591520_length_183_cvg_4.7_ti
p_0 
Name: B_15 
New name: B_6 
Genbank #:  KR069041 

(CT)20 
 

ACTTGTATTCCACGCTGC
G 
 

60 TCGGGTTGCAAGATACAC
AG 
 
 

60 146 In HWE in one of the 
two populations – 
accepted for publication 
but not ongoing analysis 

CACCAACTGCTCGACGCGTCCAAAATTACCAGCGACTTGTATTCCACGCTGCGCACTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCGCCGCTGAAGATAAAG
CGAAAAGAGACCATTTTTGCCTCGTCGCCGGGCCTCATTTCGCATTCTCTGTGTATCTTGCAACCCGATCT 
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Abstract 

1. Species diversity is declining more rapidly in freshwater ecosystems than in any 

other, but  the consequences for genetic diversity, and hence evolutionary potential, are 

poorly  understood. In part this reflects limited use and development of modern molecular 

tools and  genetic approaches to address conservation questions in rivers, lakes and 

wetlands.  As  widespread, diverse and functionally important organisms, freshwater 

macroinvertebrates  are ideal candidates for genetic approaches to reveal, for example, 

the conservation  consequences of demographic histories and past disturbances. 

However, the availability of  microsatellite markers for this group is very limited. 

2.  Using next generation sequencing, microsatellite markers were developed for 

Isoperla  grammatica (Poda, 1761), Amphinemura sulcicollis (Stephens, 1836) and 

Baetis rhodani  (Pictet, 1843) to enable conservation genetic investigations of these 

widespread  invertebrate species. Fifty-two robust microsatellite loci were developed (18, 

21 and 13 per  species), all with high levels of allelic diversity (7-27, 3-16, 5-13 alleles per 

loci, respectively). 

3.  These tools will allow assessment of genetic structure, dispersal and demographic 

resilience  in these model species as a function of environmental change and variation, 

thereby aiding  freshwater monitoring and conservation. We urge further capacity 

building to support  genetic applications to the conservation biology of other aquatic 

organisms. 

Keywords: biodiversity, invertebrates, genetics, monitoring, river, stream 
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Introduction 

Organisms in freshwater ecosystems are the most threatened worldwide, with biodiversity 

declining at a greater rate than in terrestrial or marine systems due to over-exploitation, 

pollution, flow modification, species invasion and habitat degradation (Postel and Richter 

2003; Xenopoulos et al. 2005; Dudgeon et al. 2006). The effects of climate change will 

exacerbate these effects further (Heino et al. 2009; Dohet et al. 2015), creating major 

pressure on freshwaters and their conservation. While assessments of the resulting risks in 

freshwater ecosystems are increasingly widespread, overwhelmingly they are based on 

traditional abundance and species compositional data (e.g. Chessman 2015; Storey 2015) 

and largely ignore indicators of genetic biodiversity. Few risk assessments take advantage of 

molecular markers that can provide more cost effective and reliable indicators of 

demographic change than some traditional approaches (Schwartz et al. 2007). The 

application of genetic methods can aid in monitoring the presence of a species through DNA 

barcoding (Cardoni et al. 2015), and determine current population structure (e.g. 

connectivity or isolation) and longer-term changes in abundance and distribution (effective 

population size and genealogy) through the use of microsatellite loci (Theissinger et al. 

2011). Without genetic techniques this would be labour intensive and may require sampling 

over long time periods which could be expensive and, for invertebrates, could be quite 

inaccurate. For example, traditional methods have inferred that mayfly species such as 

Baetis rhodani remain close to the stream channel from which they emerged throughout 

their lifespan (Petersen et al. 2004), however in contrast genetic studies reveal that this 

species has very high levels of dispersal and migration over large geographic distances (Alp 

et al. 2012). 

Macroinvertebrates are among the most commonly used organisms for biomonitoring and 

conservation assessment in freshwater environments (Pfrender et al. 2010; Buss et al. 2015; 

Cardoni et al. 2015). They are recognised as such by the Water Framework Directive 

(2000/60/CE; European Commission 2000), reflecting their diversity, ease of sampling and 

functional importance. There is increasing recognition of the need to appraise genetic 

diversity as part of conservation strategies to compliment traditional studies (Taberlet et al. 

2012; Crook et al. 2015). Such genetic assessments can be used for inferring demographic 
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resilience and flow within and among catchments, key features for inferring biotic response. 

Microsatellite markers (also known as simple sequence repeats / SSRs) are the most widely 

used molecular marker in population genetics due to their codominance and 

hypervariability among individuals (Liu et al. 2015). Microsatellites are frequently used 

successfully to aid in biodiversity conservation in the freshwater ecosystem, including 

wetland birds (Corrêa et al. 2015), fish (Raeymaekers et al. 2005; Abdul-Muneer 2014; Junge 

et al. 2014) and a range of invertebrates (Jones et al. 2015; Lopes-Lima et al. 2015; Pérez-

Portela et al. 2015). However, the resources available for invertebrates are still limited when 

compared to vertebrates, due largely to the requirement to develop species-specific 

microsatellites. This constraint is now diminishing as the cost of Next Generation 

Sequencing (NGS) declines, while increased sequence output is accelerating microsatellite 

locus discovery (Yu et al. 2011; Fernandez-Silva et al. 2013). 

Here, the specific aim was to produce sets of polymorphic microsatellite markers for three 

species of aquatic macroinvertebrate; Isoperla grammatica (Poda, 1761), Amphinemura 

sulcicollis (Stephens, 1836) and Baetis rhodani (Pictet, 1843), while addressing a broader 

goal of illustrating the potential for genetic approaches to freshwater organism 

conservation. These species were chosen due to patterns of co-occurrence yet are 

widespread enough to act as model organisms to study the genetic effects of a range of 

ecological pressures (Alp et al. 2012). Wide ranging species with large population sizes are 

also the most likely to reveal historical population processes (Whiteley et al. 2006). Their 

broad geographical range can be used to compare rivers and streams of contrasting types, 

while also meeting policy needs, which increasingly requires biomonitoring and 

conservation policies over large spatial scales (Statzner and Bêche 2010). All three species 

have aquatic larval and terrestrial adult stages, allowing a focus on dispersal and 

connectivity. Simultaneously, however, the species differ in size, functional group and 

trophic level: A. sulcicollis is predominantly a shredder; B. rhodani is a generalist detritivore 

or scraper/grazer whereas I. grammatica is a predator. Such functional contrasts potentially 

allow an examination of differing ecological processes through the lens of population 

genetic diversity and structure. Finally, the three species were chosen to fill a clear gap in 

available knowledge: I. grammatica and A. sulcicollis have no known nuclear genetic 

markers available.  B. rhodani has seven microsatellite loci described (Williams et al. 2002), 
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but additional microsatellites are required as it is unknown how many unlinked loci are 

needed to distinguish between recently diverged populations and to increase statistical 

power (Haasl and Payseur 2011; Putman and Carbone 2014). Many studies choose a 

minimum of ten polymorphic loci (Cervini et al. 2006; Östergren et al. 2015). 

 

Methods 

Samples of each species were collected from sites in the Tywi, Wye, Glaslyn and Mawddach 

catchments in upland Wales, UK (Table E2), and stored in absolute ethanol. Genomic DNA 

was extracted from one individual per species using a High Pure PCR Template Preparation 

Kit for blood and tissue following the manufacturer’s instructions (Roche Diagnostics GmbH 

Mannheim, Germany). All samples were treated with RNase after DNA extraction. I. 

grammatica and A. sulcicollis were sequenced on an Illumina HiSeq 2500 Rapid run at The 

Oxford Genomics Centre using the 300 paired-end (PE) mode. B. rhodani was sequenced 

later on an Illumina HiSeq 2000 PE91 at BGI (Shenzhen, China). The data obtained (36, 40 

and 62 x 106 PE reads were produced for I. grammatica, A. sulcicollis and B. rhodani, 

respectively) were quality-controlled using the programs Trimmomatic (Bolger et al. 2014) 

and Musket (Liu et al. 2013), and assembled using SOAPdenovo2 (Luo et al. 2012). 

Microsatellite repeat sequences were located and primers designed using PrimerPipeline 

(Macdonald and Macdonald 2016) which incorporates the microsatellite identification tool, 

MISA (Thiel 2002) and Primer3 (Untergasser et al. 2012). Twenty-eight, 25 and 15 primer 

pairs (I. grammatica, A. sulcicollis and B. rhodani, respectively) were selected for screening 

using 36-40 samples from two sites in Wales (Table E1, Table E2; please see Supporting 

Information and Macdonald et al (2016) for full details on the pipeline; raw data is also 

available through the Short Read Archive (SRA STUDY: PRJNA315680 (SRP072016), and all 

assemblies have been deposited at DDBJ/ENA/GenBank (accessions LVVV00000000, 

LVVW00000000 and LVVX00000000). 

All forward primers were tagged with an M13 tail (5’-AGGGTTTTCCCAGTCACGACGTT-3’) at 

the 5’ end. The use of the M13 tail method (Boutin-Ganache et al. 2001) negates the need 

for fluorescently labelled primers, significantly reducing the cost of genotyping (Schuelke 
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2000). The 5 µL PCR volume contained: 2.5 µl of QIAGEN Multiplex mix, 0.5 µl Q solution, 

0.5 µM of forward and reverse primers, and fluorescent dye with complimentary M13 tail 

attached (TAM, HEX or FAM), and 1 µL DNA template (~50 ng). The following PCR conditions 

were used: initial denaturation at 94°C for 3 min, followed by 35 cycles of 94°C for 30 s, 60°C 

for 45 s and 72°C for 1 min, with a final extension of 72°C for 10 min. Samples were run on 

an ABI 3730 DNA Sequencer and analysed with GeneMarker 2.2.0 (SoftGenetics) using GS-

500 (LIZ) as a size standard. 

The number of alleles, heterozygosity and Hardy–Weinberg equilibrium (HWE) were 

estimated per locus for two populations of each species in GenAlEx (Peakall and Smouse 

2012). Significances for multiple tests were adjusted using Bonferroni correction (Rice 

1989). Polymorphism information content (PIC) was calculated per population using Cervus 

v.3.0.7 (Kalinowski et al. 2007). The presence of null alleles, allelic dropout and scoring 

errors were ascertained using Micro-Checker v2.2.3 (Van Oosterhout et al. 2004). Linkage 

disequilibrium (LD) was estimated using GENEPOP 4.2 (Raymond and Rousset 1995). 

 

Results 

Based on screening for successful PCR amplification, polymorphisms and accurate 

genotyping, a set of 18, 21 and 13 robust polymorphic microsatellites were identified for I. 

grammatica, A. sulcicollis and B. rhodani respectively. High levels of allelic diversity and PIC 

were observed for all three species (Na = 7-27, 3-16, 5-13, average 17, 9, 9; PIC= 0.67-0.95, 

0.36-0.90, 0.42-0.88, average 0.88, 0.73, 0.72; Table E1). Some loci within each species 

showed significant departure from HWE for both populations (Iso_11-18, Amp_16-21 and 

B_11-13; Table E1) and evidence of null alleles (Iso_7-18, Amp_10-21 and B_9-13). There 

was no significant LD or scoring errors found for any of the loci. 
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Discussion 

The highly polymorphic microsatellite loci characterised here are powerful tools with the 

potential to assess how environmental change and variation in upland rivers affects 

demographic structure in three indicator species. The development of these – or similar 

tools for other species, could aid freshwater conservation considerably by facilitating the 

appraisal of fine-scale demographic change within species, and by helping to identify 

important processes affecting whole communities. 

Heterozygosity deficit and null alleles, as found in these species, have been commonly 

observed within insects (Chapuis and Estoup 2007; Brownlow et al, 2008), particularly 

within Baetidae (Alp et al. 2012). It has been largely explained by the patchy recruitment 

hypothesis, where individuals sampled are the offspring of a small number of breeding 

individuals (Alp et al. 2012), as opposed to a random sample of local genotypes. 

Heterozygosity deficit can also be caused by the Wahlund effect (inadvertently sampling 

distinct populations) or by statistical error from analysing small samples with highly 

polymorphic markers. No clear evidence in favour of any of the above explanations was 

found, and it may therefore be the case that some or all factors contributed. 

Ultimately, all conservation efforts to protect and restore biodiversity depend on species 

and population monitoring to appraise distribution patterns and population size (Thomsen 

and Willerslev 2015). However, microsatellites such as those presented here can expand 

such monitoring to the genetic level, thereby revealing key attributes of genetic health, such 

as inbreeding and/or genetic drift. The effects of changing environmental conditions can be 

investigated by measuring the respective changes in population size and allele frequencies, 

particularly in species with short generation times (van Straalen and Timmermans 2002; 

Hoffmann and Willi 2008), potentially revealing important elements that might otherwise be 

overlooked during or following environmental fluctuations in river habitats. 

More generally, invertebrates are often neglected in genetic approaches to biodiversity 

conservation because basic data (including taxonomy, species distributions and abundances, 

how these change temporarily and spatially, and other biodiversity informatics) remain 

scarce (Cardoso et al. 2011). These 51 new microsatellites for three species of freshwater 

invertebrate therefore represent a considerable resource for researchers and conservation 
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biologists working on freshwater ecosystems. To the best of our knowledge, within the large 

and diverse groups of Plecoptera and Ephemeroptera, there are only five species with 

between 3-13 microsatellites each (Ameletus inopinatus (Theissinger et al. 2008; Taubmann 

et al. 2011; Theissinger et al. 2011); Siphlonisca aerodromia (Gibbs et al. 1998), 

Arcynopteryx compacta (Theissinger et al. 2009; Theissinger et al. 2013), Brachyptera 

braueri (Geismar and Nowak 2013), and Dinocras cephalotes (Elbrecht et al. 2014)). Since I. 

grammatica, A. sulcicollis and B. rhodani have 18-21 microsatellites each (including primers 

by Williams et al. (2002)), they have the highest number of microsatellites available within 

their respective orders, which makes them suitable for a wide variety of analysis, including 

applications which benefit from a larger amount of data e.g. Approximate Bayesian 

Computation (ABC).  

Recent studies exemplify some of the current limitations in genetic applications to 

freshwater invertebrate conservation.  For example, Chessman (2015) investigated how the 

traits of different species affect their resistance and resilience to drought by studying the 

post-drought macroinvertebrate assemblages. However, no information was available to 

assess the genetic consequence for these assemblage changes, and Chessman (2015) 

himself calls for a revival of research on freshwater invertebrates to predict the effects of 

drought or other climate change effects. Similarly, the growth of trait-based approaches in 

freshwater conservation and assessment reveals how some organisms are systematically 

affected by global change, yet any parallel genetic consequences are unclear (Larsen and 

Ormerod 2010). Dudgeon et al. (2006) said that “Developing effective conservation and 

management strategies for freshwater biodiversity requires documenting declines and 

extinctions and understanding the underlying causes”. This can be achieved by utilising a 

molecular approach; resistance, resilience and systematic biodiversity loss can be explored 

in more detail through investigating demographic history. This would shed light on 

invertebrate response to past disturbances (e.g. Estoup et al. 2004), as well as allowing 

inference on other species that share given localities. In contrast, conservation studies that 

include a genetic component are allowing improved understanding of key issues, revealing 

problems that could not be identified by ecological approaches alone (Schwartz et al. 2007).  

Microsatellites have been utilised in a variety of ways to aid freshwater conservation in a 

wide range of taxa. For example, Ashikaga et al. (2015) recently used microsatellites to 
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define the population structure of the freshwater fish, Brycon orbignyanus: similar 

information for invertebrates could establish priority areas for conservation. Lopes-Lima et 

al. (2015) were able to differentiate among populations of the mussel, Anodonta anatinato 

allowing conservation strategies to benefit from genetic diversity and phylogeographic 

information.  Genetic data from other aquatic invertebrates, such as the mayfly Ameletus 

inopinatus, have been used to develop climate change scenarios to aid future conservation 

efforts (Taubmann et al. 2011). Studies of common species, such as those presented here, 

might aid the conservation of a larger range of species through a comparative approach 

(Whiteley et al. 2006). Whiteley et al. (2006) studied the common species of mountain 

whitefish, Prosopium williamsoni, and found that patterns of genetic differentiation in this 

species were representative of other native species, providing a useful conservation unit 

guide that reflected the genetic differentiation of multiple species. At present, conservation 

efforts in freshwater ecosystems are focussed overwhelmingly on higher levels of 

organisation including species, populations, habitats and emergent properties such as 

ecosystem functions or services (Ormerod 2014). As pressures on freshwater environments 

intensify, we envisage the expansion in the applications of genetic data to aid in 

conservation assessment. We therefore urge further capacity building to support genetic 

applications to the conservation biology of macroinvertebrates and other aquatic 

organisms. 
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Table E1. Characteristics of polymorphic microsatellites in Isoperla grammatica (1-18), Amphinemura sulcicollis (19-39) and Baetis rhodani (40-52) including 

primer sequences (F = forward primer sequence, R = reverse primer sequence); Repeat (microsatellite repeat motif); N = number of individuals; NA number 

of alleles per locus; HO = observed heterozygosity; HE = expected heterozygosity; HWE = p value of Hardy-Weinberg Equilibrium test (bold = significant 

disequilibrium after Bonferroni test (critical P value p ≤0.0028 for Isoperla grammatica and p ≤0.0025 for Amphinemura sulcicollis and B. rhodani)), and PIC 

= polymorphism information content. GenBank Accession numbers between KR068997-KR069048, respectively. 

No. Locus Primer Sequence (5’-3’) Repeat 
Site 1 Site 2 

N NA HO HE HWE PIC N Na HO HE HWE PIC 

1 Iso_1 F: ACTTTCCATCCATGCGCTCA (CT)22 20 17 1.000 0.942 0.974 0.91 20 13 0.650 0.758 0.368 0.72 

   R: GACTTTGGGTGACACCGTGA                           

2 Iso_2 F: TAGGCCTACTTACCGACCGT (TC)26 20 25 0.900 0.959 0.162 0.93 20 21 0.850 0.953 0.016 0.92 

   R: ACCACTACCTCCTGTCTCCC                           

3 Iso_3 F: CAGCGACAATAGCCTCGGAT (CT)24 19 14 0.895 0.925 0.603 0.89 20 15 0.800 0.874 0.551 0.84 

   R: CGAACAAGGCGGTGTGAATG                           

4 Iso_4 F: AACTGATCGCGAACTCCAAG (TC)23 19 27 0.842 0.979 0.382 0.95 20 27 0.900 0.972 0.622 0.95 

   R: GTTCTTCACAGTCGGCTTCC                           

5 Iso_5 F: AGCTCACAGCCTTGTCAACA (AG)21 17 21 0.412 0.971 0.000 0.94 20 20 0.800 0.908 0.075 0.88 

   R: GTACCCGTATAGGTCGCACG                           

6 Iso_6 F: TGTGAGAGCAACTGCACAGT (CT)24 20 15 0.450 0.928 0.000 0.90 20 19 0.900 0.872 0.765 0.84 

   R: ACACCGCTTCGAACACAAGA                           

7 Iso_7 F: TGTGTTCCGGATGCAAGTAG (CT)22 19 22 0.737 0.969 0.074 0.94 20 21 0.550 0.954 0.001 0.93 

   R: GATGCAAACGCTCGATAAAC                           

8 Iso_8 F: CGTGTTAAACGCGCTCGATA (GA)23 20 22 0.700 0.965 0.038 0.94 20 14 0.650 0.897 0.002 0.87 

   R: CTGCCTGGTCACTGTGTTCA                           

9 Iso_9 F: TACTATCGTGGTTCGCGCTC (TC)24 18 18 0.556 0.937 0.000 0.90 19 16 0.474 0.945 0.003 0.91 
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No. Locus Primer Sequence (5’-3’) Repeat 
Site 1 Site 2 

N NA HO HE HWE PIC N Na HO HE HWE PIC 

   R: GCAGGCCTCGAAACGAATTG                           

10 Iso_10 F: CGATCTGGGCAGGACAAGAG (AG)26 20 10 0.500 0.855 0.000 0.81 20 11 0.500 0.709 0.005 0.67 

   R: CCAAGAACTTCCAGCCCCTT                           

11 Iso_11 F: CCACTTTGCCTTATGCGTCG (TC)21 18 15 0.444 0.927 0.000 0.89 13 7 0.077 0.809 0.000 0.75 

   R: GAGAAAGGGAGAGAGCGCAG                           

12 Iso_12 F: TAACGTGCCATGACGTCACA (AG)22 19 13 0.421 0.821 0.000 0.78 17 15 0.471 0.943 0.001 0.91 

   R: TAGGGTCCCTGAGGAGAAGC                           

13 Iso_13 F: AATACACGAGCTGGCCCAAA (AG)23 20 20 0.400 0.963 0.000 0.94 19 23 0.632 0.967 0.000 0.94 

   R: AGGCACCCAATCAGTGATCG                           

14 Iso_14 F: GTCGCTTCTGTCGTCAGGAA (AG)24 17 16 0.353 0.932 0.000 0.90 20 19 0.450 0.959 0.000 0.93 

   R: AACATAGGTGGCTTCGGCAA                           

15 Iso_15 F: AGACCAGCTCAATCGGGTTG (GA)22 18 17 0.333 0.951 0.000 0.92 20 18 0.400 0.936 0.000 0.91 

  R: GTCTAGCTAGCGGGAGGGAA                           

16 Iso_16 F: TTCCCCTAGCCTCCGATCAA (GA)21 16 15 0.313 0.938 0.000 0.90 15 11 0.200 0.892 0.000 0.85 

   R: TTTCGGGAAGGTTGTTGGGT                           

17 Iso_17 F: CGCCGGGGTCGTCATAATAA (AG)25 17 11 0.294 0.854 0.000 0.81 18 11 0.389 0.829 0.000 0.79 

   R: GTGGCCCCGAATCATCTCTT                           

18 Iso_18 F: TGAATGATGGTGTTCGAAGTG (GA)21 19 15 0.211 0.899 0.000 0.87 20 16 0.350 0.901 0.000 0.87 

   R: TATTGACAGCACCGACGTTG                           

19 Amp_1 F: TCAACCTATGGATCTGGAAACGA (AG)23 15 8 0.867 0.743 0.982 0.69 14 7 0.786 0.720 0.824 0.66 

   R: TGCATTTCCTTTCTCTTTCCAGC                           

20 Amp_2 F: GTGTGAAGTGGAGGCTGTCA (CA)24 18 14 0.833 0.924 0.898 0.89 13 12 0.769 0.905 0.087 0.86 

   R: ACAGCGCAAACTAAATCGCTC                           

21 Amp_3 F: GCCGTGCAGATCTCCATACT (TG)23 20 11 0.750 0.690 0.868 0.66 16 6 0.500 0.558 0.929 0.52 
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No. Locus Primer Sequence (5’-3’) Repeat 
Site 1 Site 2 

N NA HO HE HWE PIC N Na HO HE HWE PIC 

   R: ACTCACCTGCCTCGAACAAG                           

22 Amp_4 F: GGTCGACGCTGATAGTTTTCC (TC)20 19 7 0.737 0.799 0.785 0.75 16 6 0.625 0.810 0.329 0.75 

   R: AGAAGGATTATGGGAGGAGGAGA                           

23 Amp_5 F: CCAGGGAGGTGATTGCAAGT (AG)22 19 14 0.947 0.910 0.663 0.88 14 7 0.714 0.812 0.095 0.75 

  R: TCCGGTGGACTGCACAATTT                           

24 Amp_6 F: TCGGTTTCACGTGCAGTTAG (AC)21 20 4 0.550 0.619 0.579 0.54 16 5 0.625 0.756 0.021 0.69 

   R: TGTCAATACGTTCCACTGCG                           

25 Amp_7 F: TAACGCACTGTGTACGCACT (GT)22 20 3 0.400 0.528 0.177 0.42 16 6 0.563 0.758 0.172 0.69 

   R: CCCAAATTGTGATTGGCCGT                           

26 Amp_8 F: CGGATCGGATGCAGTGGTTA (GA)21 19 10 0.842 0.832 0.102 0.79 16 8 0.625 0.839 0.137 0.79 

   R: GTCGGGCAAGTGACTAGAGG                           

27 Amp_9 F: TCAAGCGGTCTCCTTTGCTC (GA)22 20 6 0.350 0.686 0.011 0.63 16 5 0.250 0.387 0.004 0.36 

   R: CCCTTTTCACGCATCGCAAT                           

28 Amp_10 F: AGAGATAGCGGCGTATCACG (GA)21 17 15 0.706 0.911 0.026 0.87 16 10 0.500 0.837 0.004 0.80 

   R: TTTCCTGTCCCTCACACTCC                           

29 Amp_11 F: CATTTTGCTGCCCAGTTGCT (GT)23 17 16 0.706 0.881 0.001 0.85 16 12 0.563 0.883 0.041 0.84 

   R: AAAAGCCGCGAACACACAAA                           

30 Amp_12 F: CAAGTTGGAAGCTCGGGTCT (CGC)18 11 4 0.091 0.645 0.001 0.54 9 7 0.222 0.791 0.019 0.72 

   R: GTTTTTAGTGGGCCCATCGC                           

31 Amp_13 F: TCACACGCTCTATACACCGC (CT)27 20 9 0.450 0.746 0.000 0.70 16 6 0.250 0.391 0.007 0.37 

   R: TTTCTACCCTCTGTGTCGCC                           

32 Amp_14 F: GCAACATTCAGGTCAACGCA (CA)21 16 8 0.313 0.831 0.000 0.78 16 12 0.500 0.857 0.054 0.81 

   R: GGCAGGAGAACACAACACCT                           

33 Amp_15 F: GTGGGATAAGCGCCTAGAGTT (TG)21 20 6 0.300 0.603 0.000 0.53 16 6 0.375 0.720 0.014 0.66 
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No. Locus Primer Sequence (5’-3’) Repeat 
Site 1 Site 2 

N NA HO HE HWE PIC N Na HO HE HWE PIC 

   R: GTTAGGGTCGGCATGGAACT                           

34 Amp_16 F: TATCCAGCAGACATCGCCAG (AC)20 20 14 0.400 0.915 0.002 0.88 15 9 0.333 0.871 0.001 0.82 

   R: GGGACCCTTGTGAGTCGGTA                           

35 Amp_17 F: TGCCCTTACTGTGTTTGTCG (AC)25 17 12 0.412 0.845 0.000 0.80 13 11 0.385 0.895 0.000 0.85 

   R: AGTGCGAATATGGGCCTGTC                           

36 Amp_18 F: CATCCCCATACGGCGGTTAA (AG)25 20 13 0.350 0.905 0.000 0.87 16 10 0.438 0.865 0.002 0.82 

   R: TTGCTCTCTCCCTTTCCCCT                           

37 Amp_19 F: ATCCGCTCAATCACACTGCA (TG)24 20 13 0.350 0.918 0.000 0.89 16 11 0.438 0.867 0.000 0.82 

   R: CTGAAATTTCGCCAGGTGCC                           

38 Amp_20 F: TCCTTTCCACGTCTCGGTC (TC)25 18 11 0.333 0.860 0.000 0.82 16 13 0.313 0.933 0.000 0.90 

   R: TGGCCTGCTCCTAGAAGTTC                           

39 Amp_21 F: AGACGCAGCGAATTTAGAGGT (TG)24 20 9 0.200 0.768 0.000 0.72 16 4 0.313 0.663 0.000 0.58 

   R: TGCAAATGGTCACGTTACTGTT                           

40 B_1 F: GCGCGCTCGAATTTATAATT (CT)26 18 6 0.778 0.695 0.802 0.63 19 8 0.579 0.740 0.347 0.68 

   R: TCGTACATAATAATAATCGGGCA                           

41 B_2 F: GCACACAGCATCAAGCAAAT (AG)22 19 11 0.684 0.817 0.722 0.78 19 12 0.947 0.878 0.883 0.84 

   R: GCATATGCAGCCAGTCTTCA                           

42 B_3 F: GGCGCCGAATTATTATCATC (GT)24 19 12 0.632 0.889 0.374 0.85 19 13 0.789 0.916 0.014 0.88 

   R: TTATAAACGGCGCCAAGATC                           

43 B_4 F: CCAATGCCAAATATGTTCCC (TC)22 20 6 0.400 0.581 0.290 0.53 19 5 0.421 0.617 0.341 0.54 

   R: ACGACACGCACTCTTGGAA                           

44 B_5 F: GATTCGTGTTATGCATTGCG (CA)26 19 12 0.684 0.842 0.048 0.80 18 12 0.556 0.910 0.000 0.87 

   R: ATAGCCGACGAGCATCAAAC                           

45 B_6 F: ACTTGTATTCCACGCTGCG (CT)20 19 5 0.263 0.450 0.002 0.42 18 9 0.722 0.800 0.530 0.75 
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No. Locus Primer Sequence (5’-3’) Repeat 
Site 1 Site 2 

N NA HO HE HWE PIC N Na HO HE HWE PIC 

   R: TCGGGTTGCAAGATACACAG                           

46 B_7 F: GCAGAAAGAGCAGCGCTTTA (GA)23 19 6 0.211 0.724 0.000 0.67 19 7 0.632 0.639 0.202 0.59 

   R: GGCACGGTGTTTTAATTGCT                           

47 B_8 F: CGGTGCTCCCTCTTACTCTC (GA)23 20 8 0.400 0.791 0.000 0.75 19 7 0.579 0.781 0.160 0.72 

  R: TTTAATTAACGGACGCCCTC                           

48 B_9 F: TCGCACCAGAACAAGACATC (GA)24 20 13 0.600 0.818 0.177 0.78 19 6 0.421 0.733 0.328 0.66 

  R:: CGCCTCACACTTTGAGTGAA                           

49 B_10 F: GCTTGAGAATTGCATTCACG (GA)20 20 9 0.300 0.832 0.000 0.79 15 13 0.533 0.915 0.015 0.87 

   R: CGGTGAGCAAATGGTGTATG                           

50 B_11 F: GCGTTTTCCTCCATCCCT (GA)22 20 11 0.350 0.837 0.001 0.80 19 7 0.263 0.848 0.000 0.80 

   R: TATTATGTCGCCGGCAAAAT                           

51 B_12 F: AATTCACATTTGCGTGATGG (GA)28 12 6 0.083 0.786 0.000 0.72 14 6 0.143 0.741 0.000 0.67 

   R: TCATCATTCTTCTTGCTGTCAAA                           

52 B_13 F: CTTGACTTATTGCACGAAATCC (GA)20 16 5 0.063 0.708 0.000 0.64 17 11 0.353 0.806 0.000 0.76 

  R: CCACGCCTATATGATCTCCC                           
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Supporting Information 

Among the three species tested, Isoperla grammatica, Amphinemura sulcicollis and Baetis 

rhodani, there were differences in the number of contigs and primers designed (Table.S1). 

These differences are in part due to inevitable small differences in NGS but also the relative 

success of each de novo assembly; A. sulcicollis had the most successful assembly, 

represented by the highest N50 value, so the data could be assembled into fewer, larger 

contigs, arguably better for microsatellite mining. In contrast, I. grammatica had the lowest 

N50 and the least successful de novo assembly; this could be due to the fact that I. 

grammatica also has the largest estimated genome size (1184Mbp compared to 237.6Mbp 

for A. sulcicollis). Multiple assemblies at different kmer sizes were attempted for each 

species (please see bioRix manuscript Macdonald et al. (2016; 

doi: http://dx.doi.org/10.1101/046227 [1st April 2016]) for full details on the pipeline; raw 

data are available through SRA, STUDY: PRJNA315680 (SRP072016) and all assemblies have 

been deposited at DDBJ/ENA/GenBank, accessions LVVV00000000, LVVW00000000 and 

LVVX00000000). 

The criteria for SSR mining and primer design using PrimerPipeline (Macdonald and 

Macdonald 2016; http://www.scrufster.com/primerpipeline/ [1st April 2016]) includes an 

optimum primer size of 20 bp (range 18-27bp), a primer product size of between 100-300, 

an optimum GC content of 50% (range 20%-80%), and an optimum annealing temperature 

of 60C (range 57-63C), so that different loci could be multiplexed. The same criteria for 

primer design was used for all three species. Though many SSRs of different repeat units 

were designed, di-nucleotide primers were favoured because of their tendency for higher 

polymorphism rates and ease of scoring. The primers that were tested were chosen based 

on their robustness to amplification artifacts, null alleles, and overall amplification success 

rate. Tested primers that are not described here were usually discarded due to poor 

amplification success, rather than issues with polymorphism. Baetis rhodani has the least 

amount of primers tested and described, however when the seven microsatellite loci that 

have previously been described are added, it results in 18, 21 and 20 loci which are now 

available for Isoperla grammatica, Amphinemura sulcicollis and Baetis rhodani respectively. 

http://dx.doi.org/10.1101/046227
http://www.scrufster.com/primerpipeline/
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I. grammatica and A. sulcicollis primers were tested from samples at the same locations, 

however B. rhodani was tested using samples from different locations due to cryptic species 

being present at some sites and because B. rhodani is acid sensitive and not always present 

at the same sites as I. grammatica and A. sulcicollis. 
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Table E2. Details of pipeline leading to primer design, including the number of contigs (sequences) the NGS data was assembled into, average size of contig 

(N50), number of SSRs (microsatellites) and primers found and tested, the location of sites and number of samples tested per site. Coordinates are in 

EPSG:27700 - OSGB 1936 / British National Grid. 

Species No. contigs 
assembled 
into 

N50 of 
assembly 

No. SSRs 
found  

No. of 
primers 
designed  

No. 
Tested 

No. 
Described 

Location of Site 
1 (Catchment) 

No. 
samples 
tested at 
site 1 

Location of 
Site 2 
(Catchment) 

No. 
samples 
tested at 
site 2 

Isoperla 

grammatica 

6,870,359 568 26,063 1,505 28 18 282215E 
249639N 
(Tywi) 

20 257600E 
350900N 
(Glaslyn)  

20 

Amphinemura 

sulcicollis 

1,632,947 1,543 6,040 512 25 21 282215E 
249639N 
(Tywi) 

20 257600E 
350900N 
(Glaslyn) 

16 

Baetis rhodani 1,418,939 850 717 50 15 13 310400E 
268300N 
(Wye) 

20 279110E 
319620N 
(Mawddach) 

19 
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Appendix F - Final Data Set 

 

Complete genotyping data for all three species including: details of which extraction method 

were used for each sample, how many times each sample was repeated, and tables giving 

instructions how each allele was binned for each loci. 

 

Table of tables 

Table F1 .................................................................................................................................. 378 

Table F2 .................................................................................................................................. 388 

Table F3i-x .............................................................................................................................. 398 

Table F4 .................................................................................................................................. 404 

Table F5 .................................................................................................................................. 412 

Table F6i-x .............................................................................................................................. 421 

Table F7 .................................................................................................................................. 435 

Table F8 .................................................................................................................................. 441 

Table F9i-xiii ........................................................................................................................... 448 
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Amphinemura sulcicollis – Genotyping and binning  

Table F1. Showing the final genotyping data for A. sulcicollis at 5 locis (Amp_2- Amp_6). Site identifies the 17 different sites in this data set; N = each 

individual’s position in the dataset (same order used in all analyses); Name is the name given to each sample and E represents which extraction method was 

used for each sample (see note at end of table). For each loci R = number of times each sample was repeated successfully, F = number of failed samples, 

and Allele are the two alleles found in this sample after binning. 

Site N Name E Amp_2 Amp_3 Amp_4 Amp_5 Amp_6 

R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele 

104 1 104A1 1 1  258 262 1  210 210 1  170 176 1  204 222 1  248 248 
 2 104A10 2 1  272 280 2  208 220 1  170 174 2  206 208 1  248 254 
 3 104A11 2 1  280 284 1  192 192 1  160 170 1  220 234 1  250 254 
 4 104A12 2 1  240 258 1  206 210 1  170 174 1  212 228 1  248 254 
 5 104A13 2 1  250 258 1  196 210 1  172 174 2  226 228 1  248 254 
 6 104A14 2 1  266 268 1  210 212 1  170 170 1  220 228 1  248 254 
 7 104A15 2 1  276 292 1  192 212 1  168 172 1  220 228 1  248 254 
 8 104A16 2 1  262 276 1  192 192 1  160 172 1  208 228 1  248 254 
 9 104A17 2 1  262 282 1  192 210 1  160 170 2  228 230 1  248 254 
 10 104A18 2 1  260 280 1  192 210 1  170 172 1  208 212 1  248 252 
 11 104A19 2 1  240 256 2  192 206 2  160 160 1  204 212 2  250 254 
 12 104A2 1 1  256 264 1  192 204 1  162 172 1  204 212 2  248 254 
 13 104A20 2 1  256 276 2  192 218 2  172 174 1  212 216 2  248 254 
 14 104A3 2 1  278 284 1  192 212 1  162 170 1  216 228 1  248 254 
 15 104A4 2 1  278 280 1  192 192 1  162 170 1  204 210 2  248 252 
 16 104A5 2 1  272 282 1  192 210 1  160 176 1  212 234 2  248 254 
 17 104A6 2 1  256 258 1  192 198 1  162 174 1  208 230 2  254 256 
 18 104A7 2 1  240 260 1  192 212 1  170 172 1  220 228 1  248 250 
 19 104A8 2 1  258 278 1  192 192 1  174 174 1  228 232 1  250 250 
 20 104A9 2 1  260 264 1  192 208 2  160 176 1  204 220 1  248 250 

109 21 109A1 1 1  258 278 1  192 192 1  168 176 1  208 212 1  248 248 
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Site N Name E Amp_2 Amp_3 Amp_4 Amp_5 Amp_6 

R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele 

 22 109A10 2 1  256 258 1  192 192 1  170 174 1  210 228 1  248 250 
 23 109A11 2 1  282 320 1  192 210 1  170 174 1  204 212 2  248 254 
 24 109A12 2 3  256 260 1  192 192 1  170 172 1  222 224 1  248 256 
 25 109A13 2 1  244 282 1  192 192 1  172 176 1  216 228 1  254 256 
 26 109A14 2 1  256 278 2  192 210 2  170 176 1  208 214 2  248 254 
 27 109A15 2 1  272 296 2  192 196 2  164 170 1  220 228 2  248 250 
 28 109A16 2 1  256 280 2  192 220 2  170 174 1  208 212 2  250 254 
 29 109A17 2 1  256 280 2  196 212 2  170 174 1  210 210 2  254 258 
 30 109A18 2 1  274 278 2  192 192 2  160 172 1  210 220 2  248 250 
 31 109A2 1 1  256 280 1  192 196 1  170 172 1  202 228 1  254 260 
 32 109A3 1 1  262 278 1  196 216 3  160 162 2 1 206 208 1  248 250 
 33 109A4 1 1  252 256 1  192 218 1  160 174 1  212 228 1  248 248 
 34 109A5 1 1  272 278 1  210 210 1  162 172 1  208 224 1  248 248 
 35 109A6 2 1  260 264 1  192 198 1  172 174 1  204 228 1  252 254 
 36 109A7 2 1  256 260 1  192 212 1  174 176 1  212 220 1  252 254 
 37 109A8 2 1  256 270 1  210 212 1  160 172 1  206 220 1  250 250 
 38 109A9 2 1  256 274 1  192 210 1  170 172 1  210 228 1  256 256 

108 39 108A1 1 2  276 296 2  198 210 2  172 172 2  208 234 2  250 254 
 40 108A10 2 1  262 272 1  192 196 1  168 174 2  210 220 1  248 252 
 41 108A11 2 1  240 258 1  192 196 1  174 176 3  210 230 1  254 254 
 42 108A12 2 1  254 260 1  192 192 1  170 170 2  214 226 1  248 250 
 43 108A13 2 2  258 286 1  192 192 1  160 170 1  214 236 1  248 254 
 44 108A14 2 1  262 276 1  192 228 1  170 172 1  208 222 1  248 248 
 45 108A15 2 1  278 284 1  192 210 1  160 174 1  204 210 1  248 248 
 46 108A16 2 2  280 298 1  192 216 1 1 160 170 1  210 220 1  248 250 
 47 108A17 2 1  278 280 1  192 196 1  174 176 1  210 228 1  248 250 
 48 108A18 2 1  256 280 1  190 192 1  172 176 1  204 220 1  254 254 
 49 108A19 2 1 1 260 278 1  192 216 1  174 174 2  222 222 1  248 250 
 50 108A2 1 2  278 280 2  192 212 2  172 174 2  222 228 2  248 254 
 51 108A20 2 1 1 258 280 1  190 192 1  170 174 1  204 210 1  248 254 
 52 108A3 2 2  256 258 2  192 192 2  164 170 2  206 222 2  248 252 
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Site N Name E Amp_2 Amp_3 Amp_4 Amp_5 Amp_6 

R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele 

 53 108A4 2 2  260 276 2  192 192 2  160 170 2  206 220 2  248 254 
 54 108A5 2 1 1 278 278 1  204 212 1  168 174 2  224 232 1  254 254 
 55 108A6 2 1  240 256 1  192 192 1  170 170 1  212 226 1  248 256 
 56 108A7 2 2 1 256 290 1  192 210 1  170 170 1  214 222 1  248 248 
 57 108A8 2 2  278 296 1  194 212 1  170 174 1  210 232 1  248 248 
 58 108A9 2 1  240 262 3  192 200 1  160 174 1  210 220 1  248 248 

102 59 102A1 1 1  260 262 1  192 216 1  160 170 1  228 230 1  248 254 
 60 102A10 2 1  268 272 1  192 210 1  160 172 2  208 210 1  254 256 
 61 102A11 2 1  274 282 1  192 192 1  160 170 1  230 230 1  248 254 
 62 102A12 2 1  260 278 1  192 192 1  162 162 1  204 210 1  252 256 
 63 102A13 2 1  260 260 1  192 196 1  174 174 1  210 226 1  248 254 
 64 102A14 2 1  262 272 1  192 198 1  174 176 1  210 210 1  248 254 
 65 102A15 2 1  256 258 1  210 210 1  162 170 1  220 222 1  248 254 
 66 102A16 2 1  258 258 1  192 212 1  160 172 1  220 220 1  254 254 
 67 102A17 2 1  262 264 1  192 212 1  170 172 1  212 224 1  248 254 
 68 102A18 2 1  274 280 1  192 212 1  172 176 1  204 220 1  248 250 
 69 102A19 2 1  240 258 1  192 192 1  170 170 1  210 214 1  254 256 
 70 102A2 1 1  280 280 1  192 192 1  170 172 1  222 228 1  248 250 
 71 102A20 2 1  240 280 1  192 196 1  162 172 1  210 226 1  248 254 
 72 102A3 2 1  256 276 1  192 210 1  172 174 1  204 212 1  248 248 
 73 102A4 2 1  260 262 1  192 192 1  162 176 1  220 224 1  248 256 
 74 102A5 2 1  270 280 1  192 192 1  170 170 1  220 226 1  248 248 
 75 102A6 2 1  256 298 1  210 212 1  162 162 1  220 230 1  254 254 
 76 102A7 2 1  260 262 1  196 212 1  160 172 1  212 228 1  254 256 
 77 102A8 2 1  262 276 1  192 196 1  172 172 1  206 210 1  248 254 
 78 102A9 2 1  266 272 1  192 192 1  170 172 1  204 212 1  248 254 

112 79 112A1 1 1  268 280 1  192 226 1  174 176 1  204 228 1  248 248 
 80 112A10 2 1  256 262 1  192 192 1  160 176 2  208 210 1  248 248 
 81 112A11 2 1  236 242 1  192 210 1  160 172 1  208 224 1  248 254 
 82 112A12 2 1  256 262 1  192 194 1  160 174 1  212 222 1  248 254 
 83 112A13 2 1  256 256 1  192 192 1  162 170 1  204 220 1  248 248 
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Site N Name E Amp_2 Amp_3 Amp_4 Amp_5 Amp_6 

R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele 

 84 112A14 2 1  256 272 1  192 210 1  160 170 1  220 220 1  248 254 
 85 112A15 2 1  256 296 1  192 212 1  170 170 1  212 220 1  248 248 
 86 112A16 2 1  274 282 1  192 218 1  170 172 1  212 212 1  248 254 
 87 112A17 2 1  256 260 1  192 196 1  160 174 1  206 214 1  248 248 
 88 112A18 2 1  256 258 1  210 210 1  160 170 1  228 228 1  248 254 
 89 112A19 2 1  258 282 1  192 212 1  174 174 1  224 228 1  248 250 
 90 112A2 1 3  248 276 1  192 192 1  170 170 1  204 204 2  248 254 
 91 112A20 2 2  258 278 1  192 192 2  164 172 4  212 214 2  248 252 
 92 112A3 2 2  244 278 2  192 192 2  172 174 2 1 208 220 2 1 248 254 
 93 112A4 2 2  240 282 2  210 212 2  160 174 2 1 220 226 2 1 248 254 
 94 112A5 2 2  258 294 2  192 206 2  170 178 3  208 234 3  254 256 
 95 112A6 2 2  258 264 2  192 196 2  160 176 3  210 212 2 1 248 254 
 96 112A7 2 1  260 260 1  192 212 1  162 170 1  220 228 1  248 254 
 97 112A8 2 1  260 284 1  192 210 1  160 172 1  206 208 1  248 254 
 98 112A9 2 1  256 266 1  192 192 1  170 178 1  210 210 1  248 250 

46 99 46A1 3 1  250 274 1  192 210 1  160 170 1  204 204 1  254 254 
 100 46A2 3 1  262 276 2 1 192 224 1  170 170 1  204 220 1  248 256 
 101 46A3 3 1  260 262 1  192 196 1  160 174 1  208 210 1  250 254 
 102 46A4 3 1  260 264 1  192 212 1  172 172 1  210 210 1  254 254 
 103 46A5 3 1  264 264 1  192 216 1  162 172 1  204 220 1  248 254 

96 104 96A1 1 1  256 286 1  192 220 1  162 176 1  208 228 1  248 250 
 105 96A10 2 1  264 278 1  192 210 1  160 170 1  220 220 1  248 254 
 106 96A11 2 1  262 278 1  192 192 1  162 172 1  212 212 1  248 248 
 107 96A12 2 1  256 276 2  192 192 2  170 170 2  208 220 1  248 254 
 108 96A13 2 1  260 302 1  210 212 1  170 174 1  208 220 1  248 250 
 109 96A14 2 1  256 262 1  192 210 1  162 170 1  214 220 1  248 254 
 110 96A15 2 2  260 272 1 1 212 216 1 1 160 160 2  220 220 1  248 256 
 111 96A16 2 1  282 294 1  192 206 1  170 172 1  208 228 1  254 254 
 112 96A17 2 1  258 260 1  190 216 1  160 162 1  204 220 1  248 254 
 113 96A18 2 1  260 276 1  192 210 1  160 170 1  204 228 1  254 254 
 114 96A19 2 1  262 280 1  192 198 2 1 170 174 1  208 228 1  252 254 
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Site N Name E Amp_2 Amp_3 Amp_4 Amp_5 Amp_6 

R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele 

 115 96A2 1 1  260 320 1  192 192 1  160 162 1  202 224 1  248 250 
 116 96A3 2 1  258 274 1  192 194 1  170 172 1  210 220 1  248 254 
 117 96A4 2 1  274 276 1  192 210 1  160 172 1  208 220 1  248 254 
 118 96A5 2 1  258 286 1  192 220 1  160 170 1  220 228 1  254 254 
 119 96A6 2 1  256 262 1  194 196 1  172 174 1  208 210 1  248 248 
 120 96A7 2 1  256 300 2  192 192 1  172 172 1  220 222 1  248 250 
 121 96A8 2 1  256 256 1  192 210 1  172 172 1  210 210 1  248 250 
 122 96A9 2 1  258 258 1  190 208 1  170 174 1  208 220 1  250 250 

9 123 09A1 4 1  278 278 1  192 212 1  170 172 1 1 206 230 2  248 248 
 124 09A10 4 1  256 258 1  192 192 1  170 174 2  204 220 2  248 250 
 125 09A11 4 1  262 274 1  192 192 1  160 162 3  220 232 2  248 248 
 126 09A12 4 1  262 282 1  192 192 1  160 162 2  204 214 2  248 254 
 127 09A13 4 1  256 260 1  192 192 1  162 170 2  228 232 2  250 254 
 128 09A14 4 1  262 282 1  192 210 1  162 176 2  220 222 2  256 256 
 129 09A15 4 1  258 262 1  192 212 1  170 178 1 1 220 222 2  248 250 
 130 09A16 4 2  256 300 1  192 192 1  172 172 1 1 208 210 2  254 254 
 131 09A17 4 2  262 270 1  192 192 1  160 170 1 1 220 222 2  254 254 
 132 09A18 4 1  256 260 1  192 192 1  170 176 2  204 204 2  248 252 
 133 09A19 4 1  272 288 1  192 192 2  162 172 1 1 204 214 2  254 256 
 134 09A2 4 2  242 270 2  204 216 1  162 174 2  228 228 2  248 256 
 135 09A20 4 1  274 280 1  196 212 1  160 160 2  204 220 2  248 250 
 136 09A3 4 1  256 268 1  210 212 1  160 162 1 1 210 226 2  248 248 
 137 09A4 4 1  256 258 1  192 196 1  178 178 1 1 220 222 2  254 254 
 138 09A5 4 1 1 264 292 1  192 192 1  166 174 1 1 204 230 2  248 248 
 139 09A6 4 1  284 288 1  192 192 1  162 174 2  220 228 2  250 250 
 140 09A7 4 1  256 264 1  192 212 1  172 174 1 1 204 210 2  248 254 
 141 09A8 4 1  256 262 1  192 212 1  160 178 1 1 204 232 2  250 250 
 142 09A9 4 2  238 256 1  190 192 1  162 174 1 1 208 214 2  248 248 

116 143 116A1 1 1  260 280 1  192 212 2  174 180 1  214 220 1  248 254 
 144 116A10 2 1  256 256 1  192 212 1  170 174 2  208 210 1  254 254 
 145 116A11 2 2  256 278 2  192 192 2  170 172 2  204 204 1  254 256 
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Site N Name E Amp_2 Amp_3 Amp_4 Amp_5 Amp_6 

R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele 

 146 116A12 2 2  256 272 2  192 196 2  160 172 2  204 212 1  248 254 
 147 116A13 2 2  272 274 2  192 210 2  162 174 2  220 232 1  248 254 
 148 116A14 2 2  240 262 2  192 192 2  160 170 2  204 220 1  248 250 
 149 116A15 2 2  260 266 2  192 192 2  162 174 2  204 208 1  248 254 
 150 116A16 2 2  248 260 2  192 192 2  156 174 2  208 212 1  248 252 
 151 116A17 2 1  262 262 1  192 192 1  162 170 1  204 208 1  250 250 
 152 116A18 2 1  236 260 1  192 192 1  164 176 1  224 232 1  250 256 
 153 116A19 2 1  242 282 1  192 192 1  160 170 1  204 204 1  248 254 
 154 116A2 1 1  278 280 1  192 192 1  170 174 1  204 204 1  248 250 
 155 116A20 2 1  258 282 1  192 192 1  162 170 1  204 220 1  248 250 
 156 116A3 2 1  258 260 1  192 212 2  160 176 1  208 230 1  248 254 
 157 116A4 2 2  298 308 1  192 192 1  170 174 1  220 224 1  254 254 
 158 116A5 2 1  262 282 1  192 192 1  160 162 1  212 226 1  252 254 
 159 116A6 2 1  256 280 1  212 212 1  170 174 2  210 220 1  252 254 
 160 116A7 2 2  254 282 1  192 194 1  172 176 1  204 222 1  248 254 
 161 116A8 2 1  258 262 1  192 192 1  172 174 1  204 204 1  248 254 
 162 116A9 2 1  272 286 2  192 192 1  160 162 1  204 204 1  248 252 

113 163 113A1 1 1  256 262 1  192 216 1  162 172 1  212 220 1  248 250 
 164 113A10 2 2  258 282 2  192 210 2  160 162 2  230 230 1  248 252 
 165 113A11 2 2  256 256 2  192 196 2  160 174 2  222 238 1  248 254 
 166 113A12 2 2  266 284 2  192 210 2  162 174 2  210 228 1  254 254 
 167 113A13 2 2  260 262 2  192 204 2  170 174 2  204 220 1  248 254 
 168 113A14 2 2  260 274 2  192 196 2  170 174 2  220 236 1  254 254 
 169 113A15 2 1  278 278 1  192 212 1  168 170 1  212 220 1  256 256 
 170 113A16 2 1  276 288 1  192 212 1  156 174 1  212 224 1  248 248 
 171 113A17 2 2  256 270 2  208 208 1 1 172 176 2 1 204 210 2 1 250 254 
 172 113A18 2 2  248 256 2  192 192 2  174 174 3  224 228 3  248 248 
 173 113A19 2 2  258 264 3  192 192 2  162 170 2 1 204 210 2 1 248 254 
 174 113A2 1 1  264 278 1  192 212 1  172 174 1  212 226 1  248 254 
 175 113A20 2 2  256 256 2  210 212 2  160 162 2 1 210 222 2 1 254 258 
 176 113A3 2 1  270 286 1  210 210 1  170 172 1  214 230 1  248 250 
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Site N Name E Amp_2 Amp_3 Amp_4 Amp_5 Amp_6 

R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele 

 177 113A4 2 1  258 268 1  192 212 1  160 172 1  220 222 1  248 254 
 178 113A5 2 1  256 258 1  192 210 1  160 174 1  206 220 1  248 256 
 179 113A6 2 1  260 280 1  192 210 1  170 172 1  220 226 1  248 254 
 180 113A7 2 1  256 270 1  192 198 1  170 176 1  212 218 1  248 254 
 181 113A8 2 1  240 260 1  192 192 1  170 170 1  212 228 2  246 254 
 182 113A9 2 2  260 292 2  192 198 2  170 174 2  220 224 1  254 254 

95 183 95A1 1 1  256 260 1  210 212 1  174 176 1  210 220 1  248 270 
 184 95A10 2 1  256 274 1  192 210 1  162 176 1  220 220 1  248 252 
 185 95A11 2 1  260 260 1  192 216 1  160 170 1  210 220 1  252 256 
 186 95A12 2 1  280 282 1  192 192 1  170 174 1  210 220 1  254 270 
 187 95A13 2 1  260 272 1  192 226 1  162 170 1  220 220 1  248 270 
 188 95A14 2 1  260 278 1  192 192 1  172 178 1  220 220 1  252 270 
 189 95A15 2 1  240 240 1  210 226 1  170 172 1  220 220 1  248 270 
 190 95A16 2 1  280 284 1  192 212 1  162 170 1  212 230 1  248 254 
 191 95A17 2 1  260 266 1  192 212 1  162 174 1  220 220 1  248 252 
 192 95A18 2 1  260 280 1  196 210 1  160 172 1  220 220 1  254 254 
 193 95A19 2 1  260 274 1  192 210 1  162 172 1  210 220 1  254 270 
 194 95A2 1 2  260 278 2  192 216 1  162 176 1  220 224 1  248 254 
 195 95A20 2 1  264 264 1  192 216 1  162 172 1  206 220 1  252 270 
 196 95A21 2 1  266 280 1  192 192 1  162 172 1  206 220 1  254 270 
 197 95A22 2 1  260 260 1  192 210 1  172 174 1  208 220 1  248 248 
 198 95A3 1 1  256 286 1  210 212 1  162 170 1  212 220 1  250 252 
 199 95A4 1 1  284 288 1  192 194 2  160 174 1  220 226 1  248 270 
 200 95A5 1 1  262 278 1  212 226 1  162 170 1  220 226 1  248 270 
 201 95A6 2 1  260 266 1  212 212 1  162 174 1  220 220 1  248 250 
 202 95A7 2 1  260 260 1  196 212 1  156 172 1  220 220 1  248 254 
 203 95A8 2 1  256 260 1  226 226 1  160 170 1  204 220 1  252 270 
 204 95A9 2 1  260 278 1  212 212 1  162 162 1  220 228 1  254 254 

6 205 06A1 4 2  256 278 2  192 210 3  162 174 2 2 220 220 2 2 248 270 
 206 06A10 4 1  274 278 1  210 216 2  162 172 1 1 216 220 2  248 248 
 207 06A11 4 2  260 270 2  210 212 2  162 170 1 1 220 220 2  248 248 
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Site N Name E Amp_2 Amp_3 Amp_4 Amp_5 Amp_6 

R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele 

 208 06A12 4 2  260 278 1  212 226 1  156 160 1 1 220 220 2  248 270 
 209 06A13 4 2  260 278 1  192 218 1  162 174 1 1 220 220 2  248 270 
 210 06A14 4 1  260 260 1  192 192 1  162 172 1 1 220 220 2  248 252 
 211 06A15 4 1 1 256 256 2  212 212 2  170 172 1 1 220 222 2 1 248 248 
 212 06A16 4 1  260 260 1  192 212 1  162 170 1 1 220 220 2  248 270 
 213 06A17 4 1 1 260 280 2  192 192 2  172 174 1 1 220 220 1 1 248 248 
 214 06A18 4 1  256 260 1  192 210 2  162 174 2  204 220 2  248 248 
 215 06A19 4 1 1 278 278 1  192 192 2  170 172 1 1 220 220 2 1 270 270 
 216 06A2 4 1  260 266 2  210 228 3  160 172 1 1 210 216 1 1 248 252 
 217 06A20 4 1  260 280 1  192 210 1  162 172 1 1 220 228 2  248 252 
 218 06A21 4 2  260 264 1  192 192 1  172 174 1 1 204 220 2  248 248 
 219 06A3 4 1  240 262 1  192 192 2  162 174 1 1 220 220 2  248 252 
 220 06A4 4 2  258 260 2 1 192 216 2 1 170 172 1 3 220 224 1 3 270 270 
 221 06A5 4 1  272 278 1  192 210 2  160 160 1 1 222 222 1 1 248 252 
 222 06A6 4 1  260 268 2  192 226 2  170 170 1 1 220 230 2  248 270 
 223 06A7 4 1  260 280 1  192 192 2  162 172 1 1 204 220 1 1 256 270 
 224 06A8 4 1  260 260 1  192 192 1 1 166 170 1 1 220 224 2  248 270 
 225 06A9 4 1  272 274 1  192 192 2  168 176 1 1 220 220 1 1 248 270 

94 226 94A2 1 1  276 284 1  192 210 1  168 170 1  220 222 1  254 254 
 227 94A21 4 1  278 280 1  192 216 1  170 174 1  212 222 1  248 270 
 228 94A22 4 1  256 278 1  204 216 1  170 174 1  220 220 1  256 270 
 229 94A23 4 1  260 260 1  192 192 1  170 172 1  208 220 1  248 270 
 230 94A3 2 2  228 270 1  192 192 2  170 170 2 1 204 212 1  236 236 

4 231 04A1 4 1  258 262 1  192 212 1  164 176 1  220 220 1  248 250 

55 232 55A1 3 1  258 260 1  192 212 1 2 164 172 1 2 208 210 1 2 248 254 
 233 55A10 3 1  274 278 3  192 212 2  160 170 2  210 230 2  250 254 
 234 55A13 3 1  260 264 1  192 210 2  162 164 1 1 210 220 2  248 248 
 235 55A2 3 1  258 266 1 1 192 216 2  172 172 2  208 220 2  248 248 
 236 55A3 3 1  256 258 1  192 192 1  160 170 1 1 212 220 2  248 252 
 237 55A4 3 1  256 260 1  192 192 1  162 170 2  204 224 2  248 254 
 238 55A5 3 1  260 286 1  192 216 1  170 170 1 1 206 220 2  252 254 
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Site N Name E Amp_2 Amp_3 Amp_4 Amp_5 Amp_6 

R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele 

 239 55A9 3 1  262 284 1  192 192 1  170 172 2 1 208 210 3  252 260 
59 240 59A1 4 1  240 266 1  192 212 1  160 162 1 1 206 220 2  248 254 
 241 59A10 4 1  256 260 1  190 210 1  160 174 1 1 210 224 2  248 248 
 242 59A11 4 1  254 260 2  192 222 1  170 170 2  210 220 2  250 250 
 243 59A12 4 1  256 264 1  192 192 1  160 176 1 1 210 220 2  248 254 
 244 59A13 4 1  268 282 1  212 216 1  160 172 2  204 210 2  248 248 
 245 59A14 4 1  256 274 2  210 212 2  170 174 2  208 220 2  248 248 
 246 59A15 4 1  256 260 1  192 192 2  160 170 2  220 230 2  248 252 
 247 59A16 4 1  252 272 1  192 210 1  170 172 1 1 210 220 2  254 270 
 248 59A17 4 1  258 260 1  196 210 1  160 172 1 1 204 220 2  254 254 
 249 59A18 4 1  256 280 1  192 192 1  162 174 2  228 228 2  248 248 
 250 59A19 4 1  272 302 1  192 192 2  164 182 2 1 208 212 2  248 254 
 251 59A2 4 2  272 282 1  192 210 1  162 170 1 1 208 228 2  248 248 
 252 59A20 4 1  254 284 1  192 216 1  160 160 2  204 222 2  254 254 
 253 59A3 4 1  240 266 1  192 194 1  172 174 1 1 208 230 2  250 254 
 254 59A4 4 1  258 260 2  192 216 1  162 162 2  208 220 2  254 254 
 255 59A5 4 1  256 284 1  192 218 1  160 160 1 1 206 228 2  248 254 
 256 59A6 4 1  256 268 1  192 208 2  172 178 2  212 226 2  250 254 
 257 59A7 4 1  256 262 1  192 192 1  160 170 1 1 212 220 2  254 254 
 258 59A8 4 1  260 272 1  192 192 1  172 172 1 1 220 224 2  254 256 
 259 59A9 4 1  258 260 1  192 192 2  160 160 1 1 210 220 1 1 248 254 

93 260 93A1 1 2  270 288 2  192 218 2  162 174 2  220 220 2  248 254 
 261 93A10 2 2  250 266 2  192 192 3  162 174 2 1 208 218 1  248 254 
 262 93A11 2 2  240 260 1  192 192 2  170 170 2  220 220 1  248 248 
 263 93A12 2 2  268 276 1  192 192 2  162 162 2  208 230 2  252 254 
 264 93A13 2 1  270 288 1  192 220 2  160 170 2  220 220 1  248 254 
 265 93A14 2 1  260 292 1  192 212 2  160 170 1 1 204 204 1  248 250 
 266 93A15 2 1  260 264 1  194 194 2  160 162 2  204 220 1  250 266 
 267 93A16 2 1 1 250 264 1  192 194 2  162 172 2  204 218 1  248 254 
 268 93A17 2 2  264 270 1  192 196 2  160 170 2  204 230 1  248 254 
 269 93A18 2 2  258 280 2  210 218 2  160 174 2 1 204 208 1  248 266 
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Site N Name E Amp_2 Amp_3 Amp_4 Amp_5 Amp_6 

R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele 

 270 93A19 2 2  228 270 1  192 192 1  170 170 2  204 212 1  248 250 
 271 93A2 1 2  258 260 2  192 192 2  162 174 2  208 220 2  248 254 
 272 93A3 2 1 1 264 288 2  192 192 1  162 172 2  204 212 2  248 248 
 273 93A4 2 2  256 260 2  192 212 1  172 172 2  212 220 2  248 250 
 274 93A5 2 2  270 272 2  192 192 1  160 160 2  208 212 2  250 254 
 275 93A6 2 2  260 264 2  192 196 1  160 160 2  206 218 2  252 252 
 276 93A7 2 2  250 270 2  194 218 1  160 174 1  204 212 2  250 250 
 277 93A8 2 2  258 258 2  192 192 1  170 176 2  220 222 2  254 254 
 278 93A9 2 2  264 276 2  192 206 1  160 170 2  212 220 1  248 248 

NOTE 

Extraction method 1 High Pure PCR Template Preparation Kit for blood and tissue following the manufacturer’s instructions (Roche Diagnostics GmbH 

   Mannheim, Germany) 

Extraction method 2 DNeasy 96, blood and tissue kit following the manufacturer’s instructions (Qiagen, Hilden, Germany) 

Extraction method 3 Using Chelex® 100 resin, (Bio-Rad, Richmond, CA) (Walsh et al. 1991) 

Extraction method 4 Gentra Puregene Core Kit A, DNA purification from tissue (Qiagen, Hilden, Germany) 
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Table F2. Showing the final genotyping data for A. sulcicollis at 5 locis (Amp_8- Amp_11, and Amp_13). Site identifies the 17 different sites in this data set; N 

= each individual’s position in the dataset (same order used in all analyses) and Name is the name given to each sample. For each loci, R = number of times 

each sample was repeated successfully, F = Number of failed samples, and Allele are the two alleles found in this sample after binning. 

Site N Name Amp_8 Amp_9 Amp_10 Amp_11 Amp_13 

R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele 

104 1 104A1 1  144 144 1  242 242 1  262 268 1  314 314 1  162 162 
 2 104A10 1  136 140 1  228 228 1  260 260 2  314 316 1  162 168 
 3 104A11 1  136 148 1  228 228 1  260 260 1  292 292 2  164 164 
 4 104A12 1  140 158 1  230 230 1  262 268 1  374 374 1  142 142 
 5 104A13 1  136 136 1  228 234 1  260 274 1  314 316 2  162 172 
 6 104A14 1  144 148 1  244 244 2  268 292 1  302 302 2  168 168 
 7 104A15 1  138 138 1  228 228 1  262 268 1  296 296 1  164 164 
 8 104A16 1  140 140 1  228 228 1  260 260 1  284 284 2  168 168 
 9 104A17 1  146 150 1  228 258 1  258 268 2  316 334 2  162 166 
 10 104A18 1  146 146 1  228 228 1  254 260 1  314 318 1  160 162 
 11 104A19 2  144 144 1  228 228 1  260 268 1  310 364 1  170 170 
 12 104A2 1  136 140 1  228 228 1  256 260 1  316 316 1  138 138 
 13 104A20 2  138 140 1  230 232 1  254 262 1  292 376 2  162 170 
 14 104A3 1  148 150 1  226 226 1  260 280 1  314 314 2  170 170 
 15 104A4 1  152 152 1  226 228 1  254 254 1  310 324 2  160 164 
 16 104A5 1  136 154 1  228 228 1  260 264 1  324 324 1 1 164 164 
 17 104A6 1  158 158 1  228 228 1  260 282 1  312 312 2  170 170 
 18 104A7 1  138 152 1  228 228  3 -9 -9 1  320 320 1  164 164 
 19 104A8 1  138 156 2  270 272 1  258 268 1  304 304 1  160 160 
 20 104A9 1  138 138 2 1 226 226 1  260 268 3  366 366 2 1 182 182 

109 21 109A1 1  138 140 1  232 232 1  260 282 1  366 366 1  138 138 
 22 109A10 1  146 146 1  228 232 1  260 260 2  292 300 2  168 170 
 23 109A11 1  136 148 1  224 226 1  262 262 2  382 382 1  162 162 
 24 109A12 1  146 146 1  226 226 1  260 260 3  296 296 1  162 162 
 25 109A13 1  136 136 1  228 230 1  268 268 1 1 296 366 1  160 168 



Appendix F - Final Data Set 

389 
 

Site N Name Amp_8 Amp_9 Amp_10 Amp_11 Amp_13 

R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele 

 26 109A14 2  140 140 1  228 242 1  280 280 1  292 292 1  142 164 
 27 109A15 2  148 148 1  226 244 1  258 258 2  268 292 1  160 166 
 28 109A16 2  136 148 1  228 228 1  256 256 1  282 294 1  142 160 
 29 109A17 2  136 148 2  230 244 1 1 258 258 1  288 294 1  160 162 
 30 109A18 1  144 144 1  228 228  3 -9 -9 1  292 292 1  166 166 
 31 109A2 1  152 158 1  224 228 1  260 260 2  292 294 1  142 160 
 32 109A3 2  140 140 3  244 244 1  264 270 2  294 294 2  160 162 
 33 109A4 1  146 154 1  230 230  3 -9 -9 1  300 300 1  138 160 
 34 109A5 1  138 146 1  230 230 1  260 260  3 -9 -9 1  162 162 
 35 109A6 1  140 148 1  226 244 1  260 260 1  292 292 1  138 138 
 36 109A7 1  144 144 1  228 230 1  260 264 1  290 296 1  160 162 
 37 109A8 1  138 138 1  228 228 1  258 260 2  358 358 1  162 162 
 38 109A9 1  136 150 1  232 232 1  284 284 1  284 314 1  160 160 

108 39 108A1 2  146 152 2  228 228 2  264 264 2  290 290 2  162 162 
 40 108A10 2  140 144 1  228 228 1  262 268  4 -9 -9 2  178 178 
 41 108A11 2  144 158 1  228 230 1  256 284 2  296 368 1  160 162 
 42 108A12 2  140 140 1  230 230 2  274 286 2  292 292 1  162 162 
 43 108A13 1  140 144 2  226 230 1  258 260 1  292 316 1  160 162 
 44 108A14 1  146 154 1  228 228 2  268 280 1  282 298 1  160 162 
 45 108A15 1  136 140 2  230 232 1  260 260 1  294 298 1  160 166 
 46 108A16 1  136 148 2  228 228 1  254 260 1  370 370 1  138 138 
 47 108A17 1  144 148 2  228 228 1  258 258 1  348 348 1  142 142 
 48 108A18 1  140 146 1  244 244 1  258 260  4 -9 -9 1  162 162 
 49 108A19 1  140 144 1  228 244 1  262 282 2 1 414 414 1  146 166 
 50 108A2 2  136 144 2  228 228  4 -9 -9 2  292 294 2  162 170 
 51 108A20 1  140 148 2  230 230 1 1 260 260 1  302 302 2  162 162 
 52 108A3 2  140 146 2  230 232 2  260 270 2  288 328 2  160 162 
 53 108A4 2  144 144 2  228 228  3 -9 -9 2  302 302 2  166 166 
 54 108A5 1  140 146 1  230 242 1  258 268 2  288 302 2  162 162 
 55 108A6 2  150 162 1  230 230 1  266 272 1  292 292 1  162 162 
 56 108A7 1  136 146 1  226 230 1  262 262 1  290 294 1  144 162 
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Site N Name Amp_8 Amp_9 Amp_10 Amp_11 Amp_13 

R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele 

 57 108A8 2  148 152 1  228 228 1  258 286 1  318 318 1  160 160 
 58 108A9 2  140 140 1  232 232 1  262 262 1  290 290 1  160 160 

102 59 102A1 1  136 146 1  228 240 1  260 260 1  290 296 1  160 168 
 60 102A10 1  138 150 1  232 232 1  260 260 1  292 292 1  160 160 
 61 102A11 1  138 156 1  226 228 1  260 260 2  296 380 1  160 160 
 62 102A12 1  148 150 1  226 230 2  256 256 1 1 376 376 1  138 160 
 63 102A13 1  136 140 1  226 248 2  260 260 1 1 294 378 2  162 166 
 64 102A14 1  136 138 1  226 228 1  260 260 1  294 378 1  162 166 
 65 102A15 1  136 136 1  226 228 1  260 264 1  290 376 1  160 162 
 66 102A16 1  136 148 1  230 232 1  260 270 1  296 296 1  142 160 
 67 102A17 1  146 154 1  228 228 1  260 272 1 2 296 296 2  158 158 
 68 102A18 1  138 156 1  228 228 2  270 300 2  340 340 1  138 160 
 69 102A19 1  136 146 1  226 226 1  270 270 1  298 298 1  160 160 
 70 102A2 1  136 150 1  226 226 1  260 260 2  378 378 1  138 164 
 71 102A20 1  134 134 1  226 226 1  264 284 2  376 376 1  162 162 
 72 102A3 1  146 152 1  226 228 1  254 262 2  378 378 1  138 160 
 73 102A4 1  138 140 1  244 244 1  256 260 1  294 294 1  160 160 
 74 102A5 1  136 152 1  228 228 1  272 272 2  296 296 1  162 162 
 75 102A6 1  140 146 1  228 228 1  258 258 1  292 292 1  138 160 
 76 102A7 1  140 146 1  228 228 1  270 270 1  296 296 1  166 166 
 77 102A8 1  136 136 1  226 226 1  270 282 1  372 372 1  166 166 
 78 102A9 1  146 152 1  226 240 1  260 260 1  290 362 1  160 160 

112 79 112A1 1  140 140 1  228 236 1  254 254 1  288 356 1  160 166 
 80 112A10 1  140 144 1  228 228 2  268 268 1  338 338 1  160 160 
 81 112A11 1  136 146 1  228 228 1  260 268 1  294 370 1  160 164 
 82 112A12 1  146 148 1  228 228 1  264 272 1  298 298 1  168 168 
 83 112A13 1  140 140 1  228 228 1  260 262 1  296 296 1  160 160 
 84 112A14 1  140 146 1  244 244 1  270 270 1  292 292 1  160 160 
 85 112A15 1  136 144 1  228 228 1  258 260 1  290 290 1  160 160 
 86 112A16 1  140 140 1  230 230 1  258 268 1  316 316 1  162 162 
 87 112A17 1  140 148 1  228 240 1  264 264 1  290 360 1  146 162 
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Site N Name Amp_8 Amp_9 Amp_10 Amp_11 Amp_13 

R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele 

 88 112A18 1  140 148 1  234 234  3 -9 -9 1  292 292 1  162 162 
 89 112A19 1  140 154 1  228 228 1 1 260 280 1  356 356 1  142 142 
 90 112A2 1  140 144 1  230 246 1  260 260 1  296 348 1  160 166 
 91 112A20 1  140 146 3  228 246 2  256 270 2  288 294 1  138 160 
 92 112A3 2  138 140 2  228 228 2  258 260 2  294 294 2  160 160 
 93 112A4 2  144 146 2  224 240 2  260 260 3  294 314 2  138 160 
 94 112A5 2  146 146 2  228 228 2  256 268 2  322 322 2  164 164 
 95 112A6 2  140 150 2  228 228 1 1 282 282 2  292 294 2  160 162 
 96 112A7 1  140 152 3  230 230 1 1 262 280  3 -9 -9 1  166 166 
 97 112A8 1  138 152 1  242 242 1  262 262 1  352 352 1  166 166 
 98 112A9 1  146 146 1  228 228 1  262 280 1  294 294 1  162 162 

46 99 46A1 1  136 136 1  230 230 1 1 268 270 1  298 356 1  162 164 
 100 46A2 1  146 158 1  228 228 1  282 282 1  274 274 1  162 162 
 101 46A3 1  140 152 1  228 228 1  256 256 1  294 296 2  160 160 
 102 46A4 1  140 150 1  228 228 1  260 272 1 1 358 358 1  160 160 
 103 46A5 1  152 154 1  234 234 1  260 270 2  308 308 1  160 160 

96 104 96A1 1  136 152 1  230 230 1  260 266 3  296 362 1  162 166 
 105 96A10 1  136 154 1  228 228 1  260 266 1  294 316 1  162 170 
 106 96A11 1  136 150 1  228 228 1  282 282 1  294 294 3  138 170 
 107 96A12 1  140 146 2  224 228 1  258 258 3  294 298 2  160 166 
 108 96A13 1  140 148 1  228 244 1  260 260 1  294 296 2  160 162 
 109 96A14 1  136 140 1  228 232 1  258 258 1  294 296 2  160 162 
 110 96A15 1  136 136 2  228 228 1  258 258 2  290 302 2 1 160 160 
 111 96A16 1  148 154 1  228 240 2  260 260 1  292 292 2  160 164 
 112 96A17 1  136 136 1  228 228 1  268 268 1  294 294 2  160 164 
 113 96A18 1  136 146 2  228 228 1  260 260 1  296 296 2  160 160 
 114 96A19 1  136 140 1  230 230 1  260 260 1  296 296 1  162 162 
 115 96A2 1  144 152 1  230 230 1  260 260 2  386 386 1  160 160 
 116 96A3 1  156 156 1  230 230 1  260 264  3 -9 -9 1  142 142 
 117 96A4 1  152 152 1  240 242 1  260 260 3  298 384 1  160 160 
 118 96A5 1  136 148 1  242 244 1  260 260 3  296 370 1  160 166 
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Site N Name Amp_8 Amp_9 Amp_10 Amp_11 Amp_13 

R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele 

 119 96A6 1  154 154 1  228 228 1  268 268 1  298 310 1  160 170 
 120 96A7 1  140 152 1  226 228 1 1 260 260 1  292 292 1  160 166 
 121 96A8 1  140 140 1  240 240 1  282 282 1  310 310 1  172 172 
 122 96A9 1  136 146 1  228 228 1  268 268 1  296 296 2  162 162 

9 123 09A1 1  146 146 1  228 228 2  260 260 1  292 294 3  160 160 
 124 09A10 1  136 138 1  228 228 1  284 284 2  370 370 2  142 160 
 125 09A11 1  140 156 1  228 242 1  284 284 1  292 292 2  142 162 
 126 09A12 1  140 144 1  242 242  3 -9 -9 1 2 368 368 2  162 162 
 127 09A13 1  136 154 1  228 228 1  268 268 1  288 288 3  160 160 
 128 09A14 1  144 148 1  228 228 1  260 268 2  294 404 2  160 162 
 129 09A15 1  146 150 1  228 228 1  258 260 1  292 296 2  162 162 
 130 09A16 1  140 144 2  232 244 1  260 260 1  298 302 2  162 162 
 131 09A17 1  136 140 1  228 228 1  260 284  3 -9 -9 2  142 142 
 132 09A18 1  140 146 1  228 228 2  260 260 1  292 292 3  178 178 
 133 09A19 1  136 146 1  230 230 1  268 268 1  294 294 2  160 162 
 134 09A2 1  144 146 1  228 230 1  260 260 2  292 374 2  138 160 
 135 09A20 1  136 136 1  242 244 2  260 276 2  298 370 3  138 138 
 136 09A3 1  156 156 1  228 246 2  258 296 2  320 380 2  142 162 
 137 09A4 2  136 140 1  230 242 1  260 260 1  294 294 2  138 160 
 138 09A5 1  140 146 1  230 246 1  260 260 2  296 392 2  160 168 
 139 09A6 1  146 146 1  230 230 1  284 284 1  288 358 2  160 162 
 140 09A7 1  136 140 1  228 228 1  268 268  3 -9 -9 2 1 142 142 
 141 09A8 1  134 140 1  228 230 1  262 270 1  294 294 2  162 162 
 142 09A9 1  136 136 1  228 230 1  256 260 1  294 296 2  162 164 

116 143 116A1 1  136 148 1  230 242  3 -9 -9 1  294 294 1  138 160 
 144 116A10 1 2 136 150 1  228 228 2  260 288 1  298 298 3  162 162 
 145 116A11 2  138 146 2  228 242  4 -9 -9 2  292 320 2  160 166 
 146 116A12 2  136 148 2  228 228 2  298 298 2  290 294 2  138 162 
 147 116A13 2  136 140 2  228 228 1  262 268 2  290 304 2  160 164 
 148 116A14 2  136 136 2  228 228 1  284 284 2  294 294 2  142 142 
 149 116A15 2  136 136 2  226 230 1  270 270 2  294 376 2  160 164 
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Site N Name Amp_8 Amp_9 Amp_10 Amp_11 Amp_13 

R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele 

 150 116A16 2  136 154 2  228 228 1  256 272 2  298 300 2  160 162 
 151 116A17 1  140 148 1  230 230 1  262 262 1  290 290 1  160 160 
 152 116A18 1  144 146 1  226 226  4 -9 -9 1  298 298 1  144 144 
 153 116A19 1  138 148 1  228 244  4 -9 -9 1  298 312 1  138 160 
 154 116A2 1  136 148 1  228 228  3 -9 -9 2  294 294 1  160 160 
 155 116A20 1  136 146 1  244 244 1 1 262 262 2  332 332 1  166 166 
 156 116A3 1  150 150 1  228 228  4 -9 -9 1  294 294 1  164 164 
 157 116A4 1  136 146 1  228 228 1 1 260 260 1  294 304 1  162 162 
 158 116A5 1  140 150 1  230 244 1  254 256 1  314 356 2  160 162 
 159 116A6 1  138 146 1  228 244  4 -9 -9 1  294 294 2  160 168 
 160 116A7 1  134 156 1  228 228 2  286 286 1  294 294 2  160 162 
 161 116A8 1  140 140 1  230 244  4 -9 -9 2  272 298 1  142 142 
 162 116A9 1  136 150 1  228 244  4 -9 -9 1  298 302 1  160 160 

113 163 113A1 1  136 150 1  228 228 1  260 268 1  296 296 1  160 160 
 164 113A10 2  144 152 2  228 228 1  260 272 2  294 294 2  164 164 
 165 113A11 2  146 146 2  228 230 1  254 270 2  300 318 2  160 170 
 166 113A12 2  140 148 2  228 228 1  260 286 2  294 294 2  168 168 
 167 113A13 2  150 152 2  228 228 1  268 280 2  290 318 2  160 170 
 168 113A14 2  136 138 2  228 228 1  260 262  3 -9 -9 2  166 166 
 169 113A15 1  140 146 1  228 240 1  268 270 1  290 304 2  160 166 
 170 113A16 1  144 144 1  228 228 1  258 260 1  296 296 1 1 160 160 
 171 113A17 2  136 138 2  228 228 2  268 268 2  296 296 2  160 160 
 172 113A18 2  140 146 2  234 234 2 1 262 302 2  292 292 2  162 162 
 173 113A19 2  152 152 2  228 228 2  286 286 2  294 294 3  172 172 
 174 113A2 1  136 140 1  226 230 1  260 260 1  290 322 1  160 162 
 175 113A20 2  148 148 2  232 232  4 -9 -9 2  298 298 2  164 164 
 176 113A3 1  136 136 1  228 242 1  260 262 1  296 364 1  138 160 
 177 113A4 1  138 152 1  242 242 1  288 288 1  314 314 2  174 174 
 178 113A5 1  136 148 1  228 230 1  262 262 1  294 296 1  160 160 
 179 113A6 1  150 150 1  228 244 1  260 262 1  292 294 1  160 162 
 180 113A7 1  144 144 1  228 230 1  260 260 1  292 292 1  162 166 
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Site N Name Amp_8 Amp_9 Amp_10 Amp_11 Amp_13 

R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele 

 181 113A8 1  138 140 1  228 228  4 -9 -9 1  298 302 1  160 162 
 182 113A9 2  140 140 2  228 228 1  260 260 2  292 298 2  160 166 

95 183 95A1 1  136 146 1  228 228 1  256 270 1  276 276 1  164 174 
 184 95A10 1  144 152 1  236 236 1  270 286 1  298 298 1  160 160 
 185 95A11 1  136 136 1  234 234 1  286 286 1  276 278 1  138 162 
 186 95A12 1  144 148 1  230 230 1  282 286 1  294 294 1  138 138 
 187 95A13 1  138 146 1  230 240 1  286 286 2  290 384 1  138 160 
 188 95A14 1  144 148 1  230 230 1  282 286 1  296 296 1  138 138 
 189 95A15 1  136 148 1  226 226 1  270 286 1  278 278 1  166 166 
 190 95A16 1  136 144 1  230 230 1  262 266 1  276 276 1  160 160 
 191 95A17 1  138 150 2  270 272 1  256 286 2  274 274 2  162 162 
 192 95A18 1  140 150 1  226 226 1  258 260 1  296 296 1  138 138 
 193 95A19 1  138 144 1  228 228 1  270 270 1  294 294 1  162 162 
 194 95A2 1  136 150 2  228 230 1  260 260 1  276 276 1  160 160 
 195 95A20 1  144 148 1  234 236  3 -9 -9 1  276 276 1  160 162 
 196 95A21 1  150 150 1  230 230 1  262 270 1  276 276 1  162 162 
 197 95A22 1  136 140 1  236 236 1  262 270 2  280 298 1  138 162 
 198 95A3 1  136 154 1  234 234 1  270 270 1  276 276 1  160 160 
 199 95A4 2  138 140 1  230 230 1 1 268 270 2  276 276 2  142 160 
 200 95A5 1  146 152 1  230 230 1  270 270 1  276 276 1  160 160 
 201 95A6 1  146 150 1  234 234 1  260 286 1  292 292 2  162 162 
 202 95A7 1  136 140 1  228 236 1  260 286 1  278 290 1  138 162 
 203 95A8 1  140 144 1  228 228 1  286 286 1  318 318 1  138 138 
 204 95A9 1  140 140 1  224 234 1  270 282 2  292 292 1  162 162 

6 205 06A1 2  144 148 3  246 246 2  270 270 3 1 290 290 3 1 160 160 
 206 06A10 1  144 150 1  228 230 1  270 286 1  276 276 2  138 162 
 207 06A11 2  136 136 1  226 226 2  286 286  3 -9 -9 2  138 138 
 208 06A12 1  136 146 1  230 230 2  262 262 1  276 276 2  160 160 
 209 06A13 1  144 146 1  230 230 1  270 270 1  278 278 2  164 164 
 210 06A14 1  134 136 1  228 228 1  286 286 1  296 296 1 2 138 160 
 211 06A15 2  140 148 1  228 240 1 1 286 286 2  276 276 1 2 138 162 
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Site N Name Amp_8 Amp_9 Amp_10 Amp_11 Amp_13 

R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele 

 212 06A16 1  138 146 1 1 232 232 2  270 286 1  298 298 2  138 138 
 213 06A17 2  146 158 1  230 230 2  282 282 1 1 278 278 1 2 160 160 
 214 06A18 1  138 138 1  228 230 1  270 286 1  276 276 2  142 162 
 215 06A19 1 1 136 148 1  228 230 2  282 286 1 1 278 292 1 2 162 162 
 216 06A2 1  140 152 2  228 234 1  260 266 2 1 278 374 2  142 162 
 217 06A20 1  136 150 1  228 234 1  260 260 1  278 298 2  162 162 
 218 06A21 1  140 146 1  230 234 2  286 286 1  276 276 2  160 160 
 219 06A3 1  136 136 1 1 226 232 1  256 270 2  276 278 3  162 162 
 220 06A4 2  140 150 1 2 230 246 2 1 286 286 2 1 276 278 4  160 160 
 221 06A5 2  140 146 2  230 230  3 -9 -9 2  278 292 3  138 138 
 222 06A6 1  136 150 2  228 230 2  260 260 2  318 368 2  138 160 
 223 06A7 1  140 146 2  228 230 2  270 286 2  276 302 2  138 138 
 224 06A8 1 1 140 140 3  228 238 2  286 286 3 1 276 290 1 1 138 162 
 225 06A9 1  138 152 1  226 226 1  270 270 1  294 294 3  138 138 

94 226 94A2 1  146 148 1  228 228 1  260 280 1 1 294 294 1  142 160 
 227 94A21 1  136 146 1  240 240 1  270 286 1  290 290 1  138 138 
 228 94A22 1  140 156 1  228 228 1  260 270 1  278 290 2  162 162 
 229 94A23 1  146 154 1  228 228 1  286 286 1  278 278 1  142 142 
 230 94A3 1  150 150 2  228 228 2  260 260  4 -9 -9 1  158 158 

4 231 04A1 1  136 148 1  230 244 1  260 260 2  294 294 2  134 162 

55 232 55A1 1 1 140 152 1 1 226 230  3 -9 -9 1 1 292 292  3 -9 -9 
 233 55A10 1  144 146 2  240 240 1  264 264 1  316 316 2  160 160 
 234 55A13 1  144 152 1  228 244 1  270 270 1  322 330 2  166 166 
 235 55A2 1  146 146 1  258 258 2  260 282  3 -9 -9 3  162 162 
 236 55A3 1  144 144 1  228 240 1  254 254 2  330 370 2  160 160 
 237 55A4 2  146 152 1  228 244 1  260 262 1 1 312 378 2 1 146 172 
 238 55A5 1  136 136 1  230 230 1  260 260 1 1 378 378 2  160 160 
 239 55A9 1  152 152 1  228 228  3 -9 -9 1  290 290 3  160 160 

59 240 59A1 1  146 154 1  226 228 1  256 260 1  318 320 2  164 166 
 241 59A10 1 1 136 150 1  228 228 1 1 260 284 1  316 352 2  142 162 
 242 59A11 1  144 152 1  242 242 2  260 270 1  330 330 2  162 162 
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Site N Name Amp_8 Amp_9 Amp_10 Amp_11 Amp_13 

R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele 

 243 59A12 1  140 148 1  228 228 1  260 266 1  382 382 2  142 142 
 244 59A13 1  134 138 1  232 232 1  260 262 1  360 360 2  160 160 
 245 59A14 1  136 138 1  228 228 2  270 270 1  358 372 2  160 166 
 246 59A15 1  136 136 1  228 242 1  262 262 1  290 380 2  160 172 
 247 59A16 1  148 156 1  228 228 1  260 270 1  292 292 3  160 160 
 248 59A17 1  144 148 1  228 228 1  262 270 1  362 382 2  160 170 
 249 59A18 1  148 152 1  230 250 1  256 256 1  292 322 2  160 160 
 250 59A19 2  124 140 2  264 264 1 1 260 268 1  358 358 3  142 142 
 251 59A2 1 1 144 150 1  228 248 2  268 284 1  292 318 2  160 176 
 252 59A20 1  136 136 1  246 246 1  260 260 1  294 294 2  162 162 
 253 59A3 1  138 150 1  228 240 1  260 260 1  374 374 2  162 166 
 254 59A4 2  140 148 1  250 250 1  262 262 1  292 292 2  160 160 
 255 59A5 1  146 152 1  250 250 1  268 268 1  292 292 3  160 160 
 256 59A6 1  146 148 1  240 240 1  260 260 1  296 296 2  162 162 
 257 59A7 1  144 148 1  240 246 1  270 288 2  292 388 2  138 142 
 258 59A8 1  148 150 2  230 266 1  256 256 1  296 316 3  162 162 
 259 59A9 1 1 136 146 1  228 228 1  268 268 1  286 356 2  138 162 

93 260 93A1 2  136 146 2  228 228 2  262 262 2  294 318 2  160 160 
 261 93A10 2  136 138 2  228 228 1  262 280 2  320 320 2  160 160 
 262 93A11 2  122 138 2  228 260 1  268 270 1  296 296 1  160 160 
 263 93A12 1  140 146 2  228 228 1  264 264 1  296 362 1  160 160 
 264 93A13 1  136 144 1  228 228 1  254 282 1  298 318 1  160 166 
 265 93A14 1  136 144 2  226 238 1  260 260 1  288 314 1  160 160 
 266 93A15 1  136 146 1  228 228 1  260 260 1  320 320 1  160 160 
 267 93A16 1  138 144 1  228 228 1  266 284 2  294 294 1  160 160 
 268 93A17 2  138 148 1  228 228 1  266 282 2  318 318 1  160 160 
 269 93A18 2  136 144 2  228 228 1  260 282 2  294 314 2  142 162 
 270 93A19 2  150 150 1  228 228 1  260 260 1  318 318 1  158 158 
 271 93A2 2  136 136 2  228 228 2  256 256 2  296 296 2  160 164 
 272 93A3 2  146 146 2  228 228 2  260 260 2  314 314 2  160 160 
 273 93A4 2  146 146 2  230 230 2  260 270 2  314 314 3  160 160 
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Site N Name Amp_8 Amp_9 Amp_10 Amp_11 Amp_13 

R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele 

 274 93A5 2  146 150 2  228 228 2  260 270 2  270 270 2  160 160 
 275 93A6 2  136 150 2  228 242 3  256 260 2  296 318 2  142 160 
 276 93A7 2  136 136 2  226 228 3  260 262 2  316 318 2  162 164 
 277 93A8 2  140 148 2  226 228 3  254 254 2  286 322 2  160 160 
 278 93A9 2  146 146 2  228 228 2  260 282 2  318 318 2  164 164 
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Table F3i-x. Each table represents one microsatellite loci and shows the method of binning for each 

allele after scoring. The data in these tables are from the complete dataset. Each row N represents a 

different Allele. Min and Max represent the minimum and maximum value (in base pairs) that can be 

binned into one ‘Allele’. No. alleles is the total number of times this allele has been scored, not 

including homozygotes. Within is the range (in base pairs) between Min and Max, Between is the 

difference between the Max of one allele and the Min of the subsequent allele, and Between alleles 

represents the difference between the Allele and the subsequent Allele. 

Table F3i-x. i. Amp_2. 

N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

1 228.5 229.4 228 4 0.9 6.9 8 
2 236.3 236.7 236 2 0.4 2.1 2 
3 238.8 239.6 238 2 0.8 0.7 2 
4 240.3 241.1 240 19 0.8 1.3 2 
5 242.4 243 242 4 0.6 1.5 2 
6 244.5 245 244 3 0.5 3.3 4 
7 248.3 249.6 248 7 1.3 0.9 2 
8 250.5 251 250 7 0.5 1.4 2 
9 252.4 252.7 252 2 0.3 1.6 2 
10 254.3 254.7 254 5 0.4 1.2 2 
11 255.9 257.2 256 88 1.3 0.5 2 
12 257.7 258.7 258 55 1 0.9 2 
13 259.6 260.5 260 100 0.9 0.9 2 
14 261.4 262.2 262 41 0.8 1.1 2 
15 263.3 264 264 28 0.7 1.2 2 
16 265.2 265.9 266 16 0.7 1.1 2 
17 267 269.3 268 10 2.3 1.4 2 
18 270.7 271.6 270 25 0.9 0.9 2 
19 272.5 273 272 27 0.5 1.3 2 
20 274.3 274.9 274 20 0.6 1.2 2 
21 276.1 276.9 276 23 0.8 1 2 
22 277.9 278.9 278 46 1 0.9 2 
23 279.8 280.7 280 36 0.9 1 2 
24 281.7 282.1 282 23 0.4 1.4 2 
25 283.5 283.9 284 13 0.4 1.5 2 
26 285.4 285.9 286 8 0.5 1.3 2 
27 287.2 287.5 288 8 0.3 1.7 2 
28 289.2 289.7 290 2 0.5 1.3 2 
29 291 291.2 292 5 0.2 1.7 2 
30 292.9 293 294 3 0.1 1.6 2 
31 294.6 295 296 6 0.4 1.4 2 
32 296.4 297 298 5 0.6 1.3 2 
33 298.3 298.3 300 3 0 3.9 2 
34 302.2 302.3 302 2 0.1 5.7 6 
35 308 308.4 308 2 0.4 11.5 12 
36 319.9 320.1 320 2 0.2   
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Table F3i-x. ii. Amp_3. 

N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

1 189.6 189.8 190 6 0.2 1.7 2 
2 191.5 192.1 192 277 0.6 1.6 2 
3 193.7 194 194 11 0.3 1.7 2 
4 195.7 196 196 33 0.3 1.8 2 
5 197.8 198.1 198 9 0.3 2.1 2 
6 200.2 200.4 200 3 0.2 4 4 
7 204.4 204.7 204 7 0.3 2 2 
8 206.7 207.1 206 8 0.4 1.8 2 
9 208.9 209.3 208 7 0.4 1.6 2 
10 210.9 211.6 210 74 0.7 1.5 2 
11 213.1 214.1 212 67 1 1.3 4 
12 215.4 216.1 216 25 0.7 1.5 2 
13 217.6 218.2 218 12 0.6 1.6 2 
14 219.8 220 220 7 0.2 2.2 2 
15 222.2 222.8 222 2 0.6 1.5 2 
16 224.3 224.6 224 2 0.3 1.9 2 
17 226.5 226.9 226 8 0.4 1.7 2 
18 228.6 228.9 228 3 0.3   

 

Table F3i-x. iii. Amp_4. 

N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

1 156.7 157 156 5 0.3 3.7 4 
2 160.7 161.4 160 109 0.7 1.3 2 
3 162.7 163.2 162 98 0.5 1.5 2 
4 164.7 165.3 164 13 0.6 1.6 2 
5 166.9 167.2 166 2 0.3 1.4 2 
6 168.6 168.9 168 8 0.3 1.7 2 
7 170.6 171.2 170 148 0.6 1.3 2 
8 172.5 173.3 172 108 0.8 1.2 2 
9 174.5 175.2 174 113 0.7 1.3 2 
10 176.5 177.1 176 36 0.6 1.5 2 
11 178.6 179 178 9 0.4 1.7 2 
12 180.7 181.2 180 2 0.5 1.5 2 
13 182.7 183.1 182 2 0.4   

 

Table F3i-x. iv. Amp_5. 

N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

1 201.4 201.6 202 2 0.2 1.7 2 
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N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

2 203.3 204 204 83 0.7 1.5 2 
3 205.5 206 206 21 0.5 1.4 2 
4 207.4 208.1 208 70 0.7 1.4 2 
5 209.5 210.2 210 69 0.7 1.5 2 
6 211.7 212.4 212 60 0.7 1.4 2 
7 213.8 214.3 214 18 0.5 1.7 2 
8 216 216.4 216 5 0.4 1.8 2 
9 218.2 218.3 218 7 0.1 1.7 2 
10 220 220.7 220 161 0.7 0.8 2 
11 221.5 222.7 222 33 1.2 1.5 2 
12 224.2 224.7 224 24 0.5 1.6 2 
13 226.3 226.6 226 18 0.3 1.7 2 
14 228.3 229 228 50 0.7 1.5 2 
15 230.5 230.8 230 26 0.3 1.6 2 
16 232.4 232.9 232 13 0.5 1.7 2 
17 234.6 235.1 234 7 0.5 1.7 2 
18 236.8 237 236 3 0.2 2.1 2 
19 239.1 239.1 238 2 0   

 

Table F3i-x. v. Amp_6. 

N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

1 235.6 235.8 236 2 0.2 10.9 11 
2 246.7 247.2 246 2 0.5 1.1 2 
3 248.3 249.5 248 254 1.2 0.8 2 
4 250.3 251.2 250 73 0.9 1.1 2 
5 252.3 253.2 252 46 0.9 0.8 2 
6 254 255.6 254 188 1.6 0.4 2 
7 256 256.7 256 31 0.7 1.3 2 
8 258 258.6 258 4 0.6 1.1 2 
9 259.7 260.4 260 4 0.7 5.1 6 
10 265.5 265.6 266 2 0.1 3.5 4 
11 269.1 269.8 270 33 0.7   

 

Table F3i-x. vi. Amp_8. 

N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

1 121.1 121.1 122 2 0 3.7 2 
2 124.8 124.9 124 2 0.1 9.8 10 
3 134.7 135.1 134 5 0.4 1.7 2 
4 136.8 137.3 136 111 0.5 1.1 2 
5 138.4 139.5 138 46 1.1 1.6 2 
6 141.1 141.7 140 104 0.6 1.5 4 
7 143.2 143.8 144 55 0.6 1.7 2 
8 145.5 146.2 146 88 0.7 1.3 2 
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N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

9 147.5 148.2 148 60 0.7 1.3 2 
10 149.5 150.5 150 42 1 1.1 2 
11 151.6 152.5 152 37 0.9 1.4 2 
12 153.9 154.6 154 15 0.7 1.6 2 
13 156.2 156.6 156 9 0.4 1 2 
14 157.6 158.6 158 8 1 2.9 4 
15 161.5 162.7 162 2 1.2   

 

Table F3i-x. vii. Amp_9. 

N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

1 223.9 224.1 224 7 0.2 1.7 2 
2 225.8 227.1 226 40 1.3 0.7 2 
3 227.8 228.5 228 207 0.7 0.5 2 
4 229 231.2 230 82 2.2 0.8 2 
5 232 232.5 232 19 0.5 1.7 2 
6 234.2 234.6 234 14 0.4 1.9 2 
7 236.5 236.7 236 5 0.2 1.7 2 
8 238.4 238.8 238 5 0.4 1.4 2 
9 240.2 240.8 240 18 0.6 1.4 2 
10 242.2 242.7 242 19 0.5 1.5 2 
11 244.2 245.1 244 28 0.9 1.5 2 
12 246.6 246.9 246 12 0.3 1.7 2 
13 248.6 249.1 248 2 0.5 1.5 2 
14 250.6 250.8 250 3 0.2 7.4 8 
15 258.2 258.4 258 2 0.2 1.8 2 
16 260.2 260.6 260 2 0.4 3.2 4 
17 263.8 264.1 264 2 0.3 1.5 2 
18 265.6 266.1 266 2 0.5 3.3 4 
19 269.4 269.9 270 4 0.5 1.4 2 
20 271.3 271.7 272 4 0.4   

 

Table F3i-x. viii. Amp_10. 

N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

1 255.2 255.9 254 13 0.7 1.4 2 
2 257.3 258.1 256 25 0.8 1.3 2 
3 259.4 259.9 258 23 0.5 0.3 2 
4 260.2 261.8 260 134 1.6 1.2 2 
5 263 263.6 262 40 0.6 1.2 2 
6 264.8 265.3 264 12 0.5 1.6 2 
7 266.9 267.3 266 8 0.4 1.3 2 
8 268.6 269.2 268 41 0.6 1.2 2 
9 270.4 271.1 270 54 0.7 1.4 2 
10 272.5 272.7 272 7 0.2 1.8 2 
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N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

11 274.5 274.6 274 3 0.1 1.6 2 
12 276.2 276.6 276 2 0.4 3.5 4 
13 280.1 280.4 280 10 0.3 1.3 2 
14 281.7 282.3 282 22 0.6 1.3 2 
15 283.6 284.1 284 12 0.5 0.8 2 
16 284.9 286 286 38 1.1 1.4 2 
17 287.4 287.6 288 4 0.2 3.8 4 
18 291.4 291.6 292 2 0.2 4 4 
19 295.6 295.9 296 2 0.3 1.8 2 
20 297.7 297.9 298 2 0.2 1.6 2 
21 299.5 299.9 300 2 0.4 0.7 2 
22 300.6 301 302 2 0.4   

 

Table F3i-x. ix. Amp_11. 

N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

1 267.1 268.3 268 2 1.2 0.9 2 
2 269.2 269.5 270 2 0.3 1.8 2 
3 271.3 272.2 272 2 0.9 1.1 2 
4 273.3 273.8 274 3 0.5 1.5 2 
5 275.3 275.9 276 25 0.6 1.3 2 
6 277.2 277.7 278 17 0.5 1.6 2 
7 279.3 280.1 280 2 0.8 0.9 2 
8 281 281.2 282 2 0.2 1.9 2 
9 283.1 283.2 284 2 0.1 3.8 2 
10 287 287.3 286 3 0.3 1.6 2 
11 288.9 289.3 288 11 0.4 1.6 2 
12 290.9 291.4 290 34 0.5 1.4 2 
13 292.8 293.5 292 54 0.7 1.3 2 
14 294.8 295.5 294 74 0.7 1.3 2 
15 296.8 297.5 296 51 0.7 1.3 2 
16 298.8 299.5 298 34 0.7 1.4 2 
17 300.9 301.4 300 7 0.5 1.5 2 
18 302.9 303.4 302 13 0.5 1.7 2 
19 305.1 305.3 304 5 0.2 2.1 4 
20 307.4 307.7 308 2 0.3 1.7 2 
21 309.4 309.6 310 4 0.2 2 2 
22 311.6 311.9 312 3 0.3 1.7 2 
23 313.6 314.4 314 19 0.8 1.4 2 
24 315.8 316.6 316 14 0.8 1.2 2 
25 317.8 319 318 26 1.2 1.2 2 
26 320 320.5 320 9 0.5 1 2 
27 322.3 323.1 322 7 0.8 1.2 2 
28 324.3 324.3 324 2 0 4.3 4 
29 328.6 328.8 328 2 0.2 1.9 2 
30 330.7 331.1 330 4 0.4 1.8 2 
31 332.9 334.1 332 2 1.2 0.9 2 
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N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

32 335 336 334 2 1 1.1 4 
33 337.1 337.2 338 1 0.1 2.1 2 
34 339.3 340.4 340 2 1.1 7 8 
35 347.4 347.7 348 2 0.3 3.8 4 
36 351.5 351.5 352 2 0 3.8 4 
37 355.3 355.8 356 5 0.5 1.5 2 
38 357.3 357.9 358 6 0.6 1.9 2 
39 359.8 359.9 360 2 0.1 1.2 2 
40 361.1 361.8 362 6 0.7 1.8 2 
41 363.6 363.7 364 2 0.1 1.7 2 
42 365.4 366.1 366 5 0.7 1.3 2 
43 367.4 367.7 368 5 0.3 1.7 2 
44 369.4 370 370 11 0.6 1.5 2 
45 371.5 371.8 372 2 0.3 1.6 2 
46 373.4 374 374 6 0.6 1.3 2 
47 375.3 375.8 376 7 0.5 1.6 2 
48 377.4 377.8 378 8 0.4 1.5 2 
49 379.3 380 380 5 0.7 1.5 2 
50 381.5 381.9 382 4 0.4 1.2 2 
51 383.1 384.1 384 5 1 1.5 2 
52 385.6 385.8 386 2 0.2 1.7 2 
53 387.5 387.7 388 2 0.2 4.2 4 
54 391.9 392 392 2 0.1 12.2 12 
55 404.2 404.4 404 2 0.2 10.1 10 
56 414.5 414.9 414 2 0.4   

 

Table F3i-x. x. Amp_13. 

N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

1 133.4 133.5 134 2 0.1 3.7 4 
2 137.2 139 138 60 1.8 2.5 4 
3 141.5 143 142 42 1.5 1 2 
4 144 144.1 144 2 0.1 1 2 
5 145.1 146.3 146 4 1.2 11.3 12 
6 157.6 158.1 158 4 0.5 0.9 2 
7 159 160.8 160 206 1.8 0.3 2 
8 161.1 162.4 162 145 1.3 1.2 2 
9 163.6 164.7 164 39 1.1 0.9 2 
10 165.6 166.5 166 42 0.9 1.1 2 
11 167.6 168 168 16 0.4 1.5 2 
12 169.5 170.3 170 22 0.8 1.3 2 
13 171.6 172.4 172 10 0.8 1.4 2 
14 173.8 174.2 174 3 0.4 1.9 2 
15 176.1 176.1 176 2 0 1.3 2 
16 177.4 178.1 178 5 0.7 3.7 4 
17 181.8 182 182 2 0.2   
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Isoperla gramatica – Genotyping and binning 

Table F4. Showing the final genotyping data for I.grammatica at 5 locis (Iso_1 – Iso_5). Site identifies the 13 different sites in this data set; N = each 

individual’s position in the dataset (same order used in all analyses); Name is the name given to each sample, and E = extraction method used (see note at 

end of table). For each loci R = number of times each sample was repeated successfully, F = Number of failed samples, and Allele are the two alleles found in 

this sample after binning. 

Site N Name E Iso_1 Iso_2 Iso_3 Iso_4 Iso_5 

R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele 

105 1 105I1 1 1  248 304 2  206 222 1  174 178 1  194 194 2  256 262 
 2 105I10 2 1  248 250 1  214 224 2  142 180 1  178 182 1  214 214 
 3 105I11 2 1  248 250 1  220 234 2  140 140 1  174 180 1  224 252 
 4 105I12 2 1  244 262 1  208 208 1  148 148 1  166 196 2 1 214 286 
 5 105I13 2 1  250 250 1  242 260 1  140 140 1  194 194 2  218 258 
 6 105I14 2 1  248 250 1  214 264 1  140 152 1  192 216 1  224 250 
 7 105I15 2 3  242 300 1  202 228 2  144 168 1  194 208 1  226 226 
 8 105I2 1 2  258 308 2 1 254 288 1  148 166 1  176 182 2  256 260 
 9 105I3 2 2  248 302 1 1 220 308 2  190 224 1 1 214 262 2  254 264 
 10 105I4 2 1  266 266 2  222 226 2  164 164 1  166 166 1  218 228 
 11 105I5 2 1  242 308 2  222 234 1  146 168 1  178 178 1  218 218 
 12 105I6 2 2  242 302 1 1 250 302 1  142 172 1  180 182 2  246 250 
 13 105I7 2 1  228 242 1 1 230 260 2  186 188 2  218 218 2  252 252 
 14 105I8 2 1  250 308 1 1 222 270 2  140 174 1  176 224 1  216 216 
 15 105I9 2 1  260 308 2 1 324 324 2 1 146 190 1  184 184 2  254 254 

106 16 106I1 2 1  250 262 2 1 276 290 2 1 174 220 2 1 202 264 2  234 288 
 17 106I10 2 1  248 258 1  216 246 3  196 212 1  178 178 2  214 290 
 18 106I11 2 1  242 304 1  240 240 2  142 142 2  172 218 2  214 214 
 19 106I12 2 1  248 316 1  228 248 2  140 164 1  176 188 2  230 266 
 20 106I13 2 2  248 248 2  258 278 2  150 156 1  184 202 2  224 262 
 21 106I14 2 2  288 310 2  238 284 3  142 156 1  188 214 2  232 232 
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Site N Name E Iso_1 Iso_2 Iso_3 Iso_4 Iso_5 

R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele 

 22 106I15 2 2  250 304 2  208 238 3  148 178 1  176 178 2  214 214 
 23 106I16 2 2  250 250 2  212 212 2  160 160 1  178 198 2  212 224 
 24 106I17 2 2  248 248 2  238 248 2  154 166 2  166 242 2  224 226 
 25 106I18 2 2 1 242 308 2  236 278 2  146 146 1  196 220 2  232 232 
 26 106I19 2 1  302 310 1  246 250 1  140 140 2  178 256 2  216 260 
 27 106I2 2 2 1 250 256 1  214 278 2  176 212 1  168 194 2  254 294 
 28 106I20 2 2  250 252 1  216 242 2  168 174 3  208 208 2  258 258 
 29 106I3 2 1  250 250 1  250 250 3  142 176 1  176 176 2  224 278 
 30 106I4 2 1  268 298 1  232 260 2 2 206 238 1  180 198 2  228 228 
 31 106I5 2 1  300 302 1  206 230 2 1 146 206 1  176 220 3  288 288 
 32 106I6 2 1  250 252 1  214 244 3  216 218 2  222 222 2  328 328 
 33 106I7 2 1  248 310 1  214 258 2  132 142 1  198 198 2  296 296 
 34 106I8 2 1  248 302 1  276 294 1  160 178 1  188 242  3 -9 -9 
 35 106I9 2 1  248 248 1  212 212 1  168 176 2 2 220 270 2 1 206 260 

108 36 108I1 2 1  260 302 2 1 216 294 2 1 142 192 1  168 222 1  256 264 
 37 108I10 2 1  242 308 1  216 216 1  148 156 1  178 204 1  232 232 
 38 108I11 2 1  260 310 2  206 258 2 1 140 192 1  176 186 1  212 212 
 39 108I12 2 1  250 264 2  212 234 3  174 188 1  178 194 1  268 268 
 40 108I13 2 1  248 260 2  214 234 3  166 168 1  228 252 2  216 294 
 41 108I14 2 2  304 308 2 1 214 272 1  140 142 1  272 272 2  214 292 
 42 108I15 2 1  302 310 3  216 216 1  140 148 1  178 178 1  280 280 
 43 108I16 2 3  242 304 2 1 212 252 2  168 178 2  180 220 3  310 310 
 44 108I17 2 3  248 250 2 1 234 276 1 1 140 140 2  176 180 3  262 298 
 45 108I18 2 2  300 302 3  220 228 2  142 180 3  218 302 3  320 320 
 46 108I19 2 2  248 312 2 1 236 276 2  168 178 2 1 314 356 2 1 324 324 
 47 108I2 2 1  266 304 1  216 230 1  174 174 2 1 268 268 2  258 258 
 48 108I20 2 2  248 304 2 1 246 280 2  140 174 2  192 242 2  248 248 
 49 108I3 2 2  242 270 1 1 204 246 1  140 166 1  192 238 1  230 230 
 50 108I4 2 1  248 300 2  278 292 1  140 146 2 1 174 214 1  244 244 
 51 108I5 2 2  242 330 1  204 216 2  166 208 1  196 200 2  214 232 
 52 108I6 2 1  250 314 3  222 238 2  168 192 2 1 196 264 1 1 282 316 
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Site N Name E Iso_1 Iso_2 Iso_3 Iso_4 Iso_5 

R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele 

 53 108I7 2 1  262 304 1  236 250 1  140 148 1  222 246  3 -9 -9 
 54 108I8 2 1  264 318 2 1 286 308 1  166 170 1  224 234  3 -9 -9 
 55 108I9 2 1  304 312 1  236 260 1  170 178  3 -9 -9 1  254 254 

12 56 12I1 4 1  302 304 1  278 278 1  146 150 1  164 190 2  306 332 
 57 12I10 4 2  248 316 1  240 252 1  156 182 1  194 218 1  224 224 
 58 12I11 4 2  250 300 1  228 244 1  146 166 1  178 178 2  224 224 
 59 12I12 4 1  300 312 1  216 236 1  148 178 1  190 200 1  234 234 
 60 12I13 4 2  242 248 1  220 228 1  140 146 1  178 254 1 1 234 234 
 61 12I14 4 1  300 302 1  218 234 1  136 136 1  178 272 1  224 252 
 62 12I15 4 1  250 304 1  234 238 1  162 168 1  178 190 1  214 252 
 63 12I16 4 2  248 262 2  272 284 1 1 170 232 1  166 232 1  266 310 
 64 12I17 4 1  244 264 1  204 216 1  154 166 1  182 204 1  242 294 
 65 12I18 4 1  248 250 1  252 294 1  148 160 1  176 182 1  232 232 
 66 12I19 4 1  248 250 1  240 302 1  142 142 1  180 180 2  260 260 
 67 12I2 4 2  250 292 1  204 318 1  140 152 1  178 212 1  212 212 
 68 12I20 4 2  242 286 1  220 320 2  176 176 1  166 248 1  228 254 
 69 12I3 4 2  248 316 1  214 250 1  148 168 1  192 212 1  232 232 
 70 12I4 4 1  304 316 2  232 300 1  174 178 1  164 220 1  224 248 
 71 12I5 4 1  244 250 2  240 240 1 1 186 186 1  170 178 1 1 232 232 
 72 12I6 4 1  268 276 1  216 272 1  174 176 1  200 222 1  256 276 
 73 12I7 4 1  250 308 1  250 258 1  154 176 1  166 166 2 1 260 312 
 74 12I8 4 2  248 250 1  230 236 2  140 178 1  178 194 1  206 224 
 75 12I9 4 2  248 304 1  226 240 2  140 140 1  182 194 1  252 278 

97 76 97I1 2 1  250 260 2 1 294 294 2  168 190 1 1 214 282 2  214 214 
 77 97I10 2 1  242 264 1  214 256 2  148 170 1  194 218 1  214 250 
 78 97I11 2 1  258 260 1  214 218 2  140 142 1  188 212 2  252 290 
 79 97I12 2 1  266 308 1  254 282 1 2 196 204 1  176 192 1  224 224 
 80 97I13 2 2 1 248 328 1  228 228 1  140 156 2  234 234 1  214 214 
 81 97I14 2 1  266 310 1  206 206 1  168 178 2 1 226 226 1  214 214 
 82 97I15 2 1  264 266 2 1 230 234 2  170 206 1  178 178 3  294 294 
 83 97I16 2 2  314 386 1  240 276 2  146 168 2  222 242 3  306 306 



Appendix F - Final Data Set 

407 
 

Site N Name E Iso_1 Iso_2 Iso_3 Iso_4 Iso_5 

R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele 

 84 97I17 2 2  264 304 2  230 282 1  148 152 1  182 182 2  238 238 
 85 97I2 2 1  248 264 1 1 256 256 1  166 168 2  174 174 2  274 288 
 86 97I3 2 1  252 302 1 1 230 266 1  150 156 2  180 218 2  272 272 
 87 97I4 2 1  242 314 1 1 244 254 1  144 146 1  178 188 1 2 286 286 
 88 97I5 2 1  250 250 1  214 238 1  156 172 1  178 224 2  278 300 
 89 97I6 2 1  242 250 2  214 214 2  166 182 1  184 208 1  234 234 
 90 97I7 2 1  302 308 1  246 272 1  168 168 1  186 188 3  330 330 
 91 97I8 2 1  248 308 1  286 286 1  154 164 1  166 184 1  252 252 
 92 97I9 2 1  242 308 1  212 218 2  166 168 1  178 208 3  298 298 

98 93 98I1 2 1  228 316 1  240 282 2  142 196 1 1 216 282 1  224 224 
 94 98I10 2 1  234 292 2  222 244 1  160 176 1  164 164 2  256 294 
 95 98I11 2 1  248 304 1  208 246 1  152 170 2  184 266  3 -9 -9 
 96 98I12 2 1  250 310 1  206 274 1  150 154 1  166 248 2  212 286 
 97 98I13 2 1  248 294 1  204 224 1  140 142 1  178 234 2  230 274 
 98 98I14 2 2  304 308 2  274 274 1  152 174 1  176 276 2  216 216 
 99 98I15 2 1  248 264 1  222 222 1  148 178 1  178 194 2  302 302 
 100 98I16 2 1  252 304 1  238 238 1  140 164 1  178 224 2  212 212 
 101 98I17 2 1  304 314 3  204 288 1 1 142 168 2 2 178 244 1 1 224 244 
 102 98I18 2 1  308 310 2  268 276 1  156 170 2  264 264 2  250 292 
 103 98I19 2 1  250 264 1  260 286 1 1 156 220 3  236 236 2  274 284 
 104 98I2 2 2  242 248 1  252 252 2  140 148 1 1 178 272 2 1 256 256 
 105 98I20 2 1  302 318 1  230 230 1  140 166 1 2 232 276 1  214 214 
 106 98I3 2 1  302 308 1  214 216 2  166 166 1  190 254 1  212 212 
 107 98I4 2 1  242 310 1  222 246 2 1 178 198 1  182 200 1  214 214 
 108 98I5 2 1  274 304 1  216 250 1  152 166 1  178 184  3 -9 -9 
 109 98I6 2 1  248 268 1  214 280 2  142 142 2  164 164 2  254 268 
 110 98I7 2 1  302 308 1  214 226 2  136 140 2  216 216 2  250 288 
 111 98I8 2 1  304 308 1  206 240 1  144 170 2  168 196 2 2 320 348 
 112 98I9 2 1  308 316 1  220 250 1  140 150 1  184 198 2  298 298 

112 113 112I1 2 1  304 304 1 1 214 256 2  168 168 1  178 180 1  216 242 
 114 112I10 2 1 1 252 252 2  228 244 2  156 190 1  176 176 1  224 224 
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Site N Name E Iso_1 Iso_2 Iso_3 Iso_4 Iso_5 

R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele 

 115 112I11 2 1  232 248 1 1 212 246 1  150 176 1  164 176 2  296 296 
 116 112I12 2 1  252 308 1 1 234 266 1  148 162 1  184 212 1  214 288 
 117 112I13 2 2 1 242 268 1 1 216 248 2  142 146 1  196 196 1  214 224 
 118 112I14 2 1  250 304 2  214 216 2  140 176 1  166 204 1  226 280 
 119 112I15 2 1  310 322 3  206 206 2  164 202 1  174 252 1  214 252 
 120 112I16 2 1  252 264 2 1 230 386 2  170 204 1  190 202 1  214 290 
 121 112I17 2 2  242 308 2  206 240 2  162 226 1  174 220 1  248 254 
 122 112I18 2 1  300 310 2 1 230 230 2  146 166 1  198 246 1  212 224 
 123 112I19 2 1  242 274 2  226 228 2  152 176 1  184 198 1 1 316 316 
 124 112I2 2 1  248 264 2  216 220 1  146 146 1  214 214 1  214 260 
 125 112I20 2 1  258 308 2  216 226 2  142 190 1  182 182 1 1 304 304 
 126 112I3 2 1  302 308 1 1 246 256 2  176 188 1  192 218 1  214 214 
 127 112I4 2 1  242 308 1 1 222 270 1  142 148 1  180 180 2  262 262 
 128 112I5 2 1  302 310 1 1 224 286 1  148 160 1  168 168 1  230 230 
 129 112I6 2 1  296 304 1 1 212 260 1  146 170 1  212 236 2  260 288 
 130 112I7 2 1  266 302 2  214 214 2  140 170 2  178 250 1  258 258 
 131 112I8 2 1  248 264 1 1 260 292 2  146 194 1  178 192 2  260 286 
 132 112I9 2 1  300 312 2 1 240 304 2  142 178 1  174 230 2  234 286 

46 133 46I1 3 1  242 316 2  212 214 1  140 168 1  178 186 2  232 256 
 134 46I2 3 1  242 310 1 1 212 308 1  140 168 1  178 192 2  276 276 
 135 46I3 3 1  242 242 2  206 214 1  140 146 1  190 214 1  224 292 
 136 46I4 3 1  254 322 2  214 222 1  168 168 1  178 182 2  232 232 
 137 46I5 3 1  248 260 1 1 232 276 2  146 184 1  182 190 2  248 276 

114 138 114I1 2 2  250 304 1  214 244 1  150 162 1  166 176 1  226 230 
 139 114I10 2 2  228 250 3 1 216 288 2  138 152 1  182 190 2  214 262 
 140 114I11 2 2  352 352 2  214 230 2  170 178 1  174 178 2  224 224 
 141 114I12 2 2  248 300 2  222 242 2  142 166 1  170 178  5 -9 -9 
 142 114I13 2 2  232 258 2  250 250 2  140 142 1  196 196 2 2 268 302 
 143 114I14 2 1  264 302 1  214 250 1  148 168 2  204 238 1  224 224 
 144 114I15 2 1  304 308 1  226 230 1  140 150 1  174 214 1  214 214 
 145 114I16 2 1  242 312 1 1 272 272 2  144 204 2  190 196 2  254 254 
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Site N Name E Iso_1 Iso_2 Iso_3 Iso_4 Iso_5 

R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele 

 146 114I17 2 1  248 266 1 1 250 274 1  142 152 1  180 190 2 1 326 326 
 147 114I18 2 1  250 260 1 1 216 236 2  166 168 2 1 180 274 2  206 218 
 148 114I19 2 2  266 266 2 2 256 362 2  140 168 1  182 198 2  254 254 
 149 114I2 2 2  250 260 1  230 230 2  144 168 1  168 168 1  214 224 
 150 114I20 2 1  250 308 1 1 242 320 1  142 172 1  182 196 2  292 292 
 151 114I3 2 2  248 310 1  212 232 2  140 140 1  160 160 2  232 254 
 152 114I4 2 2  250 296 1  270 272 1  140 148 2  206 206 2 2 344 344 
 153 114I5 2 2  308 308 1  250 250 1  140 150 2  188 188 2 1 218 218 
 154 114I6 2 2  268 300 2 1 216 272 2  162 172 1 1 176 278 1  228 228 
 155 114I7 2 2  242 304 2 1 214 286 1  154 168 1  178 204 2  214 256 
 156 114I8 2 2  250 308 2  204 208 3  146 194 2  172 228 4  224 270 
 157 114I9 2 2  250 308 3 1 214 274 3  140 196 2  178 214 2  232 250 

115 158 115I1 2 2  264 308 1 1 264 272 2  174 178 1  170 170 2  262 262 
 159 115I10 2 3  252 302 3  204 230 2  154 168 1  178 178 2  240 240 
 160 115I11 2 2  232 298 2 1 224 270 2 2 174 230 1  168 168 2  224 260 
 161 115I12 2 2  248 264 2 2 240 302 2  168 178 1  218 228 3  290 302 
 162 115I13 2 2  242 308 3  216 222 2  154 174 1  178 224 2  224 256 
 163 115I14 2 3  242 302 2 1 246 312 3  140 192 1  172 224 2  224 264 
 164 115I15 2 1  242 300 1 1 248 308 2  174 200 1  164 190 1  214 214 
 165 115I16 2 1  254 264 1 1 272 282 2  186 196 1  174 174 1  216 260 
 166 115I17 2 1  292 298 1 1 208 292 2  150 170 2  216 258 2  214 258 
 167 115I18 2 1  248 310 1 1 218 298 2  146 156 1  178 180  3 -9 -9 
 168 115I19 2 1  302 314 3  214 214 1  156 182 2  208 218 2  242 252 
 169 115I2 2 2  248 304 2  214 216 1  142 148 1  178 224 2  216 264 
 170 115I20 2 1  234 294 1 1 222 244 1  142 168 1  166 182 2  254 254 
 171 115I3 2 2  258 314 1 1 268 312 1  160 172 1  174 182 2  212 254 
 172 115I4 2 2  264 276 2  226 230 1  146 146 1  192 192 2  268 268 
 173 115I5 2 2  248 304 1 1 258 268 2  162 166 1  190 194 2  214 262 
 174 115I6 2 3  250 250 2  214 224 2  168 168 1 1 176 224 2  214 242 
 175 115I7 2 2  248 248 2  222 226 1  146 168 1  190 242 2  224 248 
 176 115I8 2 2  248 282 1 1 270 308 2  176 176 2  224 230 2  214 214 
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Site N Name E Iso_1 Iso_2 Iso_3 Iso_4 Iso_5 

R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele 

 177 115I9 2 2  310 314 2 1 238 298 2  140 180 1 1 212 276 2  212 212 

10 178 10I1 4 1  268 302 1  224 240 2  140 140 2 1 182 322 2  302 302 
 179 10I10 4 1 1 248 248 2  232 264 1  140 148 1  168 218 1  250 282 
 180 10I11 4 1  270 314 1  220 274 1  148 174 1  214 214 1  246 252 
 181 10I12 4 2  248 304 1  222 298 2  142 142 1  214 216 2  256 312 
 182 10I13 4 2  248 264 1  230 318 1  142 166 1  176 268 1  212 248 
 183 10I14 4 1  242 302 1  216 256 1  150 182 1  236 236 1  214 232 
 184 10I15 4 1  310 310 1  270 282 1  142 156 1  200 214 1  224 252 
 185 10I16 4 2  250 250 2  216 374 1  140 148 1  190 198 1  214 248 
 186 10I17 4 2  242 254 2  310 310 2  148 188 1  188 198 1  232 260 
 187 10I18 4 2  244 248 1  274 278 1  170 174 1  164 172 2  214 214 
 188 10I19 4 1  250 312 1  232 274 1  140 146 1  178 230 1  214 214 
 189 10I2 4 1  248 268 1  216 272 1  168 174 1  174 178 1  232 298 
 190 10I20 4 1  274 312 1  206 214 1  170 176 1  176 194 1  256 298 
 191 10I3 4 1  248 264 1  216 320 1  148 164 2  196 286 1  216 216 
 192 10I4 4 1  242 248 2  232 232 2  170 170 1  180 184 2  224 224 
 193 10I5 4 1  302 310 1  230 324 1  150 176 1  218 234  3 -9 -9 
 194 10I6 4 1  242 294 1  214 228 1  142 172 1  180 190 2  258 328 
 195 10I7 4 1  302 304 2  202 264 1  142 142 1  182 182 2  304 304 
 196 10I8 4 1  302 302 1  216 278 1  140 168 1  180 228 2  220 248 
 197 10I9 4 2  248 248 1  248 274 1  170 176 1  196 220 1  232 300 

118 198 118I1 2 1  248 250 1  212 226 2  146 162 2  196 244 2  214 276 
 199 118I10 2 2  302 304 2  230 242 2  144 146 2  222 222 2  214 224 
 200 118I11 2 2  242 248 3 1 214 254 3  142 180 2  188 242 2  214 266 
 201 118I12 2 2  242 312 2  214 238 3  152 174 2  208 208 3  214 286 
 202 118I13 2 2  240 300 2  238 276 3  178 178 2  176 232 1 1 218 218 
 203 118I14 2 3  248 300 2 1 206 336 3  150 232 2 1 182 260 2  232 232 
 204 118I15 2 1  250 304 2 1 244 296 2  174 228 1  186 196 1  218 258 
 205 118I16 2 1  242 300 1  216 220 2  176 176 1  166 168 1  216 216 
 206 118I17 2 1  308 318 1  216 274 1 1 142 220 2  182 220 2  252 290 
 207 118I18 2 1  304 318 1  206 214 2  168 178 1  178 178 1  206 216 
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Site N Name E Iso_1 Iso_2 Iso_3 Iso_4 Iso_5 

R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele 

 208 118I19 2 1  242 250 2  270 316 1 1 152 228 1  172 202 2  224 252 
 209 118I2 2 2  248 248 1  214 248 2  168 176 1  182 212 1  214 224 
 210 118I20 2 1  250 314 1  204 224 2  140 156 2  186 232 2  252 252 
 211 118I3 2 1  242 248 2  280 302 3  168 222 2  180 238 2  214 274 
 212 118I4 2 2  248 312 1  218 278 2  146 160 2  180 224 2  254 254 
 213 118I5 2 2  242 242 1  254 256 2  148 148 2  192 254 2  250 250 
 214 118I6 2 2  248 308 3  206 206 2  164 168 1  174 176 1  226 232 
 215 118I7 2 2  242 320 1  218 224 2  140 140 1  174 174 1  232 232 
 216 118I8 2 1  250 270 1  216 226 2  142 182 1  216 222 1  252 252 
 217 118I9 2 2  248 248 2  204 212 2  140 154 1  178 178 2  224 224 

93 218 93I1 2 2  248 290 3  206 214 1  178 178 2  176 250 2  224 234 
 219 93I10 2 1  302 308 1  214 240 1  150 178 1  170 196 1  206 232 
 220 93I11 2 1  248 250 1  254 284 2  166 180 1  178 208 1  214 256 
 221 93I12 2 1  242 282 1  212 218 2 1 174 222 2 1 180 256 1  214 264 
 222 93I13 2 1  248 248 1  220 220 1  140 178 1  184 218 1  214 286 
 223 93I14 2 1  248 248 1  216 218 1  140 146 1  178 190 1  252 252 
 224 93I15 2 1  248 248 1  214 216 1  140 162 1  176 182 1  234 264 
 225 93I16 2 1  248 320 1  218 218 1  140 166 1  220 250 2 2 316 336 
 226 93I17 2 2  248 248 2 1 206 220 2  140 168 1 1 224 228 3  214 214 
 227 93I18 2 2  250 302 2 1 212 246 2  140 146 1 1 206 278 3  214 224 
 228 93I19 2 2  244 248 3  218 224 2  170 170 2 1 160 312 3  214 214 
 229 93I2 2 2  304 304 2 1 204 258 1  140 180 2  190 222 2  260 260 
 230 93I20 2 2  248 248 3  206 220 2  148 148 3  190 262 3  228 228 
 231 93I3 2 2  248 302 2 1 236 272  3 -9 -9 2  180 180 2  214 226 
 232 93I4 2 2  248 248 2 1 268 274 1  140 170 2  168 190 2  224 244 
 233 93I5 2 2  252 308 2 1 214 224 3  190 220 2  172 180 2  280 288 
 234 93I6 2 2  302 304 2 1 212 278 1  140 174 2  180 192 2  214 214 
 235 93I7 2 2  248 318 1 1 224 250 1  140 178 2  218 258 3  226 226 
 236 93I8 2 2  304 312 2  220 242 3  172 190 2  220 232 1  214 224 
 237 93I9 2 1  248 304 1  276 290 1  140 172 1  186 218 1  224 258 
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NOTE 

Extraction method 1 High Pure PCR Template Preparation Kit for blood and tissue following the manufacturer’s instructions (Roche Diagnostics GmbH 

   Mannheim, Germany) 

Extraction method 2  DNeasy 96, blood and tissue kit following the manufacturer’s instructions (Qiagen, Hilden, Germany) 

Extraction method 3  Using Chelex® 100 resin, (Bio-Rad, Richmond, CA) (Walsh et al. 1991) 

Extraction method 4  Gentra Puregene Core Kit A, DNA purification from tissue (Qiagen, Hilden, Germany) 

 

Table F5. Showing the final genotyping data for I.grammatica at 5 locis (Iso_6 – Iso_10). Site identifies the 13 different sites in this data set; N = each 

individuals position in the dataset (same order used in all analyses) and Name is the name given to each sample. For each loci R = number of times each 

sample was repeated successfully, F = Number of failed samples, and Allele are the two alleles found in this sample after binning. 

Site N Name Iso_6 Iso_7 Iso_8 Iso_9 Iso_10 

R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele 

105 1 105I1 1  290 290 1  124 140 1  276 276 1  272 272 1  216 216 
 2 105I10 1  292 308 1  150 150 1  270 270 1  286 286 1  216 216 
 3 105I11 1  292 294 2  248 260 1  280 284 1  254 274 1  196 196 
 4 105I12 1  302 316 2  140 212 1  300 322 1  332 332 2  220 230 
 5 105I13 1  308 308 1  136 194 1  272 272 2 1 454 454 1  218 218 
 6 105I14 1  274 324 1  124 124 1  268 268 1  264 316 1  214 218 
 7 105I15 1  270 270 1  138 140 1  266 282 2  270 318 2  216 288 
 8 105I2 1  326 326 2  156 224 1  264 308 2  340 340 1  212 216 
 9 105I3 2  270 270 1  136 172 1  276 322 1  272 310 1  212 212 
 10 105I4 1  270 270 2  162 180 1  280 294 1  280 280 1  216 230 
 11 105I5 1  294 294 1  124 156 1  312 326 1 1 340 340 1  218 218 
 12 105I6 2  300 406 1  126 138 3 2 264 372  3 -9 -9 2  214 250 
 13 105I7 1  276 306 1  160 162 1  300 304 1 1 268 268 2  214 256 
 14 105I8 1  326 326 1  142 150 1  260 284 1 1 272 362 1  230 230 



Appendix F - Final Data Set 

413 
 

Site N Name Iso_6 Iso_7 Iso_8 Iso_9 Iso_10 

R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele 

 15 105I9 2  280 414 1  150 154 1  272 278 2  302 346 1  212 212 

106 16 106I1 2  268 406 1  126 126 1  256 268 1  294 294 1  214 214 
 17 106I10 1  270 280 1  140 140 2  310 312 1  280 280 1  224 224 
 18 106I11 1  270 294 1  140 142 1  264 280 2  250 270 1  214 216 
 19 106I12 1  270 324 1  156 194 1  278 302 2 1 358 358 1  216 216 
 20 106I13 2  294 294 1  148 148 2  284 288 2  316 316 2  230 230 
 21 106I14 2  270 292 1  150 150 2  318 324 3  250 250 2  192 218 
 22 106I15 2  286 310 1  170 172 2  314 326 2  250 312 2  210 220 
 23 106I16 3  294 330 1  128 150 2  292 304  5 -9 -9 2  236 236 
 24 106I17 2  292 304 1  122 192 2  266 310 2  288 360 2  218 218 
 25 106I18 2  296 312 1  122 142 2  288 310 2  312 312 2 1 292 292 
 26 106I19 2  270 292 1  138 146 1  286 292 2 2 370 386 1  232 232 
 27 106I2 1  292 310 1  134 168 2  258 266  4 -9 -9 2 1 276 276 
 28 106I20 1  270 304 1  126 140 1  266 272 2  318 318 2  214 214 
 29 106I3 1  270 270 1  146 146 1  284 284 1  338 338 1  212 212 
 30 106I4 1  270 270 1  124 148 2  272 340 1  302 302 1  216 220 
 31 106I5 2  476 476 1  138 142 1  304 312 1  272 272 1  214 214 
 32 106I6 1  294 294 1  122 148 1  292 292 2  322 322 1  214 214 
 33 106I7 1  270 322 1  150 150 1  292 324 1  266 266 1  214 214 
 34 106I8 1  274 286 2  152 238 1  280 280 1 1 308 308 1  208 218 
 35 106I9 1  296 296 2  150 212 1  284 300 1  250 250 1  216 226 

108 36 108I1 2  346 346 1  148 150 1  304 328 1  314 344 1  212 212 
 37 108I10 1  270 270 1  174 184 1  286 286 2  274 274 1  232 232 
 38 108I11 2  294 294 2  184 298 1  308 316 2  334 390 1  232 232 
 39 108I12 1  292 294 1  124 182 2  272 316 2  330 330 1  218 228 
 40 108I13 1  276 276 1  142 202 2  280 314 2  330 330 1  212 212 
 41 108I14 1  270 270 2  142 304 1  286 286 2  346 346 1  214 218 
 42 108I15 1  290 296 2  146 238 1  276 312  3 -9 -9 1  218 218 
 43 108I16 2  288 288 3  124 196 2  272 298  3 -9 -9 2  214 216 
 44 108I17 2  272 338 2  130 178 2  256 264 2 1 334 334 2  216 232 
 45 108I18 2  272 292 2  148 222 2  268 316 2 1 268 358 2  214 218 
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Site N Name Iso_6 Iso_7 Iso_8 Iso_9 Iso_10 

R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele 

 46 108I19 2  312 312 2  154 190 2  292 344 2  274 274 2  268 268 
 47 108I2 1  296 296  3 -9 -9 1  256 306  3 -9 -9 1  212 216 
 48 108I20 2  294 294 2  182 192 2  256 256 2 1 346 346 2  214 218 
 49 108I3 1 1 290 296 2  128 222 1  278 294 1  334 334 2  212 274 
 50 108I4 1  270 282 2  128 278 2  278 278 2  250 250 1  212 226 
 51 108I5 1  290 290 1  124 186 1  270 280 2  292 292 1  228 228 
 52 108I6 1  292 296 1  170 196 1  282 282 2  250 250 2  216 216 
 53 108I7 1  282 314 2  232 298 2  318 318 3  410 410 1  214 218 
 54 108I8 1  292 304 1  140 140 1  280 314 2  296 394 1  218 218 
 55 108I9 1  294 306 1  126 128 1  304 312 2 1 340 414 1  212 212 

12 56 12I1 2  442 442 1  128 160 1  284 304  3 -9 -9 1  220 220 
 57 12I10 1  274 292 1  138 138 1  310 310 2  340 354 2  194 210 
 58 12I11 1  294 298 1  148 150 2  316 320 1  314 314 1  212 218 
 59 12I12 1  320 320 1  206 206 1  316 316 1  250 250 1  210 210 
 60 12I13 1  286 290 1  146 146 1  312 312 2  336 336 1  216 216 
 61 12I14 1  274 274 1  134 134 1  272 272 1 1 250 398 1  214 214 
 62 12I15 2  290 362 1  154 154 1  264 286 2  380 380 2  216 216 
 63 12I16 1  322 322 1  164 164 1  280 308 2 2 268 422 1  226 226 
 64 12I17 2  508 508 1  124 158 2  302 432 1  290 334 1  218 218 
 65 12I18 1  270 280 1  154 154 1  340 340 1  326 340 1  220 224 
 66 12I19 2  366 366 1  134 156 2  256 294 1  332 346 1  216 216 
 67 12I2 1  274 290 1  128 146 1  294 294 1  268 330 1  214 218 
 68 12I20 1  290 290 1  142 148 1  256 262 1  268 366 2  216 216 
 69 12I3 1  292 292 1  138 186 1  282 308 1  288 324 1  214 214 
 70 12I4 1  270 274 1  124 124 1  272 290 2  274 376 1  216 216 
 71 12I5 1  280 280 1  136 136 1  272 272 1  306 306 1  214 220 
 72 12I6 1  324 324 1  150 150 1  300 300 2  432 432 1  214 214 
 73 12I7 1  320 320 1  124 182 1  270 270 1 2 438 438 1  220 220 
 74 12I8 1  294 360 1  140 150 1  270 270 1 1 276 276 1  216 216 
 75 12I9 1  290 296 1  124 166 1  272 286 1  274 274 1  216 216 

97 76 97I1 1  296 296 1  130 182 1  272 272 2 1 378 378 1  188 224 
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Site N Name Iso_6 Iso_7 Iso_8 Iso_9 Iso_10 

R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele 

 77 97I10 1  290 290 1  124 154 1  270 278 3  338 338 2  224 252 
 78 97I11 1 3 274 274 1  152 176 1  264 302 1  274 274 1  218 228 
 79 97I12 2  274 428 2  146 258 1  312 318 1  286 286 1  224 262 
 80 97I13 2  310 394 1  136 184 1  280 280 1  276 344 1  218 218 
 81 97I14 2  274 274 1  138 138 1  320 320 2 2 454 454 1  218 218 
 82 97I15 1  296 296 2  134 250 2 1 380 380 2  348 348 1  228 228 
 83 97I16 2  270 398 1  138 138 1  278 278 2 1 400 400 1  212 214 
 84 97I17 1  302 302 1  148 150 1  264 296 1  288 288 1  268 268 
 85 97I2 1  304 324 1  124 142 1  312 312  3 -9 -9 1  210 214 
 86 97I3 2  270 364 1  158 166 1 1 354 354 2 1 360 360 1  212 212 
 87 97I4 1  270 306 1  134 156 1  314 314  3 -9 -9 1  218 218 
 88 97I5 1  270 270 1  160 184 1  274 274 1  278 278 1  224 224 
 89 97I6 1  308 308 1  126 134 2  308 308 2 1 272 346 1  216 216 
 90 97I7 1  274 274 1  124 150 1  260 294 1  270 270 1  214 216 
 91 97I8 2  332 332 1  154 160 1  300 312 2  274 274 1  210 218 
 92 97I9 2  488 488 2  132 218 1  256 268 2 1 326 354 1  210 220 

98 93 98I1 1  268 304 1  146 146 1  308 308 2  334 348 1  216 216 
 94 98I10 1  278 278 1  142 146 1  282 300 1  276 276 1  220 220 
 95 98I11 2  272 272 1  140 146 1 1 278 296 2  348 400 1  216 216 
 96 98I12 1  314 340 1  138 202 1  262 264 1  270 316 1  216 218 
 97 98I13 1  320 320 2  206 258 1  270 278 1  330 330 1  204 224 
 98 98I14 1  292 292 2  126 126 1  312 312 1 1 358 400 2 1 224 244 
 99 98I15 1  300 308 1  140 140 1  270 318 1  286 286 1  212 230 
 100 98I16 1  294 294 1  150 150 2  296 296 1  250 250 1  210 218 
 101 98I17 1  294 294 1  162 168 2  256 256  4 -9 -9 1  216 216 
 102 98I18 1  280 308 1  140 170 1  264 264 1  276 288 1  212 214 
 103 98I19 1  276 276 1  140 150 1  264 312 1  250 250 1  220 230 
 104 98I2 2  374 374 1  138 142 1  272 310 1  288 288 1  210 214 
 105 98I20 1  280 280 2  174 188 2  276 276  3 -9 -9 1  218 220 
 106 98I3 1  268 290 1  166 166 1  256 298 1  274 294 1  216 218 
 107 98I4 1 1 268 284 1  146 160 1  268 282 2  374 374 1  216 216 
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Site N Name Iso_6 Iso_7 Iso_8 Iso_9 Iso_10 

R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele 

 108 98I5 1  270 270 1  138 150 1  270 278  3 -9 -9 1  212 266 
 109 98I6 2  358 358 1  126 146 1  266 330 1  336 336 1  212 218 
 110 98I7 1  270 286 1  184 184 1  256 312 2  284 316 1  214 216 
 111 98I8 1  294 294 1  134 166 1  264 268 2  250 346 1  218 230 
 112 98I9 1  270 296 1  120 120 1  272 314 2  312 334 1  212 212 

112 113 112I1 1  354 354 1  122 152 1  264 278 1  274 274 1  214 214 
 114 112I10 2  276 392 1  128 146 2  296 318 1 1 384 384 1  216 218 
 115 112I11 1  270 290 1  128 164 1  266 290  3 -9 -9 1  216 216 
 116 112I12 1  270 286 1  190 194 2  256 256 2  272 272 1  226 226 
 117 112I13 1  276 294 1  134 152 1  266 266 1  278 332 2 1 260 270 
 118 112I14 1  290 290 1  128 140 1  264 264 2  344 344 1  216 216 
 119 112I15 1  280 308 1  134 142 2  328 352 1  280 280 1  218 218 
 120 112I16 1  270 296 1  136 146 1  264 324 1  274 274 1  218 218 
 121 112I17 2  274 274 1  128 152 1  266 284 1 1 352 352 1  220 220 
 122 112I18 1  282 306 2  154 264 1  316 316 2  330 330 1  212 212 
 123 112I19 1  274 274 2  252 252 1  256 256 1  282 332 1  216 216 
 124 112I2 1  270 320 1  138 138 2  354 354 1  254 254 1  208 228 
 125 112I20 1  282 290 1  140 164 2  308 320 2 2 416 416 1  220 220 
 126 112I3 1  306 306 1  128 154 1  256 274 1 1 366 366 1  216 218 
 127 112I4 1  270 270 2  136 136 1  290 290 2 2 386 438 1  214 214 
 128 112I5 1  274 296 1  140 150 1  268 330 2 1 342 342 1  228 236 
 129 112I6 1  294 294 1  124 148 1  288 298 1 1 390 390 1  214 226 
 130 112I7 1  274 290 1  166 166 1  292 308 1  274 306 1  212 214 
 131 112I8 1  294 314 1  146 146 1  264 304 2  256 314 1  216 218 
 132 112I9 1  278 290 1  156 168 1  304 314 1 1 378 378 1  224 224 

46 133 46I1 1  302 302 1  150 150 1  300 320 1  250 250 1  218 220 
 134 46I2 2  270 410 2  140 140 2  282 328 1 1 312 312 1  214 214 
 135 46I3 1  270 270 1  148 176 1  300 322 1 2 422 422 2  368 368 
 136 46I4 1  322 322 1  138 250 1  264 292 2  312 312 1  208 218 
 137 46I5 2  268 344 1  142 182 1  268 270 1 1 284 284 1  214 218 

114 138 114I1  4 -9 -9 3  136 226 1  264 264 2  314 356 2  214 220 
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Site N Name Iso_6 Iso_7 Iso_8 Iso_9 Iso_10 

R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele 

 139 114I10 2  294 300 1  150 164 2  272 330 2  250 290 2  214 216 
 140 114I11 2  288 288 1  128 128 2  266 302 2  338 338 2  208 218 
 141 114I12 2  276 276 2  128 252 2  284 284 3  270 348 2  212 236 
 142 114I13 3  322 374 2  152 270 2  296 312 3  306 306 2  216 220 
 143 114I14 1  310 310 1  128 128 1  316 316 2 1 336 366 1  216 216 
 144 114I15 1  270 300 1  136 148 1  262 278 2 2 398 398 1  190 190 
 145 114I16 1  274 292 1  128 140 2  278 278  3 -9 -9 1  226 232 
 146 114I17 1  284 288 2  128 216 1  284 284 1 1 348 348 1  216 218 
 147 114I18 1  290 310 1  136 154 1  332 332 1 1 332 370 1  220 220 
 148 114I19 1  270 304 1  146 158 1  266 286 2  352 352 1  210 210 
 149 114I2 1  270 310 1  128 128 1  286 306 2  250 316 2  212 212 
 150 114I20  3 -9 -9 2  260 260 1  264 266 1 1 268 338 1  216 216 
 151 114I3 1  296 296 1  148 156 1  268 286 1  270 270 2  216 216 
 152 114I4 2  342 342 1  128 174 1  288 296 2 2 384 384 2  212 214 
 153 114I5 1  302 302 1  124 160 1  270 290 1 1 276 366 2  214 214 
 154 114I6 1  270 274 1  148 154 1  306 306 1  318 340 2  210 210 
 155 114I7 1  272 272  4 -9 -9 1  274 278 2  280 300 2  220 254 
 156 114I8 2  274 290 1  138 138 2  290 290 2  250 250 2  212 216 
 157 114I9 2  278 278 1  126 150 2 1 276 306 4  344 344 2  212 212 

115 158 115I1 2  296 316 1  138 142 1  264 322 2  276 276 1  204 214 
 159 115I10 2  278 324 1  148 148 2  288 296 2  264 270 2  212 232 
 160 115I11 2  300 352 1  128 188 2 1 276 390  4 -9 -9 2  212 228 
 161 115I12 2  308 324 1  138 142 2  264 268 2 1 316 358 2  218 218 
 162 115I13 2 1 474 508 1  138 154 2  260 296 2  250 250 2  214 218 
 163 115I14 2  274 298 1  150 156 2  298 298 3  312 318 2  220 224 
 164 115I15  3 -9 -9 3  122 122 1  260 292 1  250 250 1  212 214 
 165 115I16 1  282 288 2  128 128 1  290 290 2  302 334 1  232 232 
 166 115I17 1  276 354 1  158 186 1  282 286 2 1 394 394 1  220 230 
 167 115I18 1  286 292 2  164 260 1  266 316 2  278 278 1  216 218 
 168 115I19 1  278 278 2  240 240 1  306 322 2  336 348 1  218 218 
 169 115I2 2  270 270 1  122 148 1  268 282 1  250 250 1  214 214 
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Site N Name Iso_6 Iso_7 Iso_8 Iso_9 Iso_10 

R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele 

 170 115I20 1  294 302 1  124 168 1  266 266 1  250 250 1  214 214 
 171 115I3 1  274 294 1  146 146 2  308 346 1  270 270 1  226 226 
 172 115I4 1  290 290 1  138 164 1  304 304  3 -9 -9 1  214 220 
 173 115I5 1  286 286 1  132 132 1  294 294 1  274 274 1  220 220 
 174 115I6 1  304 304 1  148 148 1  270 304 2  250 306 1  224 232 
 175 115I7 1  268 270 2  158 252 2  288 288 1  278 278 1  214 220 
 176 115I8 2  350 350 2  158 170 2  280 298 1 1 380 380 1  224 224 
 177 115I9 2  270 314 1  148 172 3  274 282 3  328 328 2  220 220 

10 178 10I1 1  312 330 1  148 148 1  264 304  3 -9 -9 1  212 212 
 179 10I10 1  290 310 1  190 190 1  302 314 2  316 418 1  188 218 
 180 10I11 1  270 292 1  134 156 1  264 278 1  316 316 1  188 188 
 181 10I12 1  292 300 1  186 186 2  264 446 1  272 356 1  220 220 
 182 10I13 2  468 468 1  128 128 1  278 278 1  268 268 2  224 224 
 183 10I14 1  280 296 1  138 140 1  256 262 1  318 358 1  216 216 
 184 10I15 1  272 314 1  126 154 1  284 284 1  290 324 1  216 216 
 185 10I16 1  268 300 2  146 146 1  294 308 1 1 334 410 2  214 214 
 186 10I17  3 -9 -9 1  122 206 1  318 318 1  332 332 1  218 218 
 187 10I18 1  290 290 1  138 140 1  256 284 1  310 362 1  218 218 
 188 10I19 2  316 462 1  128 146 1  302 316 1  276 284 2  220 220 
 189 10I2 1 2 292 300 1  148 148 1  280 288 1  314 358 1  188 218 
 190 10I20 1  274 278 1  128 148 1  256 262 2  312 312 1  212 218 
 191 10I3 1  302 308 1  140 150 1  262 296 1  250 250 2  266 266 
 192 10I4 1  270 320 2  124 236 1 1 282 414 2  294 294 1  218 226 
 193 10I5 1  292 292 1  150 150 1  314 332 1  250 336 1  188 216 
 194 10I6 1  300 300 1  128 156 2  300 334 1  266 332 2  218 218 
 195 10I7 1  360 360 1  140 164 1  278 280 1  284 284 2  196 242 
 196 10I8 1  270 322 1  156 186 1  266 292 1  336 348 2  198 198 
 197 10I9 1  296 300 1  128 138 2  264 264 1 1 254 254 1  218 218 

118 198 118I1 1  270 330 1  140 140 1  268 268 2  274 360 1  214 214 
 199 118I10 2  270 270 1  148 152 2  266 266 2  410 410 2  218 218 
 200 118I11 2  270 294 1  130 130 2  308 308 2  378 406 2  210 210 



Appendix F - Final Data Set 

419 
 

Site N Name Iso_6 Iso_7 Iso_8 Iso_9 Iso_10 

R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele 

 201 118I12 2  270 270 1  186 250 2  266 304 2  268 268 2  216 216 
 202 118I13 2  292 310 1  138 170 2 1 276 276  3 -9 -9 2  188 240 
 203 118I14 3  270 360 1  134 134 3  264 286 2  308 372 3  268 268 
 204 118I15 1  272 284 1  138 140 2 1 364 414 2 1 418 418 1  218 218 
 205 118I16 1  286 298 1  190 190 2  264 320 1  308 316 1  216 240 
 206 118I17 2  330 330 2  150 198 1  282 284 1  250 274 1  210 226 
 207 118I18 1  300 300 2  150 196 1  276 286 2  370 370 1  214 216 
 208 118I19 1  270 270 2  148 194 1  286 286 1  250 250 1  226 226 
 209 118I2 1  270 270 2  126 200 1  302 302 2  268 348 1  216 216 
 210 118I20 1  298 312 2  138 262 2  300 344  3 -9 -9 1  210 214 
 211 118I3 1  278 278 1  126 126 1  268 318 2  362 370 1  212 212 
 212 118I4 1  274 274 1  148 182 1  276 376 1  270 270 1  214 218 
 213 118I5 1  288 288 1  182 182 1  296 296 1  250 250 1  218 218 
 214 118I6 1  290 290 1  134 134 1  264 306 1  272 312 1  216 218 
 215 118I7 1  290 316 1  134 168 1  256 280 1  250 250 1  220 220 
 216 118I8 1  278 278 1  146 152 2  278 278 2  250 336 1  220 220 
 217 118I9 2  294 294 2  150 260 2  270 270 2 1 336 380 2  216 216 

93 218 93I1 3  270 270 3 1 212 248 3  298 316  5 -9 -9 2  188 214 
 219 93I10 1  270 270 1  124 142 1  316 316 1  292 292 1  188 216 
 220 93I11 1  302 316 1  126 146 1  276 276 1  250 282 1  188 188 
 221 93I12 1  270 340 1  134 134 1  268 318 1  348 348 1  240 240 
 222 93I13 1  270 312 1  134 148 1  264 300 1  250 268 1  190 214 
 223 93I14 1  284 298 1  120 122 1  264 322 1  330 346 1  188 188 
 224 93I15 1  270 292 1  134 134 1  256 264 1  266 316 1  214 228 
 225 93I16 1  270 274 1  124 124 1  264 320 2  364 364 1  188 228 
 226 93I17 2  274 312 2  128 128 2  264 316 2 1 330 358 2  218 226 
 227 93I18 2  270 310 2  124 124 3  320 376  4 -9 -9 2  220 220 
 228 93I19 2  282 302 2  128 194 2  282 302 2 1 250 330 2  188 188 
 229 93I2 3  294 304 4  130 130 3  256 322 4 1 348 348 1 1 188 188 
 230 93I20 2  324 340 2  140 198 2  256 298 2 1 316 374 2  188 272 
 231 93I3 3  284 306 4  122 122 2 1 264 384 3 1 374 374 2  188 188 
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Site N Name Iso_6 Iso_7 Iso_8 Iso_9 Iso_10 

R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele R F Allele Allele 

 232 93I4 3  270 300 4  178 252 3  298 318 3 1 348 348 2  188 188 
 233 93I5 3  308 312 4  182 182 3  266 266 3 1 360 360 2  188 262 
 234 93I6 3  270 336 4  142 186 3  264 264 3 1 360 360 2  228 228 
 235 93I7 2  270 310 3  186 186 1 1 264 266 2 1 346 346 2  188 188 
 236 93I8 2  270 308 3  178 256 2  292 292  5 -9 -9 2  188 228 
 237 93I9 1  270 346 1  128 150 1  256 264 1  250 312 1  188 188 
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Table F6i-x. Each table represents one microsatellite loci and shows the method of binning for each 

allele after scoring. The data in these tables are from the complete dataset. Each row N represents a 

different Allele. Min and Max represent the minimum and maximum value (in base pairs) that can be 

binned into one Allele. No. alleles is the total number of times this allele has been scored, not 

including homozygotes. Within is the range (in base pairs) between Min and Max, Between is the 

difference between the Max of one allele and the Min of the subsequent allele, and Between alleles 

represents the difference between the Allele and the subsequent Allele. 

 

Table F6i-x. i. Iso_1. 

N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

1 227.9 228.1 228 4 0.2 3.9 4 
2 232 232.3 232 5 0.3 1.8 2 
3 234.1 234.4 234 2 0.3 5 6 
4 239.4 239.7 240 2 0.3 1.4 2 
5 241.1 242.3 242 64 1.2 1.5 2 
6 243.8 244.3 244 7 0.5 2.7 4 
7 247 249.1 248 116 2.1 0.6 2 
8 249.7 251.1 250 65 1.4 0.9 2 
9 252 252.8 252 13 0.8 1.1 2 
10 253.9 254.5 254 4 0.6 0.9 2 
11 255.4 256.1 256 2 0.7 1.5 2 
12 257.6 258.6 258 9 1 1.3 2 
13 259.9 260.8 260 10 0.9 1.2 2 
14 262 262.3 262 5 0.3 0.6 2 
15 262.9 264.4 264 24 1.5 1.1 2 
16 265.5 266.2 266 9 0.7 1.2 2 
17 267.4 268.2 268 9 0.8 1.1 2 
18 269.3 269.8 270 4 0.5 3.3 4 
19 273.1 273.7 274 3 0.6 1.4 2 
20 275.1 275.7 276 3 0.6 6.5 6 
21 282.2 283 282 3 0.8 2.2 4 
22 285.2 285.4 286 2 0.2 1.9 2 
23 287.3 287.4 288 2 0.1 1.9 2 
24 289.3 289.4 290 2 0.1 3.6 2 
25 293 293.3 292 4 0.3 1.6 2 
26 294.9 295.1 294 3 0.2 1.7 2 
27 296.8 296.9 296 3 0.1 1.8 2 
28 298.7 298.9 298 4 0.2 1.7 2 
29 300.6 301 300 24 0.4 1.7 2 
30 302.7 303.1 302 43 0.4 1.7 2 
31 304.8 305.3 304 54 0.5 1.6 4 
32 306.9 307.4 308 46 0.5 1.5 2 
33 308.9 309.3 310 21 0.4 1.8 2 
34 311.1 311.6 312 14 0.5 1.5 2 
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N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

35 313.1 313.6 314 12 0.5 1.7 2 
36 315.3 315.8 316 9 0.5 1.7 2 
37 317.5 317.6 318 6 0.1 2 2 
38 319.6 319.9 320 3 0.3 1.5 2 
39 321.4 321.4 322 2 0 7 6 
40 328.4 328.5 328 2 0.1 1.3 2 
41 329.8 330 330 2 0.2 22.5 22 
42 352.5 352.6 352 2 0.1 33.1 34 
43 385.7 385.7 386 2 0   

 

Table F6i-x. ii. Iso_2. 

N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

1 202.5 202.9 202 3 0.4 1.4 2 
2 204.3 205.2 204 18 0.9 1.1 2 
3 206.3 208 206 30 1.7 0.6 2 
4 208.6 209.6 208 7 1 1 4 
5 210.6 211.7 212 22 1.1 0.9 2 
6 212.6 213.7 214 61 1.1 1.2 2 
7 214.9 215.9 216 44 1 1.2 2 
8 217.1 218.1 218 12 1 1 2 
9 219.1 220 220 20 0.9 1.2 2 
10 221.2 222.5 222 26 1.3 0.9 2 
11 223.4 224.5 224 16 1.1 0.8 2 
12 225.3 226.3 226 15 1 1.3 2 
13 227.6 228.4 228 13 0.8 1.3 2 
14 229.7 231.4 230 27 1.7 0.2 2 
15 231.6 233 232 10 1.4 1 2 
16 234 235.1 234 14 1.1 0.9 2 
17 236 237.1 236 11 1.1 1.5 2 
18 238.6 239.5 238 18 0.9 0.7 2 
19 240.2 242.1 240 17 1.9 0.4 2 
20 242.5 243.7 242 9 1.2 0.7 2 
21 244.4 245.9 244 11 1.5 0.6 2 
22 246.5 247.8 246 14 1.3 1 2 
23 248.8 249.8 248 7 1 0.6 2 
24 250.4 252.2 250 14 1.8 0.7 2 
25 252.9 253.6 252 5 0.7 1.4 2 
26 255 255.7 254 9 0.7 0.9 2 
27 256.6 257.2 256 8 0.6 0.9 2 
28 258.1 259.6 258 9 1.5 0.7 2 
29 260.3 261.6 260 7 1.3 2.9 4 
30 264.5 265.8 264 6 1.3 0.6 2 
31 266.4 266.4 266 2 0 1.7 2 
32 268.1 269.1 268 6 1 0.8 2 
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N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

33 269.9 271.3 270 9 1.4 0.6 2 
34 271.9 273.2 272 15 1.3 0.6 2 
35 273.8 275.1 274 14 1.3 0.7 2 
36 275.8 276.5 276 14 0.7 1.5 2 
37 278 278.6 278 13 0.6 0.9 2 
38 279.5 280.5 280 5 1 1.4 2 
39 281.9 282.5 282 6 0.6 1.4 2 
40 283.9 284.8 284 5 0.9 0.7 2 
41 285.5 286.2 286 7 0.7 1.2 2 
42 287.4 288.2 288 8 0.8 1.2 2 
43 289.4 289.8 290 3 0.4 1.4 2 
44 291.2 291.6 292 4 0.4 1.7 2 
45 293.3 293.9 294 6 0.6 1.4 2 
46 295.3 295.6 296 2 0.3 1.6 2 
47 297.2 297.6 298 4 0.4 1.7 2 
48 299.3 299.7 300 2 0.4 1.2 2 
49 300.9 301.9 302 6 1 1.1 2 
50 303 304 304 2 1 3.1 4 
51 307.1 307.7 308 6 0.6 2 2 
52 309.7 309.9 310 2 0.2 1.3 2 
53 311.2 312.2 312 3 1 3.8 4 
54 316 316.6 316 2 0.6 1.3 2 
55 317.9 318.2 318 2 0.3 1.5 2 
56 319.7 320.5 320 3 0.8 3.3 4 
57 323.8 324.4 324 3 0.6 12 12 
58 336.4 336.6 336 2 0.2 24.7 26 
59 361.3 361.7 362 2 0.4 12.4 12 
60 374.1 374.1 374 2 0 11.3 12 
61 385.4 385.7 386 2 0.3   

 

Table F6i-x. iii. Iso_3. 

N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

1 131.2 131.2 132 2 0 4.1 4 
2 135.3 135.4 136 3 0.1 2 2 
3 137.4 137.6 138 2 0.2 1.7 2 
4 139.3 139.9 140 85 0.6 1.7 2 
5 141.6 142 142 54 0.4 1.9 2 
6 143.9 144.2 144 10 0.3 1 2 
7 145.2 146.6 146 42 1.4 1.6 2 
8 148.2 148.7 148 33 0.5 1.6 2 
9 150.3 150.8 150 18 0.5 1.5 2 
10 152.3 152.8 152 15 0.5 1.7 2 
11 154.5 154.9 154 13 0.4 1.6 2 
12 156.5 157 156 20 0.5 3.6 4 
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N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

13 160.6 161.2 160 9 0.6 1.1 2 
14 162.3 163.2 162 12 0.9 1.3 2 
15 164.5 165 164 11 0.5 1.2 2 
16 166.2 167 166 33 0.8 1.1 2 
17 168.1 169.2 168 61 1.1 1 2 
18 170.2 171 170 27 0.8 1.1 2 
19 172.1 172.8 172 11 0.7 1.2 2 
20 174 175 174 35 1 1.3 2 
21 176.3 177.1 176 27 0.8 1.1 2 
22 178.2 178.9 178 35 0.7 1.2 2 
23 180.1 180.7 180 12 0.6 1.8 2 
24 182.5 182.8 182 7 0.3 1.5 2 
25 184.3 185 184 2 0.7 1.5 2 
26 186.5 187 186 5 0.5 1.1 2 
27 188.1 188.9 188 9 0.8 1 2 
28 189.9 190.8 190 16 0.9 1.2 2 
29 192 192.6 192 9 0.6 1.9 2 
30 194.5 195.4 194 5 0.9 0.9 2 
31 196.3 196.7 196 11 0.4 1.8 2 
32 198.5 198.7 198 2 0.2 1.8 2 
33 200.5 200.7 200 2 0.2 1.8 2 
34 202.5 202.5 202 2 0 2.1 2 
35 204.6 205 204 5 0.4 1.8 2 
36 206.8 207.3 206 6 0.5 1.4 2 
37 208.7 208.7 208 2 0 2.3 4 
38 211 211.4 212 5 0.4 3.9 4 
39 215.3 215.6 216 3 0.3 1.8 2 
40 217.4 217.7 218 3 0.3 1.3 2 
41 219 219.6 220 7 0.6 1.7 2 
42 221.3 222.5 222 5 1.2 1 2 
43 223.5 223.6 224 2 0.1 2.1 2 
44 225.7 226.6 226 2 0.9 1.5 2 
45 228.1 228.2 228 3 0.1 1.7 2 
46 229.9 230.6 230 2 0.7 1.4 2 
47 232 232.6 232 4 0.6 5.9 6 
48 238.5 239.4 238 2 0.9   

 

Table F6i-x. iv. Iso_4. 

N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

1 160.9 161 160 3 0.1 3.9 4 
2 164.9 165.1 164 8 0.2 1.4 2 
3 166.5 167 166 13 0.5 0.8 2 
4 167.8 169 168 11 1.2 1.6 2 
5 170.6 171 170 4 0.4 1.7 2 
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N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

6 172.7 173.1 172 9 0.4 1.4 2 
7 174.5 174.9 174 15 0.4 1.1 2 
8 176 177 176 25 1 0.6 2 
9 177.6 179.1 178 50 1.5 0.6 2 
10 179.7 181 180 31 1.3 0.6 2 
11 181.6 182.3 182 24 0.7 0.6 2 
12 182.9 185 184 12 2.1 1.6 2 
13 186.6 187.1 186 7 0.5 1.5 2 
14 188.6 188.9 188 11 0.3 1.6 2 
15 190.5 190.9 190 24 0.4 1.6 2 
16 192.5 193 192 14 0.5 1.6 2 
17 194.6 195.7 194 12 1.1 0.9 2 
18 196.6 197 196 19 0.4 1.6 2 
19 198.6 198.8 198 9 0.2 1.9 2 
20 200.7 200.9 200 5 0.2 1.8 2 
21 202.7 202.8 202 5 0.1 2.1 2 
22 204.9 205.4 204 6 0.5 1.6 2 
23 207 207.3 206 3 0.3 1.5 2 
24 208.8 209.5 208 11 0.7 1.7 4 
25 211.2 211.7 212 7 0.5 1.5 2 
26 213.2 213.8 214 13 0.6 1.6 2 
27 215.4 216 216 8 0.6 1.5 2 
28 217.5 218.2 218 21 0.7 1.5 2 
29 219.7 220.4 220 14 0.7 1.4 2 
30 221.8 222.5 222 12 0.7 1.2 2 
31 223.7 224.8 224 13 1.1 1.3 2 
32 226.1 226.2 226 2 0.1 1.9 2 
33 228.1 228.8 228 6 0.7 1.3 2 
34 230.1 230.9 230 4 0.8 1.6 2 
35 232.5 233.9 232 8 1.4 0.6 2 
36 234.5 235.2 234 5 0.7 1.4 2 
37 236.6 237.1 236 5 0.5 0.8 2 
38 237.9 239.4 238 5 1.5 1 4 
39 240.4 242.7 242 10 2.3 0.8 2 
40 243.5 244.2 244 4 0.7 1 2 
42 245.2 245.6 246 2 0.4 1.1 2 
43 246.7 246.9 248 2 0.2 2.4 2 
44 249.3 250.2 250 5 0.9 0.9 2 
45 251.1 252 252 2 0.9 1.6 2 
46 253.6 254.9 254 4 1.3 0.5 2 
47 255.4 255.9 256 4 0.5 1.4 2 
48 257.3 257.9 258 4 0.6 1.6 2 
49 259.5 259.6 260 2 0.1 1.2 2 
50 260.8 261.5 262 4 0.7 0.7 2 
51 262.2 263.6 264 6 1.4 1.6 2 
52 265.2 265.3 266 2 0.1 1.7 2 
53 267 267.3 268 3 0.3 1.5 2 
54 268.8 269.1 270 2 0.3 1 2 
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N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

55 270.1 271 272 3 0.9 1.6 2 
56 272.6 272.8 274 2 0.2 1.9 2 
57 274.7 275.6 276 3 0.9 1.2 2 
58 276.8 277.9 278 2 1.1 5 4 
59 282.9 283.4 282 2 0.5 2.6 4 
60 286 286.1 286 2 0.1 15 16 
61 301.1 301.8 302 2 0.7 10.2 10 
62 312 312.6 312 2 0.6 1.9 2 
63 314.5 314.6 314 2 0.1 7 8 
64 321.6 322.4 322 2 0.8 32.3 34 
65 354.7 355.6 356 2 0.9   

 

Table F6i-x. v. Iso_5. 

N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

1 205.4 206.1 206 7 0.7 5.7 6 
2 211.8 212.4 212 15 0.6 0.8 2 
3 213.2 214.6 214 76 1.4 0.4 2 
4 215 216.6 216 14 1.6 1.7 2 
5 218.3 218.6 218 10 0.3 2 2 
6 220.6 220.7 220 2 0.1 2.9 4 
7 223.6 224.8 224 58 1.2 0.9 2 
8 225.7 227 226 11 1.3 1.2 2 
9 228.2 228.9 228 8 0.7 1 2 
10 229.9 231.2 230 7 1.3 1.2 2 
11 232.4 233.3 232 27 0.9 1.4 2 
12 234.7 235.2 234 10 0.5 1.8 4 
13 237 237.3 238 2 0.3 1.8 2 
14 239.1 239.2 240 2 0.1 1.9 2 
15 241.1 243 242 6 1.9 1.3 2 
16 244.3 245.2 244 4 0.9 1.4 2 
17 246.6 247.4 246 3 0.8 1.8 2 
18 249.2 249.8 248 12 0.6 0.9 2 
19 250.7 251.7 250 13 1 0.8 2 
20 252.5 253.5 252 22 1 1.5 2 
21 255 255.5 254 23 0.5 0.7 2 
22 256.2 257.5 256 20 1.3 1.2 2 
23 258.7 259.3 258 13 0.6 1.3 2 
24 260.6 261.1 260 21 0.5 1.3 2 
25 262.4 263.7 262 15 1.3 0.7 2 
26 264.4 264.8 264 9 0.4 1.5 2 
27 266.3 266.6 266 5 0.3 1.6 2 
28 268.2 268.5 268 7 0.3 1.7 2 
29 270.2 270.5 270 4 0.3 1.7 2 
30 272.2 272.4 272 2 0.2 1.4 2 
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N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

31 273.8 274.3 274 8 0.5 1.4 2 
32 275.7 276.1 276 7 0.4 1.4 2 
33 277.5 278 278 5 0.5 1.4 2 
34 279.4 279.7 280 4 0.3 1.4 2 
35 281.1 281.5 282 2 0.4 1.8 2 
36 283.3 283.4 284 2 0.1 1.6 2 
37 285 285.6 286 12 0.6 1.3 2 
38 286.9 287.3 288 14 0.4 1.1 2 
39 288.4 289.2 290 10 0.8 1.5 2 
40 290.7 291.2 292 7 0.5 0.9 2 
41 292.1 293 294 10 0.9 1.5 2 
42 294.5 294.8 296 4 0.3 1.2 2 
43 296 296.7 298 10 0.7 1.5 2 
44 298.2 299.7 300 3 1.5 2 2 
45 301.7 302.4 302 9 0.7 1.3 2 
46 303.7 304.4 304 3 0.7 1.4 2 
47 305.8 306.5 306 5 0.7 3.2 4 
48 309.7 310.6 310 4 0.9 1.5 2 
49 312.1 313.8 312 4 1.7 2.3 4 
50 316.1 316.9 316 4 0.8 3.5 4 
51 320.4 320.7 320 5 0.3 3.7 4 
52 324.4 324.6 324 2 0.2 0.9 2 
53 325.5 326.6 326 3 1.1 1.8 2 
54 328.4 328.5 328 4 0.1 2 2 
55 330.5 330.9 330 3 0.4 0.9 2 
56 331.8 332.4 332 2 0.6 2.2 4 
57 334.6 336.4 336 2 1.8 7.8 8 
58 344.2 344.3 344 2 0.1 3.7 4 
59 348 348.4 348 2 0.4   

 

Table F6i-x. vi. Iso_6. 

N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

1 268.8 269.4 268 9 0.6 0.4 2 
2 269.8 271.4 270 82 1.6 1.4 2 
3 272.8 273.3 272 9 0.5 1 2 
4 274.3 275.3 274 29 1 1.2 2 
5 276.5 277.1 276 9 0.6 1.3 2 
6 278.4 279 278 10 0.6 1.4 2 
7 280.4 280.8 280 9 0.4 1.5 2 
8 282.3 282.8 282 7 0.5 1.5 2 
9 284.3 284.6 284 7 0.3 1.5 2 
10 286.1 286.6 286 9 0.5 1.5 2 
11 288.1 289.1 288 7 1 0.8 2 
12 289.9 291.2 290 25 1.3 0.7 2 
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N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

13 291.9 292.2 292 26 0.3 0.6 2 
14 292.8 294.2 294 34 1.4 1.3 2 
15 295.5 296.1 296 18 0.6 1.5 2 
16 297.6 297.9 298 6 0.3 1.5 2 
17 299.4 299.8 300 17 0.4 1.8 2 
18 301.6 302.7 302 9 1.1 0.9 2 
19 303.6 304.8 304 11 1.2 0.9 2 
20 305.7 306.9 306 8 1.2 0.7 2 
21 307.6 308.2 308 14 0.6 0.7 2 
22 308.9 310.3 310 15 1.4 0.6 2 
23 310.9 312.4 312 12 1.5 1.6 2 
24 314 315.3 314 6 1.3 1 2 
25 316.3 318.4 316 7 2.1 0.9 4 
26 319.3 320.7 320 5 1.4 0.7 2 
27 321.4 323.5 322 7 2.1 0.6 2 
28 324.1 325.6 324 10 1.5 0.7 2 
29 326.3 326.5 326 2 0.2 3.2 4 
30 329.7 330.9 330 7 1.2 2 2 
31 332.9 333 332 2 0.1 3.9 4 
32 336.9 337.2 336 3 0.3 0.6 2 
33 337.8 337.9 338 2 0.1 0.9 2 
34 338.8 340.2 340 4 1.4 0.7 2 
35 340.9 341 342 2 0.1 2.7 2 
36 343.7 344.2 344 2 0.5 1.5 2 
37 345.7 346 346 3 0.3 3.7 4 
38 349.7 349.9 350 2 0.2 1.7 2 
39 351.6 352.1 352 2 0.5 1.5 2 
40 353.6 353.7 354 2 0.1 3.8 4 
41 357.5 357.6 358 2 0.1 1 2 
42 358.6 359.6 360 5 1 1.8 2 
43 361.4 361.4 362 2 0 1.9 2 
44 363.3 363.5 364 2 0.2 1.6 2 
45 365.1 365.3 366 2 0.2 7.7 8 
46 373 373.6 374 5 0.6 17.8 18 
47 391.4 391.5 392 2 0.1 2.1 2 
48 393.6 395.3 394 2 1.7 3.5 4 
49 398.8 398.9 398 2 0.1 6.8 8 
50 405.7 405.9 406 4 0.2 4.7 4 
51 410.6 410.6 410 2 0 3.9 4 
52 414.5 414.7 414 2 0.2 13.9 14 
53 428.6 429 428 2 0.4 12.4 14 
54 441.4 441.7 442 2 0.3 19.7 20 
55 461.4 461.4 462 2 0 5.7 6 
56 467.1 467.4 468 2 0.3 7.3 6 
57 474.7 474.7 474 2 0 2 2 
58 476.7 477 476 2 0.3 10 12 
59 487 487.1 488 2 0.1 20.5 20 
60 507.6 510.1 508 4 2.5   
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Table F6i-x. vii. Iso_7. 

N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

1 119.8 120.2 120 2 0.4 1.3 2 
2 121.5 122.4 122 14 0.9 1.2 2 
3 123.6 124.6 124 25 1 1.2 2 
4 125.8 126.5 126 15 0.7 1.1 2 
5 127.6 128.5 128 36 0.9 1.3 2 
6 129.8 130.5 130 8 0.7 1.5 2 
7 132 132.3 132 3 0.3 1.8 2 
8 134.1 134.8 134 17 0.7 1.1 2 
9 135.9 136.4 136 12 0.5 1.7 2 
10 138.1 139.1 138 25 1 1.1 2 
11 140.2 141.2 140 27 1 1.4 2 
12 142.6 143.5 142 20 0.9 1.3 4 
13 144.8 146.7 146 23 1.9 0.4 2 
14 147.1 148 148 26 0.9 1.4 2 
15 149.4 150.1 150 31 0.7 1.4 2 
16 151.5 152.2 152 10 0.7 1.3 2 
17 153.5 154.5 154 14 1 1.2 2 
18 155.7 156.1 156 12 0.4 1.4 2 
19 157.5 158.1 158 8 0.6 1.8 2 
20 159.9 160.3 160 6 0.4 1.5 2 
21 161.8 162.3 162 4 0.5 1.5 2 
22 163.8 164.2 164 8 0.4 1.7 2 
23 165.9 166.2 166 5 0.3 1.5 2 
24 167.7 168.3 168 5 0.6 1.4 2 
25 169.7 170.5 170 6 0.8 1.4 2 
26 171.9 172.2 172 3 0.3 2 2 
27 174.2 174.5 174 4 0.3 1.3 2 
28 175.8 176.6 176 2 0.8 1.4 2 
29 178 178.6 178 9 0.6 1.3 2 
30 179.9 180.3 180 2 0.4 1.6 2 
31 181.9 182.7 182 12 0.8 1.6 2 
32 184.3 184.6 184 6 0.3 1.4 2 
33 186 186.7 186 13 0.7 1.3 2 
34 188 188.7 188 3 0.7 0.9 2 
35 189.6 191 190 5 1.4 1.1 2 
36 192.1 192.6 192 3 0.5 1.5 2 
37 194.1 194.7 194 7 0.6 1.3 2 
38 196 196.6 196 6 0.6 1.5 2 
39 198.1 198.9 198 4 0.8 1.2 2 
40 200.1 200.2 200 2 0.1 2.3 2 
41 202.5 202.8 202 2 0.3 4 4 
42 206.8 207.2 206 4 0.4 3.5 6 
43 210.7 211.6 212 7 0.9 3.2 4 
44 214.8 215.1 216 2 0.3 2.6 2 
45 217.7 217.8 218 2 0.1 3.9 4 
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N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

46 221.7 222.8 222 4 1.1 0.7 2 
47 223.5 224.1 224 2 0.6 1.4 2 
48 225.5 226.1 226 3 0.6 6.6 6 
49 232.7 233.1 232 2 0.4 3.8 4 
50 236.9 237.1 236 2 0.2 1.4 2 
51 238.5 239.4 238 4 0.9 1 2 
52 240.4 240.5 240 2 0.1 6.2 8 
53 246.7 248.1 248 5 1.4 1.4 2 
54 249.5 250.8 250 4 1.3 0.5 2 
55 251.3 252.9 252 10 1.6 2.5 4 
56 255.4 255.9 256 3 0.5 1.7 2 
57 257.6 257.8 258 4 0.2 0.8 2 
58 258.6 260.8 260 8 2.2 2 2 
59 262.8 263 262 2 0.2 1.3 2 
60 264.3 264.3 264 2 0 6.2 6 
61 270.5 271.2 270 2 0.7 7.4 8 
62 278.6 278.7 278 2 0.1 19 20 
63 297.7 298 298 4 0.3 5.7 6 
64 303.7 303.9 304 2 0.2   

 

Table F6i-x. viii. Iso_8. 

N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

1 256.3 257.5 256 29 1.2 1.2 2 
2 258.7 259 258 2 0.3 1.4 2 
3 260.4 261.6 260 5 1.2 0.8 2 
4 262.4 262.6 262 6 0.2 0.4 2 
5 263 265.1 264 49 2.1 0.6 2 
6 265.7 267 266 25 1.3 0.6 2 
7 267.6 268.1 268 16 0.5 0.5 2 
8 268.6 270.2 270 14 1.6 1.3 2 
9 271.5 271.8 272 18 0.3 1.5 2 
10 273.3 273.8 274 5 0.5 1.4 2 
11 275.2 275.8 276 14 0.6 1.3 2 
12 277.1 279.6 278 20 2.5 0.4 2 
13 280 281.2 280 15 1.2 1.4 2 
14 282.6 283.2 282 16 0.6 1.5 2 
15 284.7 285.1 284 14 0.4 1.4 2 
16 286.5 287.1 286 14 0.6 1.2 2 
17 288.3 289.2 288 11 0.9 0.9 2 
18 290.1 291.3 290 7 1.2 0.8 2 
19 292.1 292.4 292 13 0.3 1.5 2 
20 293.9 294.8 294 8 0.9 1.1 2 
21 295.9 296.6 296 15 0.7 1 2 
22 297.6 299 298 16 1.4 0.4 2 
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N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

23 299.4 300 300 13 0.6 1.5 2 
24 301.5 301.9 302 11 0.4 0.9 2 
25 302.8 303.9 304 14 1.1 1.8 2 
26 305.7 305.9 306 7 0.2 1.6 2 
27 307.5 308.2 308 15 0.7 1.5 2 
28 309.7 309.9 310 8 0.2 1.1 2 
29 311 312.1 312 15 1.1 1.6 2 
30 313.7 315 314 10 1.3 0.7 2 
31 315.7 316.8 316 18 1.1 0.8 2 
32 317.6 318.3 318 14 0.7 1.3 2 
33 319.6 320.3 320 12 0.7 1.5 2 
34 321.8 322.3 322 9 0.5 1.7 2 
35 324 324.1 324 4 0.1 1.8 2 
36 325.9 326.3 326 3 0.4 1.5 2 
37 327.8 328.2 328 5 0.4 1.8 2 
38 330 330.3 330 4 0.3 1.7 2 
39 332 332.3 332 2 0.3 2 2 
40 334.3 334.3 334 2 0 5.7 6 
41 340 340.4 340 3 0.4 3.4 4 
42 343.8 344.3 344 4 0.5 1.8 2 
43 346.1 346.4 346 2 0.3 5.4 6 
44 351.8 352 352 2 0.2 2.2 2 
45 354.2 354.7 354 3 0.5 8.6 10 
46 363.3 363.3 364 2 0 8 8 
47 371.3 372 372 3 0.7 3 4 
48 375 376.6 376 4 1.6 2.8 4 
49 379.4 379.5 380 2 0.1 4.1 4 
50 383.6 383.7 384 2 0.1 6.4 6 
51 390.1 392 390 2 1.9 21.5 24 
52 413.5 414.5 414 3 1 16.5 18 
53 431 431.4 432 2 0.4 14.8 14 
54 446.2 446.8 446 2 0.6   

 

Table F6i-x. ix. Iso_9. 

N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

1 250.1 251.4 250 45 1.3 2.6 4 
2 254 254.9 254 3 0.9 1.4 2 
3 256.3 256.9 256 2 0.6 6.8 8 
4 263.7 264 264 3 0.3 1.6 2 
5 265.6 266.3 266 3 0.7 1 2 
6 267.3 268.5 268 14 1.2 0.8 2 
7 269.3 269.9 270 14 0.6 1.4 2 
8 271.3 272.1 272 10 0.8 1.1 2 
9 273.2 274.1 274 19 0.9 0.9 2 
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N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

10 275 276 276 8 1 0.9 2 
11 276.9 277.5 278 5 0.6 1.6 2 
12 279.1 279.9 280 5 0.8 1.1 2 
13 281 281.2 282 2 0.2 1.6 2 
14 282.8 283.4 284 5 0.6 1.7 2 
15 285.1 285.2 286 3 0.1 1.6 2 
16 286.8 287.4 288 6 0.6 1.6 2 
17 289 289.3 290 4 0.3 1.3 2 
18 290.6 291.5 292 3 0.9 1.3 2 
19 292.8 293.3 294 4 0.5 3 2 
20 296.3 296.5 296 2 0.2 4.2 4 
21 300.7 300.8 300 2 0.1 0.7 2 
22 301.5 302.5 302 5 1 2.9 4 
23 305.4 306.7 306 7 1.3 1.9 2 
24 308.6 308.7 308 4 0.1 2 2 
25 310.7 311.1 310 2 0.4 1.5 2 
26 312.6 313.5 312 16 0.9 1.2 2 
27 314.7 315.6 314 7 0.9 0.2 2 
28 315.8 317.8 316 17 2 0.7 2 
29 318.5 319.6 318 9 1.1 1.5 4 
30 321.1 321.7 322 2 0.6 1.9 2 
31 323.6 323.9 324 2 0.3 1.5 2 
32 325.4 325.8 326 3 0.4 1.4 2 
33 327.2 327.5 328 3 0.3 1.3 2 
34 328.8 330.1 330 13 1.3 1 2 
35 331.1 332.4 332 7 1.3 0.8 2 
36 333.2 335.1 334 13 1.9 0.4 2 
37 335.5 336.5 336 13 1 0.5 2 
38 337 338.1 338 7 1.1 1.4 2 
39 339.5 341.1 340 9 1.6 1.6 2 
40 342.7 343.1 342 2 0.4 0.5 2 
41 343.6 344.1 344 8 0.5 0.5 2 
42 344.6 346.6 346 14 2 0.8 2 
43 347.4 350.7 348 23 3.3 0.4 4 
44 351.1 351.6 352 3 0.5 2.9 2 
45 354.5 355 354 4 0.5 1 2 
46 356 356.6 356 3 0.6 0.8 2 
47 357.4 359 358 11 1.6 0.3 2 
48 359.3 361.5 360 12 2.2 1.4 2 
49 362.9 363.7 362 4 0.8 0.5 2 
50 364.2 364.4 364 2 0.2 2.6 2 
51 367 367.7 366 5 0.7 2.4 4 
52 370.1 371.3 370 7 1.2 1.1 2 
53 372.4 373 372 2 0.6 0.9 2 
54 373.9 374.9 374 7 1 1.1 2 
55 376 376.6 376 2 0.6 0.4 2 
56 377 378.9 378 5 1.9 0.6 2 
57 379.5 380.9 380 5 1.4 1.6 4 
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N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

58 382.5 384.5 384 3 2 1.4 2 
59 385.9 387.2 386 4 1.3 2.3 4 
60 389.5 392.1 390 3 2.6 1 4 
61 393.1 396.4 394 4 3.3 0.7 4 
62 397.1 398.6 398 3 1.5 1.7 2 
63 400.3 401.8 400 5 1.5 4.9 6 
64 406.7 407 406 2 0.3 1.3 4 
65 408.3 410.5 410 6 2.2 2.3 4 
66 412.8 413 414 2 0.2 2.3 2 
67 415.3 418.2 416 2 2.9 0.7 2 
68 418.9 419.5 418 4 0.6 1.8 4 
69 421.3 423.4 422 3 2.1 8.3 10 
70 431.7 431.9 432 2 0.2 5.5 6 
71 437.4 439.2 438 3 1.8 14.2 16 
72 453.4 453.8 454 4 0.4   

 

Table F6i-x. x. Iso_10. 

N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

1 188.3 188.6 188 29 0.3 1.7 2 
2 190.3 190.5 190 2 0.2 1.9 2 
3 192.4 192.4 192 2 0 1.1 2 
4 193.5 194.2 194 2 0.7 2 2 
5 196.2 196.3 196 3 0.1 1.8 2 
6 198.1 198.2 198 2 0.1 6.3 6 
7 204.5 204.6 204 2 0.1 3.4 4 
8 208 208.7 208 5 0.7 1.2 2 
9 209.9 211.2 210 17 1.3 1.3 2 
10 212.5 213.7 212 39 1.2 0.9 2 
11 214.6 216 214 63 1.4 0.7 2 
12 216.7 217.9 216 65 1.2 0.9 2 
13 218.8 219.8 218 65 1 1.1 2 
14 220.9 222.3 220 38 1.4 0.8 4 
15 223.1 223.7 224 17 0.6 1.3 2 
16 225 225.6 226 12 0.6 1.4 2 
17 227 227.7 228 14 0.7 0.3 2 
18 228 229.8 230 10 1.8 1.4 2 
19 231.2 233.7 232 10 2.5 1.7 4 
20 235.4 235.9 236 5 0.5 3.6 4 
21 239.5 240.2 240 4 0.7 1.6 2 
22 241.8 242.3 242 2 0.5 1.6 2 
23 243.9 244.3 244 2 0.4 5.7 6 
24 250 250.4 250 2 0.4 1.9 2 
25 252.3 252.3 252 2 0 0.9 2 
26 253.2 253.3 254 2 0.1 2.5 2 
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N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

27 255.8 255.9 256 2 0.1 3.7 4 
28 259.6 259.8 260 2 0.2 1.4 2 
29 261.2 261.7 262 3 0.5 3.3 4 
30 265 265.5 266 3 0.5 1.1 2 
31 266.6 267.2 268 6 0.6 1.8 2 
32 269 269.2 270 2 0.2 1.3 2 
33 270.5 271 272 2 0.5 3.2 2 
34 274.2 274.7 274 2 0.5 1.8 2 
35 276.5 276.6 276 2 0.1 11.2 12 
36 287.8 287.8 288 2 0 3.2 4 
37 291 291.5 292 2 0.5 76.3 76 
38 367.8 368.3 368 2 0.5   
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Baetis rhodani – Genotyping and Binning 

Table F7. Showing the final genotyping data for B.rhodani at 6 locis (B_1 to B_5, B_7). Site identifies the 10 different sites in this data set; N = each 

individuals position in the dataset (same order used in all analyses); Name is the name given to each sample and E refers to the extraction method used for 

each sample (see note at end of table). For each loci R = number of times each sample was repeated successfully, F = Number of failed samples, and Allele 

are the two alleles found in this sample after binning. 

Site N Name E B_1 B_2 B_3 B_4 B_5 B_7 

R F Alleles R F Alleles R F Alleles R F Alleles R F Alleles R F Alleles 

112 1 112B1 1 1  128 130 1  226 232 1  189 205 1  186 186 1  154 154 1  242 278 
 2 112B11 1 1  128 132 1  228 234 1  189 191 1  188 188 1  148 148 1  242 248 
 3 112B12 1 1  128 156 1  236 238 1  191 199 1  186 186 1  146 154 2  244 248 
 4 112B13 1 1  128 132 1  228 232 1  195 195 1  186 188 1  152 152 2  242 250 
 5 112B15 1 1  144 156 1  224 228 1  167 199 2  180 202 1  142 142 2  242 274 
 6 112B16 1 1  128 128 1  228 238 1  197 197 1  186 186 1  148 148 1  248 248 
 7 112B17 1 1  128 132 1  228 230 1  189 197 1  190 190 1  142 142 1  230 248 
 8 112B18 1 1  128 140 2  228 240 1  191 199 1  186 188 1  142 142 1  278 286 
 9 112B19 1 1  132 134 1  228 230 1  189 203 1  188 188 1  148 160 1  230 242 
 10 112B2 1 1  128 128 1  224 226 1  195 195 1  186 186 1  148 152 1  246 246 
 11 112B20 1 1  134 140 1  228 238 1  191 199 1  186 186 1  142 142 1  246 248 
 12 112B21 1 1  128 156 1  226 234 1  189 191 1  188 188 3  144 152 2  242 244 
 13 112B22 1 1  128 128 1  230 232 1  193 197 1  186 190 3  270 270 2  244 246 
 14 112B3 1 1  132 132 1  228 228 1  195 195 1  186 186 1  144 144 1  242 242 
 15 112B4 1 1  132 132 1  230 230 1  187 189 1  186 188 1  146 146 1  242 268 
 16 112B5 1 1  128 134 1  228 252 1  197 197 1  186 188 1  142 148 2  230 262 
 17 112B7 1 1  128 146 1  232 236 1  193 201 1  186 186 1  142 148 1  242 242 
 18 112B8 1 1  128 132 1  228 232 1  193 195 1  180 188 1  146 146 1  246 246 
 19 112B9 1 1  132 132 1  228 234 1  189 197 2  204 204 1  152 152 1  242 248 

102 20 102B1 1 1  128 134 1  232 238 1  197 217 1  190 190 1  150 152 1  248 278 
 21 102B10 1 1  128 128 1  226 248 1  195 199 1  186 186 1  142 152 2  246 280 
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Site N Name E B_1 B_2 B_3 B_4 B_5 B_7 

R F Alleles R F Alleles R F Alleles R F Alleles R F Alleles R F Alleles 

 22 102B11 1 3  132 200 1  224 238 1  201 201 1  186 204 1  148 152 1  242 248 
 23 102B12 1 1  128 130 1  224 228 1  199 199 1  186 188 1  142 144 1  242 242 
 24 102B13 1 1  132 134 1  228 232 1  193 195 1  188 188 1  142 166 1  242 246 
 25 102B14 1 1  128 132 1  222 234 1  189 199 2  186 192 1  182 182 1  276 276 
 26 102B15 1 1  128 132 1  232 238 1  189 191 2  204 204 1  148 148 1  242 242 
 27 102B16 1 1  134 134 1  228 232 1  197 201 2  186 186 1  142 142 2  278 284 
 28 102B17 1 1  128 160 1  224 228 1  199 215 2  182 186 1  142 152 1  242 246 
 29 102B19 1 1  132 156 1  234 240 1  195 199 2 1 184 184  3 -9 -9 1  242 250 
 30 102B2 1 2  134 134 2  232 280 1  193 195 1  186 186 1  152 152 2  242 266 
 31 102B20 1 1  132 132 1  222 228 1  189 189 2  186 186 1  142 164 1  242 244 
 32 102B21 1 1  130 132 1  228 254 1  185 189 1  186 186 1  148 148 1  248 248 
 33 102B22 1 1  132 136 1  224 228 1  195 195 1  188 188 1  148 154 1  242 246 
 34 102B3 1 2  128 170 1  228 238 1  185 197 1  186 188 1  148 170 1  242 242 
 35 102B4 1 1  128 132 1  238 238 1  167 167 1  182 186 1  142 150 1  242 244 
 36 102B5 1 1  130 132 1  228 238 1  193 205 1  180 182 1  168 168 2  250 302 
 37 102B6 1 1  128 128 1  228 254 1  167 205 1  186 186 1  142 148 1  242 242 
 38 102B7 1 1  128 156 1  228 230 1  189 197 1  180 186 1  148 152 1  242 246 
 39 102B8 1 1  128 132 1  228 248 1  167 197 1  186 186 1  142 144 1  242 242 
 40 102B9 1 1  128 132 2  240 240 1  167 197 1  186 186 1  142 142 1  242 248 

97 41 97B10 1 1  128 132 1  222 232 1  215 231 1  186 204 1  142 150 1  242 242 
 42 97B11 1 1  128 132 1  246 252 1  185 199 2  172 186 1  152 152 1  242 242 
 43 97B12 1 1  128 132 1  228 230 2  197 205 1  180 186 1  142 154 1  242 242 
 44 97B13 1 1  128 132 1  230 230 1  189 231 2 1 186 186 1  142 174 1  242 242 
 45 97B14 1 1  132 158 1  228 230 1  191 211 2  186 186 1  142 148 2  244 278 
 46 97B15 1 1  132 132 1  224 236 1  195 195 1  188 188 1  144 164 1  246 248 
 47 97B16 1 1  128 128 1  228 254 1  191 195 1  186 186 1  148 148 1  242 248 
 48 97B17 1 1 1 128 132 1 1 226 232 2  189 209 1 1 188 188 1  148 148 2  242 242 
 49 97B18 1 1  134 134 1  232 246 1  203 203 1  180 186 1  142 152 1  242 286 
 50 97B19 1 1  134 134 1  228 232 1  203 203 1  186 186 1  142 152 1  242 286 
 51 97B20 1 1  132 168 1  226 236 1  189 191 1  186 204 1  140 152 1  242 244 
 52 97B21 1 2  128 128 2  234 238 3  195 195 2  188 188 2  152 152 2  242 242 
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Site N Name E B_1 B_2 B_3 B_4 B_5 B_7 

R F Alleles R F Alleles R F Alleles R F Alleles R F Alleles R F Alleles 

 53 97B3 1 2  132 134 1  224 252 1  201 211 1  186 188 1  152 152 1  242 242 
 54 97B4 1 2  132 156 2  228 234 2  191 193 2  186 186 2  142 152 2  242 242 
 55 97B5 1 1  156 168 1  232 234 1  189 191 1  188 188 1  152 174 1  242 250 
 56 97B6 1 2  128 156 2  228 228 2  189 199 2  186 186 2  142 142 2  242 244 
 57 97B7 1 1  132 136 1  224 240 1  193 207 1  184 188 1  142 144 1  242 276 
 58 97B8 1 1  134 134 1  228 232 1  189 203 1  180 186 1  142 152 1  242 246 
 59 97B9 1 1  130 132 1  228 230 2  171 191 1  186 186 1  142 142 1  242 252 

96 60 96B1 1 2  128 160 1  222 228 2 1 189 240 1  186 186 1  148 150 2  242 248 
 61 96B10 1 1  128 128 1  224 234 1  191 191 1  180 186 2  152 262 2  244 288 
 62 96B11 1 2  132 166 1  232 234 1  197 205 2  186 188 1  142 148 1  242 244 
 63 96B12 1 1  128 128 1  222 238 1  195 211 1  184 184 1  140 152 1  242 242 
 64 96B13 1 1  128 132 1  230 240 1  193 195 1  182 182 2  152 152 1  242 244 
 65 96B14 1 1  132 134 1  228 236 1  189 191 1  184 184 1  142 142 1  244 250 
 66 96B16 1 1  128 128 1  230 234 1  187 191 1  180 186 1  148 152 2  242 318 
 67 96B17 1 1  132 132 1  228 230 1  191 201 1  186 186 2  142 144 1  244 244 
 68 96B18 1 1  128 134 1  228 238 1  193 197 1  186 186 2  142 196 1  242 244 
 69 96B19 1 1  132 132 1  230 234 1  193 197 1  188 190 1  142 142 1  242 282 
 70 96B2 1 1  128 158 1  224 226 1  187 201 2  186 188 1  142 142 1  250 274 
 71 96B21 1 1  130 134 1  228 230 2 1 193 215 1  186 186 2  148 202 1  242 242 
 72 96B22 1 1  128 136 1  226 230 1  195 197 1  186 186 2  144 146 1  242 246 
 73 96B4 1 1  128 132 1  226 232 1  167 189 1  186 186 1  144 144 1  242 242 
 74 96B5 1 1  132 132 1  228 230 1  197 217 1  180 188 1  150 150 1  248 282 
 75 96B6 1 1  128 134 1  224 224 1  177 191 2  186 188 1  142 142 1  242 244 
 76 96B7 1 1  128 156 1  228 228 1  199 211 1  186 186 1  152 152 1  242 242 
 77 96B8 1 1  128 130 1  226 228 1  189 231 1  186 186 2  146 146 1  250 268 

9 78 09B1 4 1  132 134 1  234 248 1 1 193 207 1  186 186 1  152 166 1  242 248 
 79 09B11 4 1  130 130 2  224 238 1 1 189 189 1  186 186 2  256 256 1  242 242 
 80 09B13 4 1  128 132 1  236 238 1 1 189 189 1  188 188 1  142 142 1  242 250 
 81 09B14 4 1  128 144 1  230 240 1 1 197 197 1  186 188 1  142 148 1  240 242 
 82 09B15 4 1  128 128 1  228 234 1 1 189 201 1  188 188 1  144 144 1  242 244 
 83 09B2 4 1  128 134 1  224 228 1 1 167 185 2  186 186 2  142 142 1 1 250 250 
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Site N Name E B_1 B_2 B_3 B_4 B_5 B_7 

R F Alleles R F Alleles R F Alleles R F Alleles R F Alleles R F Alleles 

 84 09B20 4 1  128 132 2  228 228 1 1 191 199 1  188 188 1  142 150 1  242 242 
 85 09B21 4 1  128 128 2  222 228 1 1 187 199 1  180 186 1  142 142 1  242 246 
 86 09B22 4 1  132 138 1  222 230 1 1 191 217 1  188 194 1  142 152 1  242 248 
 87 09B4 4 1  130 144 2  230 240 1 1 191 193 1  184 188 1  142 182 1  242 242 
 88 09B5 4 1  128 128 2  230 230 1 1 191 197 1  186 188 1  144 150 1  242 250 

106 89 106B1 1 2  128 130 2  228 234 2  189 195 2  186 186 2  144 206  3 -9 -9 
 90 106B10 1 1  128 130 1  228 228 1  191 201 1  186 186 2  150 192 1  242 242 
 91 106B11 1 1  128 130 3  228 228 1  195 195 1  186 186 2  142 142 1  242 250 
 92 106B12 1 1  130 130 1  228 228 1  187 189 1  186 188 1  152 170 1  250 250 
 93 106B14 1 1  130 130 1  228 274 1  189 201 1  180 186 1  150 150 2  242 250 
 94 106B15 1 1  130 132 2  228 232 1  199 205 2  188 188 1  142 148 1  242 244 
 95 106B16 1 1  128 134 1  224 228 1 1 185 189 1  186 186 1  148 152 1  246 246 
 96 106B17 1 1  128 130 1  230 246 1  191 191 1  182 188 1  148 148 1  242 242 
 97 106B18 1 1 1 128 132 2  228 240 1  191 191 1  186 188 3  314 314 1  244 244 
 98 106B19 1 2 1 128 130 1  224 224 1  197 197 1  186 186 2  142 178 1  242 242 
 99 106B2 1 2  130 130 2  228 228 2  205 205 2  186 186 2  142 142 2  250 250 
 100 106B20 1 1  130 138 1  228 232 1  191 199 2  186 186 1  148 152 1  250 250 
 101 106B21 1 1  128 140 1  224 230 1  195 195 1  186 194 2  162 198  3 -9 -9 
 102 106B22 1 1  132 132 1  222 222 1  185 197 1  186 186 1  142 154 1  242 246 
 103 106B3 1 2  130 132 2  222 224 2  191 199 2  188 188 2  142 150 2  244 244 
 104 106B4 1 1  130 132 1  228 228 1  177 201 1  182 188 1  142 152 1  242 242 
 105 106B5 1 1  130 132 1  230 238 1  193 195 1  190 190 1  144 152 1  242 242 
 106 106B7 1 2  128 130 1  232 234 2  201 201 1  182 186 1  148 148 1  268 268 
 107 106B8 1 2  130 132 1  226 232 2  191 195 1  186 186 1  142 142 1  242 244 
 108 106B9 1 2  128 132 1  228 228 2  195 199 1  186 186 1  142 148 1  242 242 

113 109 113B1 1 2  128 130 2  228 232 1 1 189 193 2  186 188 2  186 186 2  246 250 
 110 113B10 1 1  130 132 1  228 264 1  189 199 1  186 186 2  142 250 1  246 250 
 111 113B11 1 2  130 168 2  228 262 1  195 201 1  182 186 1  146 152 1  242 242 
 112 113B12 1 1  128 132 1  234 234 1  189 193 1  180 186 1  150 150 1  240 242 
 113 113B13 1 1  128 130 1  224 240 1  189 199 1  180 186 1  144 198 1  242 242 
 114 113B14 1 1  132 156 1  228 230 1  167 191 1  182 188 2  142 206 1  242 246 
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Site N Name E B_1 B_2 B_3 B_4 B_5 B_7 

R F Alleles R F Alleles R F Alleles R F Alleles R F Alleles R F Alleles 

 115 113B15 1 1  130 152 2  222 228 1  193 221 1  186 186 2  144 240 1  242 250 
 116 113B16 1 1  130 132 1  222 226 1  191 193 1  186 188 1  142 142 1  242 250 
 117 113B18 1 1  130 130 1  226 234 1  191 203 1  182 188 1  154 154 2 1 250 250 
 118 113B19 1 1  128 130 1  230 232 1  167 187 1  186 186 1  142 166 1  242 242 
 119 113B2 1 2  130 142 1 1 226 228 1 1 191 191 2  186 186 2  142 142 2  246 246 
 120 113B21 1 1  128 136 1  228 230 1  193 193 1  186 188 1  148 148 1  242 244 
 121 113B22 1 1  128 132 1  228 248 2  187 195 1  186 188 1  142 142 1  246 246 
 122 113B3 1 2  134 136 2  228 230 1 1 189 205 2  190 190 2  142 328 2  242 250 
 123 113B4 1 2  128 130 2  228 228 1 1 197 197 2  186 186 2  142 200 2  244 250 
 124 113B7 1 2  128 130 2  224 230 1 1 193 199 2  186 186 2  148 150 3  244 250 
 125 113B8 1 3  128 168 2  228 274 1 1 187 191 2  182 186 3  144 152 2  242 258 
 126 113B9 1 2  130 134 1 1 234 246 1 1 191 195 1 1 186 188 1 1 148 152 1 1 242 250 

115 127 115B1 1 1  134 134 1  228 238 1  167 189 1  188 188 1  148 148 1  242 248 
 128 115B10 1 1  128 128 1  222 252 1  193 193 1  186 188 1  146 152 1  230 242 
 129 115B11 1 1  132 146 1  224 238 1  189 211 1  180 184 2  204 204  3 -9 -9 
 130 115B12 1 1  128 132 1  228 248 1  191 197 1  186 188 1  142 142 1  242 242 
 131 115B13 1 2  128 136 2  230 232 2  191 195 2  186 186 4  146 238 2  242 242 
 132 115B14 1 1  128 128 1  222 232 1  195 195 1  186 186 1  146 152 1  242 246 
 133 115B15 1 1  132 134 2  224 270 1  187 193 1  186 186 2  182 182 1  242 242 
 134 115B17 1 2  128 152 2  228 234 2  193 197 2  186 188 4  144 194 2  242 246 
 135 115B18 1 1  128 128 1  224 230 1  175 201 1  182 186 1  142 152 1  242 242 
 136 115B19 1 1  132 132 1  226 232 2  195 197 1  180 188 1  142 144 1  242 248 
 137 115B2 1 2  128 134 1  228 236 1  201 205 1  186 186 1  144 152 1  242 242 
 138 115B21 1 1  128 134 1  228 232 2  167 185 1  186 188 1  152 166 1  242 246 
 139 115B22 1 1  132 140 1  224 232 2  191 195 1  186 194 1  164 164 1  244 248 
 140 115B3 1 1  128 134 1  224 230 1  189 189 2  184 184 2  246 246 1  242 242 
 141 115B4 1 1  128 132 1  224 232 1  195 195 1  188 188 1  144 166 1  242 246 
 142 115B5 1 1  128 134 1  228 238 1  191 207 1  186 186 2  142 152 1  246 250 
 143 115B6 1 1  128 128 1  228 228 1  167 185 1  188 188 1  148 164 1  242 242 
 144 115B7 1 1  134 158 1  228 230 1  191 197 1  186 186 2  152 152 1  244 248 
 145 115B9 1 1  128 146 1  228 234 1  167 185 1  186 188 1  150 150 1  242 250 
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Site N Name E B_1 B_2 B_3 B_4 B_5 B_7 

R F Alleles R F Alleles R F Alleles R F Alleles R F Alleles R F Alleles 

94 146 94B1 1 1  128 132 1  224 232 1  195 197 1  186 186 1  148 164 1  248 248 
 147 94B10 1 1  128 130 1  230 244 1  189 197 1  186 186 1  152 152 1  250 250 
 148 94B11 1 1  130 130 1  226 244 1  185 191 1  186 186 2  142 144 1  250 250 
 149 94B12 1 1  138 138 1  228 236 1  199 199 1  186 186 1  144 150  3 -9 -9 
 150 94B15 1 1  130 138 1  230 230 1  193 193 1  188 188 1  168 168 1  250 250 
 151 94B16 1 2  128 130 2  228 228 2  201 201 2  186 188 2  148 152 2  250 250 
 152 94B17 1 2  128 130 1  222 228 1  191 197 2 1 188 188 2  142 144 2  250 250 
 153 94B18 1 1  130 132 2  228 260 1  193 193 1  186 186 1  142 148 1  246 246 
 154 94B19 1 1  128 128 1  228 228 1  207 207 1  186 186 1  144 144 1  242 242 
 155 94B2 1 1  132 138 1  228 230 1  193 201 1  186 186 1  146 146 1  242 242 
 156 94B20 1 1  130 132 1  228 228 1  191 191 1  182 190 1  148 148 1  246 250 
 157 94B21 1 1  130 132 1  224 234 1  177 197 1  186 186 2  184 184 1  242 250 
 158 94B22 1 1  130 130 1  224 224 1  193 221 1  186 188 1  142 148 1  250 250 
 159 94B3 1 1  128 130 1  228 238 1  185 191 2  186 186 1  142 142 1  242 242 
 160 94B4 1 1  130 130 1  228 248 1  189 193 1  186 186 2  148 158 1  250 250 
 161 94B5 1 1  132 138 1  228 252 1  175 193 1  182 186 1  142 142 1  244 250 
 162 94B6 1 1  128 130 1  234 240 1  189 201 1  188 188 1  142 142 1  242 248 
 163 94B7 1 1  128 130 1  232 234 1  189 205 1  186 188 1  150 150 1  242 242 
 164 94B8 1 1  132 136 1  228 232 1  189 191 1  186 186 1  142 142  3 -9 -9 
 165 94B9 1 1  130 132 1  228 238 1  193 199 1  186 188 1  148 148 1  242 242 

118 166 118B1 1 1  128 154 1  226 230 1  199 201 1  186 188 1  218 218 1  244 268 
 167 118B10 1 1  128 128 1  226 228 1  189 197 1  188 188 1  142 200 1  242 242 
 168 118B11 1 2  132 132 1  228 228 1  189 193 1  186 186 1  148 148 2  242 242 
 169 118B12 1 1  132 158 1  228 264 1  193 195 1  186 186 3  144 276 1  242 246 
 170 118B13 1 1  128 132 1  228 232 1  191 197 1  186 188 2  160 160 1  242 246 
 171 118B14 1 1  128 130 1  230 230 1  193 193 1  186 186 1  142 152 1  242 246 
 172 118B15 1 1  128 134 1  224 228 1  189 199 1  186 186 1  152 152 1  244 244 
 173 118B16 1 1  128 132 1  228 232 1  187 187 1  186 190 1  144 150 1  244 246 
 174 118B17 1 2  132 134 1  228 232 1  167 199 1  182 186 2  144 150 1  242 244 
 175 118B18 1 1  128 132 1  222 228 1  191 207 1  182 186 1  142 150 1  242 244 
 176 118B19 1 1  132 134 1  238 238 1  193 201 1  186 186 1  152 218 1  242 242 
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Site N Name E B_1 B_2 B_3 B_4 B_5 B_7 

R F Alleles R F Alleles R F Alleles R F Alleles R F Alleles R F Alleles 

 177 118B2 1 1  128 134 1  226 230 1  189 189 1  182 186 1  144 144 1  242 244 
 178 118B21 1 1  128 132 1  226 234 1  197 197 1  184 188 1  144 144 2 1 246 268 
 179 118B22 1 2  132 132 1  222 238 1  193 193 1  186 186 1  148 148 2  260 312 
 180 118B3 1 1  132 132 1  222 236 1  197 197 1  188 190 1  144 152 1  244 244 
 181 118B4 1 1  128 132 1  224 248 1  191 193 1  186 186 1  142 152 1  242 244 
 182 118B5 1 1  128 128 1  228 230 1  193 197 1  184 184 1  150 204 1  242 244 
 183 118B6 1 1  132 132 1  228 234 2  199 199 1  186 186 1  148 148 1  248 252 
 184 118B7 1 1  132 136 1  228 228 1  195 199 2  186 186 3 1 152 302 1  242 244 
 185 118B8 1 1  128 154 1  226 230 1  201 207 1  186 186 1  142 150 1  244 276 
 186 118B9 1 1  128 128 1  224 230 1  185 191 2  180 188 1  142 152 1  248 250 

NOTE 

Extraction method 1 High Pure PCR Template Preparation Kit for blood and tissue following the manufacturer’s instructions (Roche Diagnostics GmbH 

   Mannheim, Germany) 

Extraction method 4 Gentra Puregene Core Kit A, DNA purification from tissue (Qiagen, Hilden, Germany) 

 

Table F8. Showing the final genotyping data for B.rhodani at 7 locis (Brh-1 to Brh-7). Site identifies the 10 different sites in this data set; N = each individuals 

position in the dataset (same order used in all analyses) and Name is the name given to each sample. For each loci R = number of times each sample was 

repeated successfully, F = Number of failed samples, and Allele are the two alleles found in this sample after binning. 

Site N Name Brh-1 Brh-2 Brh-3 Brh-4 Brh-5 Brh-6 Brh-7 

R F Alleles R F Alleles R F Alleles R F Alleles R F Alleles R F Alleles R F Alleles 

112 1 112B1 2  223 231 1  146 152 1 1 213 213 1 1 183 185 1  210 210 2  111 125 2  162 162 
 2 112B11 2 1 227 229 1  154 154 2  213 213 2  185 185 1  208 212 2  109 113 2  162 166 
 3 112B12 2  221 227 1  150 150 1 1 213 213 1 1 183 189 1  212 222 2  103 109 1 1 162 184 
 4 112B13 1 3 225 225 3  146 150 4  213 213 2 2 185 213 3  212 212 4  111 113 4  160 172 
 5 112B15 3 1 221 221 3  146 148 4  225 225 3 1 187 191 3  208 208 3 1 109 113 2 2 176 222 
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Site N Name Brh-1 Brh-2 Brh-3 Brh-4 Brh-5 Brh-6 Brh-7 

R F Alleles R F Alleles R F Alleles R F Alleles R F Alleles R F Alleles R F Alleles 

 6 112B16 2  223 223 1  148 148 2  215 215 1 1 175 189 1  220 220 2  111 111 3  158 182 
 7 112B17 3  229 229 1  150 150 2  213 217 1 1 187 191 1  214 214 2  109 109 2  164 174 
 8 112B18 2  219 225 1  150 150 2  227 227 1 1 179 191 1  214 214 2  109 111 1 1 174 188 
 9 112B19 2  219 223 1  148 148 1 2 213 215 1 1 185 189 1  234 248 2  111 111 2  152 172 
 10 112B2 1 1 219 221 1  150 150 2 1 213 213 1 1 187 191 1  208 214 2  113 113 2  156 172 
 11 112B20 2  225 225 1  150 150 2  213 213 1 1 183 187 1  214 216 2  105 109 1 3 236 240 
 12 112B21 3 1 219 219 3  148 150 3 1 197 213 3 1 179 187 3  208 212 3 1 103 113 2 2 154 212 
 13 112B22 2  219 227 2  154 154 2  213 213 2  203 245 1  214 236 2  111 111 2 1 166 196 
 14 112B3 2  225 237 1  150 150 2  213 213 1 1 185 187 2  212 264 2  109 115 2  154 154 
 15 112B4 2  233 233 1  148 148 2  213 215 2  175 183 1  210 218 2  111 111 2  154 172 
 16 112B5 4  221 221 1  148 150 2  213 213 1 1 187 187 1  212 212 2  111 115 2  172 172 
 17 112B7 2  221 221 1  146 154 2  233 233 1 1 183 185 1  210 210 2 1 111 111 1 1 184 186 
 18 112B8 2  221 231 1  146 150 2  197 197 2  187 191 2  212 212 2  103 113 2  182 186 
 19 112B9 3  223 223 1  150 150 2  213 213 1 1 187 209 1  210 212 2  103 163 2  156 176 

102 20 102B1 1 1 221 233 1  146 154 2  213 213 1 1 185 191 1  212 216 2  111 111 2 1 196 196 
 21 102B10 2  221 221 1  148 148 2  219 219 1 1 185 245 1  214 236 2  103 109 2 1 190 216 
 22 102B11 2  221 225 1  148 156  4 -9 -9 2  175 189 1  212 216 2  109 111 3  160 160 
 23 102B12 3 2 231 231 4  150 166 3 2 215 215 4 1 187 247 4  216 224 4 1 111 111 4 1 164 174 
 24 102B13 3 2 221 221 4  150 150 5  225 237 5  187 187 4  208 230 5  111 111 4 1 162 202 
 25 102B14 2 1 221 221  4 -9 -9 2 1 211 211 1  221 221 2  206 206 2 1 109 109 1  212 212 
 26 102B15 1 1 221 239  4 -9 -9 2 1 213 215 3  183 187 2  208 214 1 1 111 115 1  214 216 
 27 102B16 1  221 229 1  146 154 1  213 213 1  183 183 1  216 216 2  103 115 1  152 170 
 28 102B17  3 -9 -9 1  150 150 1 1 211 215 1  179 187 1  212 218 1  103 109 1  154 162 
 29 102B19 1 1 221 221 1  150 154 1  231 233 1 1 183 187 1  212 238 1  103 103 1  152 218 
 30 102B2 1 1 221 221 1  150 150 1 2 213 213 1 1 179 185 1  212 212 2  103 105 2 1 174 176 
 31 102B20 1  223 223 1  146 146 1  195 213 2 1 185 187 1  214 220 1  111 111 1 1 194 218 
 32 102B21 1 2 223 223 2 1 150 168 1  213 213 1 1 175 175 1 1 212 226 1  103 111 1  154 190 
 33 102B22 1 1 225 225 1  154 154 1  219 219 2 1 185 185 1  208 212 1  109 111 1  178 228 
 34 102B3 1 1 225 225 1  148 148 2  233 233 1 1 179 187 1  210 210 2  103 109 1 1 164 164 
 35 102B4 1 1 221 221 1  150 150 2  219 219 1 1 175 191 1  212 222 2  111 117 1 1 152 178 
 36 102B5 1 1 223 223 1  146 156 2  213 213 1 1 183 185 1  214 222 2  107 111 1 1 166 180 
 37 102B6 2  225 231 2  150 150 2 1 213 225 2  185 185 1  210 214 2  109 111 2  162 184 
 38 102B7 2  221 239 1  154 154 2  213 213 1 1 185 199 2  212 232 2  109 115 2  166 184 
 39 102B8 2  229 229 2  148 182 2  215 215 1 1 187 207 1  212 212 2  111 113 2  170 170 
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Site N Name Brh-1 Brh-2 Brh-3 Brh-4 Brh-5 Brh-6 Brh-7 

R F Alleles R F Alleles R F Alleles R F Alleles R F Alleles R F Alleles R F Alleles 

 40 102B9 1 1 221 225 1  150 150 1 1 215 215 1 1 175 183 1  208 208 2  111 111 1 1 172 180 

97 41 97B10 1  221 221 1  154 154 1 2 213 213 1  187 187 1  208 226 1  103 111 1  152 172 
 42 97B11 1  221 221 1  150 150 1  215 215 1  183 199 1  212 214 1  103 113 1  156 212 
 43 97B12 1  221 221 1  146 150 1  213 213 1  185 189 1  208 210 1  109 109 1  174 208 
 44 97B13 1  223 223 1  146 154 1  213 213 1  187 187 1  208 210 1  103 111 1  152 172 
 45 97B14 1  219 219 1  146 150 3 1 215 215 1  181 189 1  208 212 1  109 113 1  176 236 
 46 97B15 1  221 225 1  154 154 1  215 215 1  183 189 1  210 222 1  109 111 1  170 188 
 47 97B16 1  221 221 1  154 154 1 1 213 213 1  183 185 1  210 212 1  111 111 1  162 194 
 48 97B17 1  221 221 1  150 150 1  215 215 1  187 191 1  210 220 1  109 111 1  160 170 
 49 97B18 1  229 229 1  150 154 1  225 225 1  179 187 1  208 210 1  111 113 1  152 158 
 50 97B19  3 -9 -9 1  150 154 1  213 215 1  179 185 1  208 214 1  111 111 1  158 160 
 51 97B20 1  219 219 1  148 148 1  213 213 2  179 189 1  204 216 1  111 113 2  152 234 
 52 97B21 1  219 225 1  154 154 2  197 255 1  185 197 1  208 216 1  111 111 1  176 188 
 53 97B3 1  221 221 1  150 154 1  213 213 1  183 187 1  208 218 1  111 113 2  216 232 
 54 97B4 1  219 219 1  150 150 1  227 227 1  183 185 1  212 218 1  109 125 1  164 180 
 55 97B5  3 -9 -9 2 2 154 154 1  213 213 1  179 183 1  208 214 1  109 113 1  152 206 
 56 97B6 1  221 221 1  150 150 1  213 213 1  183 187 2  214 240 2 1 109 109 1  158 212 
 57 97B7 1  221 221 1  150 150 1  197 225 1  179 185 1  210 224 1  115 115 1  162 210 
 58 97B8 1  223 223 1  150 154 1  225 225 1  179 187 1  208 214 1  111 113 1  152 158 
 59 97B9  3 -9 -9 1  146 146 1  225 225 1  183 183 1  210 210 1  113 113 2  186 246 

96 60 96B1 2  221 221 3  152 152 2  213 233 2  179 185 1  216 222 2  111 143 2 1 166 194 
 61 96B10 2  221 221 1  148 148 2  197 225 1 1 179 187 1  210 210 2  109 109 2 2 226 300 
 62 96B11 1  239 239 1  148 150 1  197 197 1  179 185 2  214 302 1  111 115 1  182 186 
 63 96B12 2  229 229 1  146 148 1 2 213 213 2  183 187 1  208 212 2  111 111 2  162 170 
 64 96B13 1 1 219 223 1  146 148 2  213 213 1 1 179 187 1  210 242 2  103 109 3  196 196 
 65 96B14 1  219 227  3 -9 -9 2  197 227 1  179 195 1  210 232 2  103 131 1  158 170 
 66 96B16 2  221 229 1  148 148 1 2 213 213 2  185 185 1  208 210 2 1 111 111 2  164 174 
 67 96B17 2  219 219 1  148 154 2 2 213 213 1 1 191 199 1  218 218 1 1 105 111 3  166 166 
 68 96B18 2  221 221 1  148 148 2  213 225 2 1 177 183 1  208 208 2  109 123 2  162 178 
 69 96B19 2  223 223 1  154 154 2  213 213 2  179 185 1  212 212 2  103 109 1 2 188 208 
 70 96B2 1 1 219 219 1  150 150 2 1 215 215 2 1 183 231 2  210 214 2  107 107 2  164 164 
 71 96B21 2  221 221 1  146 148 2  225 225 1 1 183 191 1  210 238 2 1 127 127 2  186 216 
 72 96B22 3  219 219 1  148 150 2  215 215 1 1 179 181 1  212 222 2  109 145 2  156 206 
 73 96B4 3  221 221 1  146 146 3  213 213 1 1 221 221 1  210 212 2 1 113 123 1 2 214 214 
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Site N Name Brh-1 Brh-2 Brh-3 Brh-4 Brh-5 Brh-6 Brh-7 

R F Alleles R F Alleles R F Alleles R F Alleles R F Alleles R F Alleles R F Alleles 

 74 96B5 2 2 219 247 1  150 154 3  215 215 3 1 183 185 1  212 214 1 1 111 113 1 1 216 216 
 75 96B6 1 1 219 219 2  148 148 2  227 227 2 1 179 205 2  208 208 2  111 127 2  182 236 
 76 96B7 1 1 221 221 1  154 154 2  213 213 2  187 187 2  210 236 2  109 109 1 1 180 180 
 77 96B8 2  223 231 1  150 156 2  213 213 2  185 193 1  212 214 2  111 115 1 1 188 210 

9 78 09B1 1  221 221 1  148 150 1  213 215 1  185 201 1  212 212  3 -9 -9 2 1 190 196 
 79 09B11 1  225 231 2  150 150 2  227 227 1  181 187 1  210 216 1  105 123 2 1 206 216 
 80 09B13 1  231 231 1  154 156 2 1 211 213 1  185 185 1  212 242 1  111 137 2 1 172 238 
 81 09B14 1  221 221 1  150 152 1  211 215 1  175 197 1  212 248 1  103 149 2 1 204 210 
 82 09B15  3 -9 -9 1  148 148 1  213 213 1  179 179 1  212 212  3 -9 -9 2 1 170 346 
 83 09B2 2  217 217 2 1 154 156 2 1 231 231  3 -9 -9 1  206 216  3 -9 -9 2 1 200 212 
 84 09B20 1  221 229 2  142 148 2  197 213 1  183 187 1  210 210 1  103 111 2 1 178 228 
 85 09B21 1  221 221 1  148 154 2  213 213 1  185 185 1  212 220 1  111 113 2 1 170 176 
 86 09B22 2  231 231 2  148 148 1  195 195 1  185 199 1  210 214 1  109 109 2 1 244 244 
 87 09B4 2  233 233 1  150 152 1  213 225 1  183 187 2  212 228 1  115 149 2 1 172 204 
 88 09B5 1  221 229 2  150 150 3  213 213 1  179 179 1  212 216 1  111 113 2 1 152 184 

106 89 106B1 1 1 221 223 1  150 150 2  195 195 1 1 183 185 1  208 212 2  107 127 1 1 162 194 
 90 106B10 1 3 223 231 3  146 150 4  211 211 3 1 185 195 3  216 216 4  109 111 4  160 160 
 91 106B11 2  221 221 1  150 154 2  215 215 1 1 179 185 1  210 210 2  111 111 2  174 188 
 92 106B12 2  219 219 1  148 150 2  197 213 2  183 183 1  210 214 2  113 115 2 3 262 342 
 93 106B14 2  229 229 1  146 150 1 1 211 213 1 1 181 185 2  210 220 2  127 153 2  156 156 
 94 106B15 1 1 221 239 1  146 152 2  213 213 2  183 183 1  208 210 2  113 127 1 1 172 176 
 95 106B16 1 1 221 229 1  150 150 2  213 227 1 1 183 185 2  212 214 2  105 109 2  164 164 
 96 106B17 2 2 221 221 3  166 166 4  213 213 4  179 183 3  214 216 4  105 115 3 1 164 188 
 97 106B18 3 1 221 237 4  150 150 4  211 211 4  183 183 3  212 244 4  111 113 3 1 152 190 
 98 106B19 2  221 233 2  148 186 1 2 213 213 2  181 185 1  206 210 2  105 113 2  150 172 
 99 106B2 2  225 225 1  150 154 2  213 213 1 1 185 187 1  214 214 2  115 119 1 1 162 174 
 100 106B20 2 1 219 219 1  154 154 2  195 195 1 1 183 183 1  214 214 2  111 137 2  174 174 
 101 106B21 4  221 221 3  146 150 4  219 219 3 1 183 185 3  216 216 4  115 115 4  188 188 
 102 106B22 2  221 221 1  148 150 2  195 215 2  187 187 1  210 210 2  111 111 1 2 172 198 
 103 106B3 2  221 233 1  154 154 2 1 213 213 2  179 189 1  208 210 2  107 111 2  166 174 
 104 106B4 2  229 237 1  148 148 2  197 197 2  183 183 1  208 232 2  111 111 1 2 170 210 
 105 106B5 2  219 239 1  148 154 2  213 213 2  175 179 1  210 214 2  103 115 2  162 162 
 106 106B7 1 1 219 219 1  148 154 2  225 225 1 1 185 187 1  210 218 2  111 111 2  154 156 
 107 106B8 2  221 221  4 -9 -9 1 2 213 213 2  185 187 1  208 220 2  105 111 2 2 238 266 
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Site N Name Brh-1 Brh-2 Brh-3 Brh-4 Brh-5 Brh-6 Brh-7 

R F Alleles R F Alleles R F Alleles R F Alleles R F Alleles R F Alleles R F Alleles 

 108 106B9 1 1 225 225 1  148 154 2  213 213 1 1 179 187 2  212 214 2  103 103 2  160 170 

113 109 113B1  4 -9 -9 1 2 152 152 2  211 213 1 1 203 203 2  210 210 2  105 111 2  170 188 
 110 113B10 4 1 223 223 4  148 150 4 1 213 215 4 1 185 187 4  210 222 4 1 111 149 4 1 172 220 
 111 113B11 1 1 219 219 1  150 150 2  199 213 1 1 183 185 2 1 214 274 2  115 115 2 2 196 226 
 112 113B12 1 1 221 221 1  154 154 2  213 213 2 1 179 215 2  210 214 2  111 119 2 1 180 182 
 113 113B13 1 1 219 221 1  154 164 1 1 213 213 1 1 179 185 1  208 210 2  113 113 2 1 210 210 
 114 113B14 3  219 219 2  148 154 2  213 213 2  179 183 1  212 216 2  111 111 1 1 180 208 
 115 113B15 2  225 225 1  148 150 1 1 213 213 2  183 183 1  208 214 2  115 143 2  156 186 
 116 113B16 2 2 219 219 3  150 154 4  213 213 3 1 179 185 3  212 212 4  111 111 4  188 194 
 117 113B18 2  221 221 1  154 156 2  213 213 1 1 183 185 2  212 272 2  111 111 1 1 186 198 
 118 113B19 2  219 219 1  150 154 2  213 221 2 1 187 201 1  210 210 2  105 111 2  174 174 
 119 113B2  4 -9 -9 1  154 154 2  225 225 1 1 185 185 2  206 212 2  111 125 2  158 158 
 120 113B21 2  243 243 1  148 150 2  213 213 2  183 185 1  208 208 2  105 113 1 1 166 202 
 121 113B22 2  221 221 1  146 154 2  213 213 1 1 183 183 2  234 234 2  111 111 1 1 176 184 
 122 113B3 1 1 221 233 1  148 150 2  215 215 1 1 183 187 1  206 210 2  103 103 1 1 170 180 
 123 113B4 2  233 233 1  150 150 2  213 213 2 1 185 187 1  216 218 2  111 115 2 1 206 266 
 124 113B7 3 2 221 221 4  154 154 4 1 213 213 5 1 183 185 4  210 212 4 1 109 109 3 2 188 208 
 125 113B8 2  219 219 1  150 150 2  213 213 1 1 185 185 1  208 210 2  113 113 2  174 174 
 126 113B9 2  219 219 1  146 146 2  213 213 2  175 185 1  208 220 2  127 127 2 1 172 212 

115 127 115B1 3  223 223 1  154 154 2  197 213 2 1 183 235 1  210 232 2  109 113 1 2 200 200 
 128 115B10 1  231 231 1  150 182 1  197 211 1  185 185 1  210 216 1  111 113 1  174 196 
 129 115B11 1  223 223 1  150 152 1  213 213 1  183 185 1  210 222 1  103 105 1  160 166 
 130 115B12 1  219 219 1  150 150 2  215 215 1  181 183 1  210 230 1  111 111 1  156 166 
 131 115B13 1  221 221 1  150 150 2  213 213 1  183 187 1  212 222 1  113 113 1  164 216 
 132 115B14 1  219 225 1  148 156 1  225 225 1  185 185 1  214 216 1  113 113 1  202 218 
 133 115B15 1  217 237 1  148 154 1  213 213 1  179 187 1  208 214 1  111 125 1  154 204 
 134 115B17 1  219 223 2  144 144 1  213 213 1  185 191 1  210 212 1  111 111 1  160 190 
 135 115B18 1  243 243 1  150 150 1  197 197 1  183 207 1  214 214 1  111 113 1  166 194 
 136 115B19 1  221 221 2  148 202 1  229 229 1  197 199 1  216 234 1  105 111 1  154 170 
 137 115B2 2  221 225  4 -9 -9 1 1 213 213 2  185 185 1  210 226 2  113 113 1 1 164 186 
 138 115B21 1  219 219 1  154 168 1  227 227 1  175 181 1  212 212 1  103 105 1  162 186 
 139 115B22 1  233 233 1  150 150 1  225 225 1  179 191 1  210 212 2  111 129 1  154 156 
 140 115B3 1  223 229 1  150 150 2  213 213 2  185 243  3 -9 -9 1  103 111 2 1 178 280 
 141 115B4 1  219 219 1  150 154 1  215 215 1  179 185  3 -9 -9 2  111 161 1  176 210 
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Site N Name Brh-1 Brh-2 Brh-3 Brh-4 Brh-5 Brh-6 Brh-7 

R F Alleles R F Alleles R F Alleles R F Alleles R F Alleles R F Alleles R F Alleles 

 142 115B5 1  223 223 1  148 148 1  195 195 1  183 189 1  208 214 2  103 143 1  212 222 
 143 115B6 1  219 219 1  150 150 1  213 213 1  185 185 1  210 214 1  113 145 1  170 182 
 144 115B7 1  221 221 1  150 150 1 1 213 213 2  179 201 1  210 212 1  111 111 1  160 170 
 145 115B9 1  219 221 1  150 168 1  213 215 1  179 187 1  210 212 1  119 119 1  182 200 

94 146 94B1 1 1 221 223 3  154 154 2  195 195 1 1 183 189 1  212 214 2 1 115 157 2 1 184 194 
 147 94B10 1  225 237 1  150 150 1  213 213 1  185 185 1  212 222 1  107 115 1  194 216 
 148 94B11 1  221 221 1  164 164 2  213 215 1  179 187 1  210 230 1  111 111 1  152 174 
 149 94B12 1  221 237 1  150 168 2  229 245 1  175 189 1  208 214 1  113 117 1  180 216 
 150 94B15 1  237 239 1  150 150 1 1 211 215 1  185 209 1  210 222 1  111 111 1  154 186 
 151 94B16 1  225 233 1 1 150 150 2  213 213 1  185 187 1  212 222 1  111 111 1  164 206 
 152 94B17 1  239 239 1 1 146 148 1  215 215 1  183 185 1  210 232 1  111 113 1  166 174 
 153 94B18 1  221 221 1  154 154 1  213 213 1  175 179 2  212 256 1  105 111 1  160 160 
 154 94B19 1  219 233 1  150 154 2  213 213 1  179 185 1  212 214 2  111 147 1  160 240 
 155 94B2 1 1 219 221 1  150 150 2  195 211 1 1 183 195 1  210 214 2  113 129 1 1 186 222 
 156 94B20 1  219 233 1  154 154 1  219 219 1  183 189 1  206 210 1  111 125 1  160 170 
 157 94B21 1  221 221 2  152 152 2  215 215 2  185 185 1  214 222 1  107 109 1  162 206 
 158 94B22 1  221 221 2  152 152 1  213 213 1  179 183 1  206 214 1  105 109 1  178 178 
 159 94B3 1  223 223 1  150 150 1  215 215 1  183 185 1  208 208 1  109 115 1  158 166 
 160 94B4 1  221 221 1 1 150 154 1  213 213 1  185 189 1 1 212 214 1  111 111 2  282 282 
 161 94B5 1  219 221 2 1 148 190 2 1 213 213 1  187 197 1 1 210 212 1  105 117 1  160 166 
 162 94B6 1  223 223 1 1 154 154 1 1 213 221 1  175 185 1 1 214 214 1  109 119 1  160 172 
 163 94B7 1  219 239 1 1 146 148 2  207 207 1  183 185 1 1 214 214 1  111 119 1  152 174 
 164 94B8 1  221 221 1 1 148 150 1  213 213 1  189 189 1 1 210 214 1  111 111 1  162 170 
 165 94B9 1  221 221 1 1 148 150 1  197 227 1  175 179 1 1 204 208 1  111 111 1  152 174 

118 166 118B1 3  221 221 1 1 152 152 3  195 219 1 1 183 185 2  216 224 2 2 105 105  4 -9 -9 
 167 118B10  3 -9 -9 1  148 148 1  213 213 1  183 183 1  206 214 2  123 155 2  178 180 
 168 118B11 1  225 225 1  146 146 1  213 213 1  181 183 1  212 212 1  103 103 1  178 184 
 169 118B12 1  223 223 1  148 154 1  227 227 1  183 189 2  210 236 1  109 111 1  152 190 
 170 118B13 1  225 225 1  148 150 1  213 219 1  201 201 1  210 218 1  109 109 1  188 212 
 171 118B14 1  219 219 1  154 154 1  213 213 1  183 185 1  208 216 1  111 115 2  188 190 
 172 118B15 1  221 221 1  148 148 1  215 215 1  185 191 1  208 216 2  125 165 1  152 162 
 173 118B16 1  219 223 1  148 154 1  213 213 1  183 185 1  206 214 1  109 111 1  166 198 
 174 118B17 1  221 223 1  146 150 1  213 213 1  181 221 1  210 224 1  111 111 1  152 174 
 175 118B18 1  217 221 1  150 150 1  213 213 1  179 189 1  214 216 1  105 115 1  156 180 
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Site N Name Brh-1 Brh-2 Brh-3 Brh-4 Brh-5 Brh-6 Brh-7 

R F Alleles R F Alleles R F Alleles R F Alleles R F Alleles R F Alleles R F Alleles 

 176 118B19 1  221 225 1  150 150 1 1 213 213 1  191 193 1  208 210 2 1 109 109 1 1 160 190 
 177 118B2 3  219 219 1  146 150 2  219 219 2  185 199 1  210 214 2 1 103 111 1 1 152 190 
 178 118B21 1  223 225 1  150 150 1  213 213 1  187 189 1  210 212 1  109 111 2  198 256 
 179 118B22 2  225 225 1  150 150 1  211 211 1  179 193 1  208 212 2  119 181 1  194 204 
 180 118B3 1  221 233 1  146 154 1  219 219 1  179 187 1  208 212 1  117 117 2  164 252 
 181 118B4 1  221 221 1  150 156 1  213 213 1  183 189 2  212 218 1  111 111 1  166 184 
 182 118B5 1  229 229 1  150 152 1  227 227 1  185 187 1  210 212 1  111 111 1  154 158 
 183 118B6 1  221 239 1  148 148 1  219 219 1  183 191 1  214 214 1  111 111 1  162 170 
 184 118B7 1  221 221 1  154 154 2  213 241 1  185 193 1  210 220 1  105 107 1  156 162 
 185 118B8 1  223 233 1  150 150 1  213 213 1  181 197 1  218 218 1  111 111 1  170 212 
 186 118B9 1  237 239 1  148 150 1  195 195 1  185 185 1  212 216 1  109 111 1  172 178 
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Table F9i-xiii. Each table represents one microsatellite loci and shows the method of binning for 

each allele after scoring. The data in these tables are from the complete dataset. Each row N 

represents a different Allele. Min and Max represent the minimum and maximum value (in base 

pairs) that can be binned into one Allele. No. alleles is the total number of times this allele has been 

scored, not including homozygotes. Within is the range (in base pairs) between Min and Max, 

Between is the difference between the Max of one allele and the Min of the subsequent allele, and 

Between alleles represents the difference between the Allele and the subsequent Allele. 

Table F9i. Brh-1. 

N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

1 216.4 217.8 217 4 1.4 0.3 2 
2 218.1 219.3 219 64 1.2 0.8 2 
3 220.1 221.5 221 123 1.4 0.3 2 
4 221.8 223.2 223 41 1.4 0.3 2 
5 223.5 226.3 225 35 2.8 0.2 2 
6 226.5 227.1 227 7 0.6 1.2 2 
7 228.3 230.5 229 22 2.2 0.2 2 
8 230.7 233.1 231 18 2.4 0.8 2 
9 233.9 235 233 21 1.1 1 4 
10 236 237.1 237 12 1.1 1.3 2 
11 238.4 239 239 12 0.6 2.9 4 
12 241.9 243.2 243 3 1.3 2.9 4 
13 246.1 247.7 247 4 1.6   

 

Table F9ii. Brh-2. 

N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

1 108.6 108.6 108 2 0 11.5 12 
2 120.1 120.1 120 2 0 22.3 22 
3 142.4 142.6 142 2 0.2 1.5 2 
4 144.1 144.2 144 2 0.1 1.9 2 
5 146.1 147.2 146 38 1.1 1.3 2 
6 148.5 150.4 148 76 1.9 0.3 2 
7 150.7 151.4 150 123 0.7 0.8 2 
8 152.2 153.2 152 16 1 0.4 2 
9 153.6 154.9 154 71 1.3 1.1 2 
10 156 157.1 156 9 1.1 6 8 
11 163.1 163.2 164 2 0.1 3.7 2 
12 166.9 167.4 166 7 0.5 1.5 2 
13 168.9 169.1 168 5 0.2 12 14 
14 181.1 181.8 182 3 0.7 3.6 4 
15 185.4 185.7 186 2 0.3 3.5 4 
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N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

16 189.2 189.4 190 2 0.2 12 12 
17 201.4 201.5 202 2 0.1   

 

Table F9iii. Brh-3. 

N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

1 195.8 196.5 195 16 0.7 0.3 2 
2 196.8 197.3 197 25 0.5 1.6 2 
3 198.9 199 199 2 0.1 8.8 8 
4 207.8 208.1 207 2 0.3 3.2 4 
5 211.3 212.7 211 22 1.4 0.8 2 
6 213.5 215.1 213 184 1.6 0.5 2 
7 215.6 217.1 215 52 1.5 0.5 2 
8 217.6 217.8 217 2 0.2 0.6 2 
9 218.4 218.9 219 18 0.5 1 2 
10 219.9 220.1 221 3 0.2 4.6 4 
11 224.7 225.2 225 30 0.5 1.8 2 
12 227 227.7 227 15 0.7 1.3 2 
13 229 229.7 229 3 0.7 1.7 2 
14 231.4 231.8 231 4 0.4 2.1 2 
15 233.9 235.9 233 7 2 1.9 4 
16 237.8 238.1 237 5 0.3 2 4 
17 240.1 241 241 2 0.9 3.3 4 
18 244.3 244.4 245 2 0.1 10.4 10 
19 254.8 255 255 2 0.2   

 

Table F9iv. Brh-4. 

N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

1 174.9 175.4 175 18 0.5 1.7 2 
2 177.1 177.1 177 2 0 1.9 2 
3 179 180.1 179 60 1.1 0.9 2 
4 181 181.5 181 11 0.5 1.5 2 
5 183 183.8 183 90 0.8 1.3 2 
6 185.1 186.7 185 113 1.6 0.5 2 
7 187.2 187.7 187 77 0.5 1.5 2 
8 189.2 189.7 189 22 0.5 1.6 2 
9 191.3 191.5 191 20 0.2 1.9 2 
10 193.4 193.7 193 5 0.3 1.7 2 
11 195.4 195.7 195 5 0.3 1.7 2 
12 197.4 197.6 197 5 0.2 1.9 2 
13 199.5 199.8 199 7 0.3 1.6 2 
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N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

14 201.4 201.5 201 6 0.1 2 2 
15 203.5 203.7 203 3 0.2 1.7 2 
16 205.4 205.5 205 2 0.1 2 2 
17 207.5 207.5 207 2 0 1.9 2 
18 209.4 209.5 209 2 0.1 4 4 
19 213.5 213.5 213 2 0 1 2 
20 214.5 215.4 215 4 0.9 4.7 6 
21 220.1 221.6 221 4 1.5 1.8 2 
22 223.4 223.5 223 2 0.1 8.1 8 
23 231.6 231.8 231 2 0.2 4 4 
24 235.8 235.9 235 2 0.1 6.2 8 
25 242.1 242.1 243 2 0 1.9 2 
26 244 244.3 245 3 0.3 1.8 2 
27 246.1 246.2 247 4 0.1   

 

Table F9v. Brh-5. 

N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

1 203.7 204.4 204 2 0.7 0.9 2 
2 205.3 205.9 206 11 0.6 1.5 2 
3 207.4 208.2 208 52 0.8 1.2 2 
4 209.4 210.2 210 81 0.8 1.1 2 
5 211.3 212.2 212 88 0.9 1.2 2 
6 213.4 214.1 214 61 0.7 1 2 
7 215.1 216.2 216 35 1.1 1.3 2 
8 217.5 218.3 218 12 0.8 1.4 2 
9 219.7 220.2 220 9 0.5 1.5 2 
10 221.7 222.2 222 16 0.5 1.6 2 
11 223.8 224.4 224 8 0.6 1.2 2 
12 225.6 226.2 226 3 0.6 1.7 2 
13 227.9 227.9 228 2 0 2.1 2 
14 230 230.6 230 8 0.6 1.2 2 
15 231.8 232.5 232 6 0.7 1.6 2 
16 234.1 234.7 234 4 0.6 1.3 2 
17 236 236.8 236 6 0.8 1.7 2 
18 238.5 238.7 238 2 0.2 1.8 2 
19 240.5 242 240 2 1.5 0.5 2 
20 242.5 242.9 242 2 0.4 1.7 2 
21 244.6 244.8 244 3 0.2 3.8 4 
22 248.6 248.9 248 2 0.3 7.8 8 
23 256.7 256.7 256 2 0 7.9 8 
24 264.6 264.9 264 2 0.3 7.9 8 
25 272.8 273.1 272 2 0.3 1.6 2 
26 274.7 274.8 274 2 0.1 26.3 28 
27 301.1 301.4 302 2 0.3   
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Table F9vi Brh-6 

N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

1 103.2 103.9 103 48 0.7 1.5 2 
2 105.4 106 105 33 0.6 1.6 2 
3 107.6 107.9 107 11 0.3 1.7 2 
4 109.6 110.2 109 73 0.6 1.1 2 
5 111.3 112.4 111 157 1.1 1.3 2 
6 113.7 114.4 113 61 0.7 1.3 2 
7 115.7 116.6 115 44 0.9 1.7 2 
8 118.3 118.4 117 6 0.1 1.2 2 
9 119.6 120.6 119 9 1 1.5 4 
10 122.1 123 123 7 0.9 1.6 2 
11 124.6 124.9 125 10 0.3 1.8 2 
12 126.7 127 127 12 0.3 1.8 2 
13 128.8 129 129 5 0.2 1.8 2 
14 130.8 132.1 131 2 1.3 4.9 6 
15 137 137.3 137 3 0.3 5.8 6 
16 143.1 143.2 143 6 0.1 2 2 
17 145.2 145.3 145 3 0.1 1.8 2 
18 147.1 147.5 147 2 0.4 1.7 2 
19 149.2 149.5 149 6 0.3 3.8 4 
20 153.3 153.4 153 2 0.1 2.1 2 
21 155.5 156.9 155 2 1.4 0.6 2 
22 157.5 157.7 157 2 0.2 3.9 4 
23 161.6 161.7 161 2 0.1 2 2 
24 163.7 163.7 163 2 0 2 2 
25 165.7 165.7 165 2 0 14.7 16 
26 180.4 180.6 181 2 0.2   

 

Table F9vii. Brh-7. 

N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

1 136.8 137.6 136 4 0.8 5.2 6 
2 142.8 142.9 142 2 0.1 6.7 8 
3 149.6 150.6 150 3 1 1.1 2 
4 151.7 152.8 152 24 1.1 1 2 
5 153.8 154.8 154 15 1 1.4 2 
6 156.2 157.2 156 17 1 1.2 2 
7 158.4 159.6 158 12 1.2 0.6 2 
8 160.2 161.5 160 24 1.3 0.9 2 
9 162.4 163.4 162 28 1 1.1 2 
10 164.5 165.5 164 23 1 1.4 2 
11 166.9 167.9 166 24 1 0.6 4 
12 168.5 170.6 170 26 2.1 0.5 2 
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N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

13 171.1 172.4 172 32 1.3 0.8 2 
14 173.2 174.4 174 29 1.2 1 2 
15 175.4 176.6 176 13 1.2 1 2 
16 177.6 178.7 178 14 1.1 1.3 2 
17 180 180.6 180 13 0.6 1.5 2 
18 182.1 183.4 182 12 1.3 0.7 2 
19 184.1 185.2 184 14 1.1 1.2 2 
20 186.4 187.4 186 16 1 1 2 
21 188.4 189.7 188 26 1.3 0.9 2 
22 190.6 192 190 14 1.4 0.7 4 
23 192.7 193.7 194 15 1 1.3 2 
24 195 195.9 196 12 0.9 1.2 2 
25 197.1 198.2 198 5 1.1 1.2 2 
26 199.4 199.8 200 4 0.4 1.5 2 
27 201.3 201.6 202 6 0.3 2.1 2 
28 203.7 204.1 204 6 0.4 1.7 2 
29 205.8 206.5 206 9 0.7 1.1 2 
30 207.6 207.9 208 6 0.3 1.9 2 
31 209.8 210.5 210 8 0.7 1.1 2 
32 211.6 212.9 212 12 1.3 1 2 
33 213.9 214.6 214 4 0.7 1.4 2 
34 216 217.1 216 13 1.1 1.1 2 
35 218.2 218.4 218 3 0.2 1.6 2 
36 220 220.4 220 4 0.4 1.7 2 
37 222.1 222.4 222 4 0.3 2.3 4 
38 224.7 225.6 226 4 0.9 1.7 2 
39 227.3 229.9 228 5 2.6 1.4 4 
40 231.3 231.7 232 2 0.4 1.8 2 
41 233.5 233.9 234 2 0.4 1.6 2 
42 235.5 236.5 236 4 1 1.4 2 
43 237.9 238.2 238 4 0.3 1.5 2 
44 239.7 240.7 240 4 1 3.8 4 
45 244.5 244.5 244 2 0 1.8 2 
46 246.3 246.7 246 2 0.4 5.9 6 
47 252.6 252.8 252 2 0.2 3.2 4 
48 256 256.4 256 2 0.4 4.8 6 
49 261.2 261.7 262 2 0.5 3.8 4 
50 265.5 265.6 266 4 0.1 14.1 14 
51 279.7 280 280 2 0.3 1.8 2 
52 281.8 281.9 282 2 0.1 17 18 
53 298.9 299.1 300 2 0.2 41.7 42 
54 340.8 341.1 342 2 0.3 4 4 
55 345.1 345.1 346 2 0   

 

  



Appendix F - Final Data Set 

453 
 

Table F9viii. B_1. 

N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

1 127.3 128.3 128 0 1 1 2 
2 129.3 130.3 130 0 1 1.4 2 
3 131.7 133 132 0 1.3 0.9 2 
4 133.9 134.8 134 0 0.9 1.1 2 
5 135.9 136.4 136 0 0.5 2.4 2 
6 138.8 139.2 138 0 0.4 1 2 
7 140.2 141.1 140 0 0.9 1.6 2 
8 142.7 142.7 142 0 0 2.2 2 
9 144.9 144.9 144 0 0 1.9 2 
10 146.8 147.1 146 0 0.3 3.9 6 
11 151 151.5 152 0 0.5 2 2 
12 153.5 153.5 154 0 0 1.9 2 
13 155.4 155.7 156 0 0.3 1.5 2 
14 157.2 157.7 158 0 0.5 1.8 2 
15 159.5 159.6 160 0 0.1 5.9 6 
16 165.5 165.5 166 0 0 1.1 2 
17 166.6 167.7 168 0 1.1 1.7 2 
18 169.4 169.6 170 0 0.2 29.8 30 
19 199.4 199.6 200 0 0.2   

 

Table F9ix. B_2. 

N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

1 222 223 222 20 1 1 2 
2 224 225.1 224 36 1.1 1.3 2 
3 226.4 227.8 226 23 1.4 0.5 2 
4 228.3 229.8 228 120 1.5 0.8 2 
5 230.6 231.6 230 46 1 1.1 2 
6 232.7 233.8 232 41 1.1 1 2 
7 234.8 235.8 234 31 1 1.3 2 
8 237.1 237.8 236 9 0.7 0.9 2 
9 238.7 240 238 25 1.3 0.9 2 
10 240.9 242.4 240 14 1.5 1.8 4 
11 244.2 245.2 244 2 1 1.1 2 
12 246.3 247.4 246 4 1.1 0.9 2 
13 248.3 249.5 248 7 1.2 1.6 4 
14 251.1 252.8 252 5 1.7 1.9 2 
15 254.7 254.9 254 3 0.2 4.5 6 
16 259.4 259.9 260 2 0.5 1.1 2 
17 261 261.1 262 2 0.1 3.7 2 
18 264.8 265.6 264 2 0.8 4.6 6 
19 270.2 270.4 270 2 0.2 3.6 4 
20 274 274.4 274 3 0.4 6.3 6 
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N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

21 280.7 280.8 280 2 0.1   

 

Table F9x. B_3. 

N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

1 167 167.4 167 15 0.4 3.9 4 
2 171.3 171.4 171 2 0.1 3.9 4 
3 175.3 175.6 175 2 0.3 1.7 2 
4 177.3 177.5 177 3 0.2 7.5 8 
5 185 186.2 185 13 1.2 0.8 2 
6 187 187.5 187 11 0.5 0.5 2 
7 188 189.6 189 51 1.6 1.4 2 
8 191 191.8 191 57 0.8 1.4 2 
9 193.2 194.3 193 39 1.1 0.9 2 
10 195.2 196.6 195 41 1.4 0.7 2 
11 197.3 197.9 197 38 0.6 1.5 2 
12 199.4 200.8 199 33 1.4 0.8 2 
13 201.6 202.9 201 24 1.3 1 2 
14 203.9 204.5 203 5 0.6 0.5 2 
15 205 205.5 205 12 0.5 0.7 2 
16 206.2 207.3 207 6 1.1 1.3 2 
17 208.6 208.6 209 2 0 2.1 2 
18 210.7 211.1 211 5 0.4 2.9 4 
19 214 215.2 215 4 1.2 2.3 2 
20 217.5 218 217 3 0.5 2.6 4 
21 220.6 220.6 221 2 0 11 10 
22 231.6 231.8 231 3 0.2 8.7 9 
23 240.5 241.3 241 2 0.8   

 

Table F9xi. B_4. 

N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

1 171.1 171.2 172 2 0.1 9.4 8 
2 180.6 181.1 180 19 0.5 1.5 2 
3 182.6 182.9 182 19 0.3 0.8 2 
4 183.7 184.1 184 12 0.4 0.5 2 
5 184.6 185.9 186 161 1.3 0.6 2 
6 186.5 187.8 188 78 1.3 0.8 2 
7 188.6 188.9 190 10 0.3 0.9 2 
8 189.8 189.9 192 2 0.1 1.8 2 
9 191.7 191.9 194 3 0.2 9.7 8 
10 201.6 202.1 202 2 0.5 1.6 2 
11 203.7 204.1 204 7 0.4   
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Table F9xii. B_5. 

N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

1 140 140.2 140 2 0.2 1.4 2 
2 141.6 142.3 142 93 0.7 1.3 2 
3 143.6 144.6 144 46 1 0.9 2 
4 145.5 146.6 146 15 1.1 1.7 2 
5 148.3 148.9 148 47 0.6 1.6 2 
6 150.5 151.4 150 25 0.9 0.9 2 
7 152.3 153.4 152 66 1.1 0.9 2 
8 154.3 155.2 154 7 0.9 3.7 4 
9 158.9 159.3 158 2 0.4 1.2 2 
10 160.5 160.7 160 3 0.2 1.8 2 
11 162.5 162.7 162 2 0.2 1.6 2 
12 164.3 164.5 164 5 0.2 1.6 2 
13 166.1 166.4 166 5 0.3 1.7 2 
14 168.1 168.2 168 2 0.1 1.9 2 
15 170.1 170.2 170 2 0.1 3.4 4 
16 173.6 173.7 174 2 0.1 3.5 4 
17 177.2 177.3 178 2 0.1 4.1 4 
18 181.4 181.6 182 4 0.2 1.7 2 
19 183.3 183.6 184 2 0.3 1.7 2 
20 185.3 185.6 186 2 0.3 7.5 6 
21 193.1 193.3 192 2 0.2 1.2 2 
22 194.5 194.8 194 4 0.3 1.8 2 
23 196.6 197 196 2 0.4 1.6 2 
24 198.6 199.1 198 3 0.5 1.4 2 
25 200.5 200.7 200 3 0.2 1.9 2 
26 202.6 203 202 2 0.4 1.5 2 
27 204.5 204.7 204 3 0.2 1.2 2 
28 205.9 206.9 206 4 1 11.9 12 
29 218.8 219 218 2 0.2 18 20 
30 237 237.6 238 4 0.6 1.8 2 
31 239.4 240.2 240 2 0.8 4.9 6 
32 245.1 245.7 246 2 0.6 3.5 4 
33 249.2 249.5 250 2 0.3 7.4 6 
34 256.9 257.6 256 2 0.7 4.6 6 
35 262.2 263.3 262 2 1.1 6 8 
36 269.3 269.6 270 3 0.3 7.2 6 
37 276.8 277 276 3 0.2 25.4 26 
38 302.4 302.6 302 3 0.2 12.1 12 
39 314.7 315 314 3 0.3 13.9 14 
40 328.9 330.7 328 2 1.8   
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Table F9xiii. B_7. 

N Min (bp) Max (bp) Allele No. alleles Within 
(bp) 

Between 
(bp) 

Between 
alleles 
(bp) 

1 230.6 231.1 230 5 0.5 9.3 10 
2 240.4 240.7 240 2 0.3 1.2 2 
3 241.9 243.8 242 140 1.9 0.4 2 
4 244.2 245.5 244 49 1.3 0.7 2 
5 246.2 247.3 246 38 1.1 0.8 2 
6 248.1 249.1 248 26 1 0.4 2 
7 249.5 251.7 250 48 2.2 1 2 
8 252.7 252.8 252 2 0.1 5.7 6 
9 258.5 258.6 258 2 0.1 0.8 2 
10 259.4 260.4 260 2 1 1.4 2 
11 261.8 262 262 2 0.2 3.6 4 
12 265.6 265.9 266 2 0.3 1.7 2 
13 267.6 268.1 268 4 0.5 5 6 
14 273.1 273.4 274 3 0.3 1.9 2 
15 275.3 275.4 276 4 0.1 1.3 2 
16 276.7 277.4 278 7 0.7 1.1 2 
17 278.5 279.1 280 2 0.6 1.8 2 
18 280.9 281 282 2 0.1 1.3 2 
19 282.3 282.9 284 2 0.6 1.9 2 
20 284.8 284.8 286 3 0 1.2 2 
21 286 286.6 288 2 0.6 14.5 14 
22 301.1 301.7 302 2 0.6 9.6 10 
23 311.3 312 312 2 0.7 5.5 6 
24 317.5 318 318 2    
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Appendix G - Descriptive Statistics per Loci 
 

Appendix G contains descriptive statistics per site, per loci for all species, using data where 

half sibs and closer related individuals were removed, calculated as described within the 

chapter. 
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Table G1. Summary statistics for Amphinemura sulcicollis per loci, per site (10 loci, 13 sites). Sites 

with less than 10 samples were excluded (Site codes 46, 94, 4, 55). Including N = number of 

individuals; NA = number of alleles per locus; HO = observed heterozygosity; HE = expected 

heterozygosity; HWE = p value of Hardy-Weinberg Equilibrium test (bold = significant disequilibrium 

after Bonferroni test (critical P value p ≤0.005)), and PIC = polymorphism information content. 

Site Locus N Na Ho He HWE PIC 

104 

Amp_2 17 16 1.000 0.947 1.000 0.91 
Amp_3 17 10 0.765 0.766 0.524 0.72 
Amp_4 17 7 0.824 0.852 0.454 0.80 
Amp_5 17 13 1.000 0.900 1.000 0.86 
Amp_6 17 5 0.882 0.663 0.756 0.58 
Amp_8 17 11 0.529 0.900 0.000 0.86 
Amp_9 17 10 0.294 0.731 0.000 0.69 
Amp_10 17 11 0.824 0.834 0.254 0.79 
Amp_11 17 15 0.353 0.936 0.000 0.90 
Amp_13 17 10 0.294 0.889 0.000 0.85 

109 

Amp_2 16 14 1.000 0.897 1.000 0.86 
Amp_3 16 7 0.688 0.661 0.755 0.61 
Amp_4 16 8 1.000 0.837 1.000 0.79 
Amp_5 16 12 0.938 0.909 0.645 0.87 
Amp_6 16 7 0.813 0.815 0.256 0.76 
Amp_8 16 9 0.438 0.879 0.000 0.83 
Amp_9 16 7 0.563 0.821 0.010 0.77 
Amp_10 15 10 0.267 0.837 0.000 0.79 
Amp_11 16 13 0.500 0.885 0.000 0.84 
Amp_13 16 8 0.563 0.829 0.004 0.78 

108 

Amp_2 16 13 0.938 0.915 0.812 0.88 
Amp_3 16 10 0.750 0.679 0.975 0.64 
Amp_4 16 7 0.813 0.774 0.756 0.71 
Amp_5 16 14 0.938 0.911 0.663 0.87 
Amp_6 16 5 0.563 0.593 0.289 0.52 
Amp_8 16 10 0.875 0.865 0.662 0.82 
Amp_9 16 6 0.438 0.712 0.022 0.64 
Amp_10 14 13 0.643 0.889 0.026 0.84 
Amp_11 16 15 0.500 0.944 0.000 0.91 
Amp_13 16 8 0.500 0.778 0.001 0.72 

102 

Amp_2 17 14 0.824 0.934 0.184 0.90 
Amp_3 17 5 0.588 0.622 0.452 0.57 
Amp_4 17 6 0.706 0.825 0.089 0.77 
Amp_5 17 12 0.824 0.900 0.210 0.86 
Amp_6 17 4 0.765 0.663 0.892 0.57 
Amp_8 17 9 0.824 0.863 0.145 0.82 
Amp_9 17 7 0.412 0.713 0.000 0.64 
Amp_10 17 11 0.412 0.770 0.000 0.72 
Amp_11 17 11 0.294 0.902 0.000 0.86 
Amp_13 17 6 0.471 0.738 0.014 0.68 

112 

Amp_2 17 21 1.000 0.952 1.000 0.92 
Amp_3 17 8 0.706 0.608 0.976 0.57 
Amp_4 17 7 0.824 0.838 0.500 0.79 
Amp_5 17 12 0.765 0.914 0.043 0.88 
Amp_6 17 5 0.765 0.579 0.994 0.50 
Amp_8 17 9 0.765 0.802 0.389 0.75 
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Site Locus N Na Ho He HWE PIC 
Amp_9 17 8 0.294 0.613 0.000 0.58 
Amp_10 17 11 0.529 0.904 0.000 0.87 
Amp_11 17 15 0.412 0.923 0.000 0.89 
Amp_13 17 8 0.412 0.790 0.000 0.74 

96 

Amp_2 15 15 0.867 0.936 0.169 0.90 
Amp_3 15 10 0.800 0.722 0.921 0.67 
Amp_4 15 5 0.867 0.791 0.878 0.73 
Amp_5 15 10 0.800 0.853 0.037 0.80 
Amp_6 15 4 0.600 0.687 0.188 0.60 
Amp_8 15 9 0.733 0.878 0.021 0.83 
Amp_9 15 7 0.400 0.738 0.013 0.68 
Amp_10 15 6 0.133 0.618 0.000 0.57 
Amp_11 14 9 0.429 0.849 0.000 0.80 
Amp_13 15 8 0.533 0.786 0.000 0.73 

9 

Amp_2 18 18 0.944 0.927 0.184 0.89 
Amp_3 18 7 0.500 0.543 0.428 0.50 
Amp_4 18 8 0.833 0.867 0.171 0.82 
Amp_5 18 11 0.889 0.894 0.443 0.86 
Amp_6 18 5 0.444 0.722 0.003 0.66 
Amp_8 18 10 0.722 0.851 0.035 0.81 
Amp_9 18 6 0.500 0.708 0.065 0.65 
Amp_10 17 9 0.353 0.740 0.001 0.69 
Amp_11 18 14 0.556 0.892 0.000 0.86 
Amp_13 18 7 0.556 0.752 0.004 0.69 

116 

Amp_2 19 18 0.895 0.943 0.294 0.91 
Amp_3 19 5 0.316 0.290 1.000 0.27 
Amp_4 19 9 1.000 0.865 1.000 0.82 
Amp_5 19 11 0.737 0.794 0.507 0.75 
Amp_6 19 5 0.842 0.733 0.697 0.66 
Amp_8 19 10 0.789 0.836 0.299 0.80 
Amp_9 19 5 0.368 0.653 0.013 0.60 
Amp_10 11 11 0.364 0.922 0.000 0.87 
Amp_11 19 14 0.526 0.838 0.000 0.80 
Amp_13 19 7 0.474 0.804 0.000 0.76 

113 

Amp_2 16 15 0.813 0.911 0.192 0.87 
Amp_3 16 7 0.750 0.734 0.064 0.68 
Amp_4 16 8 0.938 0.853 0.920 0.80 
Amp_5 16 13 0.938 0.925 0.525 0.89 
Amp_6 16 6 0.750 0.698 0.178 0.62 
Amp_8 16 8 0.500 0.893 0.000 0.85 
Amp_9 16 8 0.438 0.669 0.000 0.63 
Amp_10 15 11 0.533 0.853 0.000 0.81 
Amp_11 16 11 0.500 0.893 0.000 0.85 
Amp_13 16 8 0.500 0.798 0.000 0.75 

95 

Amp_2 16 13 0.688 0.827 0.000 0.79 
Amp_3 16 7 0.813 0.808 0.427 0.75 
Amp_4 16 7 0.938 0.837 0.954 0.78 
Amp_5 16 10 0.750 0.641 0.976 0.60 
Amp_6 16 5 0.875 0.762 0.845 0.69 
Amp_8 16 8 0.875 0.867 0.631 0.82 
Amp_9 16 9 0.375 0.827 0.000 0.78 
Amp_10 15 8 0.600 0.800 0.052 0.74 
Amp_11 16 10 0.250 0.810 0.000 0.77 
Amp_13 16 7 0.438 0.778 0.000 0.71 

6 Amp_2 17 10 0.706 0.797 0.094 0.75 
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Site Locus N Na Ho He HWE PIC 
Amp_3 17 6 0.471 0.565 0.195 0.52 
Amp_4 17 9 0.882 0.850 0.271 0.80 
Amp_5 17 7 0.471 0.497 0.180 0.46 
Amp_6 17 4 0.647 0.586 0.760 0.51 
Amp_8 17 10 0.824 0.879 0.210 0.84 
Amp_9 17 7 0.588 0.745 0.011 0.68 
Amp_10 16 6 0.375 0.750 0.000 0.69 
Amp_11 17 10 0.412 0.800 0.000 0.75 
Amp_13 17 5 0.353 0.729 0.000 0.65 

59 

Amp_2 18 15 1.000 0.929 1.000 0.90 
Amp_3 18 9 0.667 0.648 0.721 0.61 
Amp_4 18 9 0.667 0.817 0.056 0.77 
Amp_5 18 11 1.000 0.867 1.000 0.83 
Amp_6 18 6 0.556 0.670 0.049 0.59 
Amp_8 18 12 0.889 0.908 0.501 0.87 
Amp_9 18 11 0.333 0.824 0.000 0.79 
Amp_10 18 8 0.500 0.819 0.000 0.77 
Amp_11 18 18 0.444 0.933 0.000 0.90 
Amp_13 18 9 0.444 0.802 0.002 0.75 

93 

Amp_2 16 14 0.938 0.913 0.503 0.87 
Amp_3 16 8 0.563 0.637 0.218 0.60 
Amp_4 16 6 0.625 0.784 0.039 0.72 
Amp_5 16 8 0.813 0.835 0.553 0.78 
Amp_6 16 5 0.688 0.760 0.088 0.69 
Amp_8 16 8 0.688 0.851 0.076 0.80 
Amp_9 16 6 0.313 0.435 0.016 0.40 
Amp_10 16 10 0.625 0.833 0.004 0.79 
Amp_11 16 12 0.438 0.875 0.000 0.83 
Amp_13 16 6 0.313 0.558 0.005 0.52 

 

Table G2. Summary statistics for Isoperla grammatica per loci, per site (10 loci, 12 sites). Sites with 

less than 10 samples were excluded (Site code 46). Including N = number of individuals; NA = number 

of alleles per locus; HO = observed heterozygosity; HE = expected heterozygosity; HWE = p value of 

Hardy-Weinberg Equilibrium test (bold = significant disequilibrium after Bonferroni test (critical P 

value p ≤0.005)), and PIC = polymorphism information content. 

Site Locus N Na Ho He HWE PIC 

105 

Iso_1 15 13 0.867 0.910 0.171 0.87 
Iso_2 15 21 0.867 0.972 0.000 0.94 
Iso_3 15 17 0.733 0.945 0.030 0.91 
Iso_4 15 16 0.600 0.947 0.000 0.91 
Iso_5 15 16 0.600 0.954 0.000 0.92 
Iso_6 15 16 0.467 0.933 0.000 0.90 
Iso_7 15 18 0.867 0.956 0.244 0.92 
Iso_8 15 19 0.733 0.970 0.000 0.93 
Iso_9 14 17 0.429 0.955 0.000 0.92 
Iso_10 15 10 0.467 0.883 0.000 0.84 

106 
Iso_1 20 16 0.750 0.885 0.257 0.85 
Iso_2 20 23 0.800 0.969 0.000 0.94 
Iso_3 20 22 0.800 0.964 0.026 0.94 
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Site Locus N Na Ho He HWE PIC 
Iso_4 20 21 0.750 0.954 0.000 0.93 
Iso_5 19 21 0.526 0.957 0.000 0.93 
Iso_6 20 16 0.700 0.894 0.000 0.86 
Iso_7 20 20 0.700 0.949 0.006 0.92 
Iso_8 20 22 0.850 0.962 0.035 0.93 
Iso_9 18 18 0.222 0.954 0.000 0.92 
Iso_10 20 15 0.300 0.899 0.000 0.87 

108 

Iso_1 20 17 1.000 0.942 1.000 0.91 
Iso_2 20 25 0.900 0.959 0.208 0.93 
Iso_3 20 14 0.900 0.914 0.445 0.88 
Iso_4 19 28 0.842 0.982 0.000 0.95 
Iso_5 18 22 0.333 0.976 0.000 0.95 
Iso_6 20 15 0.500 0.932 0.000 0.90 
Iso_7 19 26 0.947 0.980 0.145 0.95 
Iso_8 20 22 0.700 0.965 0.000 0.94 
Iso_9 17 16 0.294 0.936 0.000 0.90 
Iso_10 20 9 0.500 0.864 0.000 0.82 

12 

Iso_1 20 16 1.000 0.909 1.000 0.88 
Iso_2 20 25 0.900 0.972 0.024 0.95 
Iso_3 20 20 0.750 0.959 0.000 0.93 
Iso_4 20 20 0.850 0.940 0.005 0.91 
Iso_5 20 21 0.550 0.937 0.000 0.91 
Iso_6 20 17 0.450 0.944 0.000 0.92 
Iso_7 20 19 0.500 0.954 0.000 0.93 
Iso_8 20 21 0.500 0.956 0.000 0.93 
Iso_9 19 24 0.526 0.976 0.000 0.95 
Iso_10 20 9 0.250 0.815 0.000 0.77 

97 

Iso_1 17 15 0.941 0.941 0.584 0.91 
Iso_2 17 19 0.647 0.959 0.000 0.93 
Iso_3 17 20 0.941 0.945 0.507 0.91 
Iso_4 17 21 0.706 0.964 0.000 0.93 
Iso_5 17 17 0.235 0.941 0.000 0.91 
Iso_6 17 16 0.353 0.925 0.000 0.89 
Iso_7 17 23 0.882 0.971 0.425 0.94 
Iso_8 17 20 0.412 0.968 0.000 0.94 
Iso_9 15 17 0.200 0.963 0.000 0.93 
Iso_10 17 12 0.529 0.904 0.000 0.87 

98 

Iso_1 20 18 1.000 0.936 1.000 0.91 
Iso_2 20 24 0.750 0.973 0.000 0.95 
Iso_3 20 20 0.900 0.947 0.209 0.92 
Iso_4 20 25 0.750 0.962 0.000 0.93 
Iso_5 18 20 0.500 0.957 0.000 0.93 
Iso_6 20 20 0.400 0.955 0.000 0.93 
Iso_7 20 19 0.650 0.945 0.000 0.92 
Iso_8 20 19 0.700 0.954 0.000 0.93 
Iso_9 17 18 0.529 0.957 0.000 0.93 
Iso_10 20 11 0.700 0.873 0.081 0.84 

112 

Iso_1 20 18 0.900 0.947 0.191 0.92 
Iso_2 20 23 0.850 0.968 0.066 0.94 
Iso_3 20 21 0.900 0.953 0.122 0.92 
Iso_4 20 24 0.700 0.974 0.000 0.95 
Iso_5 20 21 0.600 0.951 0.000 0.92 
Iso_6 20 16 0.650 0.926 0.000 0.90 
Iso_7 20 21 0.750 0.960 0.000 0.93 
Iso_8 20 23 0.650 0.958 0.000 0.93 
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Site Locus N Na Ho He HWE PIC 
Iso_9 19 21 0.263 0.967 0.000 0.94 
Iso_10 20 12 0.400 0.890 0.000 0.85 

114 

Iso_1 19 18 0.842 0.925 0.007 0.89 
Iso_2 19 20 0.789 0.942 0.009 0.91 
Iso_3 19 18 0.947 0.930 0.797 0.90 
Iso_4 19 20 0.737 0.966 0.000 0.94 
Iso_5 19 18 0.474 0.939 0.000 0.91 
Iso_6 17 17 0.588 0.955 0.000 0.92 
Iso_7 18 20 0.722 0.927 0.000 0.90 
Iso_8 19 20 0.632 0.960 0.000 0.93 
Iso_9 18 23 0.500 0.973 0.000 0.94 
Iso_10 19 11 0.474 0.875 0.000 0.84 

115 

Iso_1 20 20 0.900 0.947 0.046 0.92 
Iso_2 20 25 0.950 0.976 0.470 0.95 
Iso_3 20 23 0.850 0.958 0.019 0.93 
Iso_4 20 23 0.750 0.960 0.000 0.93 
Iso_5 19 17 0.632 0.940 0.000 0.91 
Iso_6 19 25 0.684 0.974 0.000 0.95 
Iso_7 20 21 0.650 0.955 0.000 0.93 
Iso_8 20 23 0.700 0.972 0.000 0.95 
Iso_9 18 18 0.333 0.921 0.000 0.89 
Iso_10 20 11 0.550 0.878 0.000 0.84 

10 

Iso_1 20 15 0.750 0.903 0.018 0.87 
Iso_2 20 25 0.900 0.965 0.000 0.94 
Iso_3 20 15 0.800 0.918 0.083 0.89 
Iso_4 20 26 0.850 0.976 0.010 0.95 
Iso_5 19 20 0.684 0.953 0.000 0.92 
Iso_6 19 22 0.737 0.952 0.000 0.92 
Iso_7 20 17 0.650 0.940 0.000 0.91 
Iso_8 20 23 0.800 0.963 0.000 0.94 
Iso_9 19 24 0.579 0.974 0.000 0.95 
Iso_10 20 12 0.300 0.873 0.000 0.84 

118 

Iso_1 20 13 0.850 0.882 0.434 0.85 
Iso_2 20 25 0.950 0.972 0.625 0.95 
Iso_3 20 22 0.800 0.964 0.000 0.94 
Iso_4 20 25 0.750 0.973 0.000 0.95 
Iso_5 20 16 0.550 0.926 0.000 0.90 
Iso_6 20 17 0.400 0.905 0.000 0.88 
Iso_7 20 21 0.650 0.960 0.000 0.93 
Iso_8 20 23 0.550 0.967 0.000 0.94 
Iso_9 18 19 0.556 0.937 0.000 0.91 
Iso_10 20 10 0.350 0.882 0.000 0.85 

93 

Iso_1 19 12 0.632 0.757 0.128 0.72 
Iso_2 19 22 0.895 0.956 0.202 0.93 
Iso_3 18 15 0.889 0.892 0.033 0.86 
Iso_4 19 27 0.947 0.970 0.688 0.94 
Iso_5 19 18 0.632 0.888 0.000 0.86 
Iso_6 19 19 0.947 0.893 0.930 0.86 
Iso_7 19 19 0.526 0.949 0.000 0.92 
Iso_8 19 16 0.737 0.910 0.000 0.88 
Iso_9 17 14 0.471 0.930 0.000 0.90 
Iso_10 19 11 0.421 0.683 0.000 0.65 
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Table G3. Summary statistics for Baetis rhodani per loci, per site (13 loci, 10 sites, no sites excluded). 

Including N = number of individuals; NA = number of alleles per locus; HO = observed heterozygosity; 

HE = expected heterozygosity; HWE = p value of Hardy-Weinberg Equilibrium test (bold = significant 

disequilibrium after Bonferroni test (critical P value p ≤0.0038)), and PIC = polymorphism 

information content. 

Site Locus N Na Ho He HWE PIC 

112 

Brh-1 16 9 0.438 0.873 0.000 0.83 
Brh-2 16 5 0.375 0.714 0.003 0.65 
Brh-3 16 6 0.188 0.560 0.000 0.52 
Brh-4 16 10 0.875 0.853 0.659 0.81 
Brh-5 16 10 0.563 0.855 0.000 0.81 
Brh-6 16 8 0.625 0.823 0.105 0.77 
Brh-7 16 17 0.813 0.952 0.103 0.92 
B_1 16 8 0.625 0.736 0.201 0.67 
B_2 16 9 0.875 0.863 0.492 0.82 
B_3 16 10 0.750 0.883 0.106 0.84 
B_4 16 6 0.313 0.673 0.001 0.61 
B_5 16 7 0.313 0.855 0.000 0.81 
B_7 16 9 0.688 0.829 0.111 0.78 

102 

Brh-1 19 6 0.316 0.745 0.000 0.69 
Brh-2 18 8 0.389 0.775 0.001 0.72 
Brh-3 19 9 0.316 0.818 0.000 0.77 
Brh-4 20 12 0.700 0.871 0.003 0.83 
Brh-5 20 15 0.700 0.890 0.000 0.86 
Brh-6 20 8 0.700 0.760 0.332 0.70 
Brh-7 20 21 0.800 0.971 0.000 0.94 
B_1 20 9 0.750 0.782 0.132 0.73 
B_2 20 12 0.900 0.872 0.294 0.84 
B_3 20 11 0.750 0.906 0.026 0.87 
B_4 20 7 0.400 0.646 0.000 0.60 
B_5 19 11 0.632 0.829 0.000 0.78 
B_7 20 11 0.650 0.732 0.023 0.70 

97 

Brh-1 14 5 0.143 0.659 0.000 0.59 
Brh-2 16 4 0.313 0.683 0.001 0.60 
Brh-3 16 6 0.125 0.736 0.000 0.67 
Brh-4 16 9 0.875 0.853 0.629 0.81 
Brh-5 16 11 0.938 0.863 0.946 0.82 
Brh-6 16 6 0.625 0.776 0.019 0.71 
Brh-7 16 23 1.000 0.976 1.000 0.94 
B_1 16 8 0.750 0.780 0.130 0.72 
B_2 16 12 0.875 0.911 0.438 0.87 
B_3 16 15 0.813 0.921 0.003 0.88 
B_4 16 6 0.375 0.633 0.040 0.55 
B_5 16 8 0.563 0.794 0.025 0.74 
B_7 16 9 0.563 0.569 0.702 0.54 

96 

Brh-1 17 8 0.294 0.754 0.000 0.69 
Brh-2 16 6 0.500 0.752 0.001 0.69 
Brh-3 17 6 0.235 0.733 0.000 0.68 
Brh-4 17 13 0.824 0.897 0.017 0.86 
Brh-5 17 12 0.765 0.877 0.021 0.84 
Brh-6 17 12 0.647 0.868 0.007 0.83 
Brh-7 17 21 0.647 0.971 0.000 0.94 
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Site Locus N Na Ho He HWE PIC 
B_1 17 9 0.706 0.750 0.385 0.70 
B_2 17 10 0.882 0.877 0.508 0.84 
B_3 17 16 0.941 0.936 0.688 0.90 
B_4 17 5 0.353 0.597 0.002 0.55 
B_5 17 10 0.529 0.866 0.001 0.82 
B_7 17 10 0.706 0.756 0.398 0.70 

9 

Brh-1 10 6 0.300 0.784 0.000 0.71 
Brh-2 11 6 0.636 0.797 0.255 0.72 
Brh-3 11 8 0.455 0.784 0.001 0.73 
Brh-4 10 9 0.600 0.868 0.027 0.81 
Brh-5 11 9 0.727 0.805 0.286 0.75 
Brh-6 8 9 0.875 0.917 0.231 0.85 
Brh-7 11 18 0.909 0.983 0.079 0.94 
B_1 11 6 0.636 0.758 0.175 0.69 
B_2 11 9 0.818 0.892 0.419 0.84 
B_3 11 11 0.727 0.909 0.083 0.86 
B_4 11 5 0.455 0.649 0.102 0.55 
B_5 11 8 0.545 0.779 0.016 0.72 
B_7 11 6 0.636 0.632 0.317 0.57 

106 

Brh-1 18 8 0.444 0.798 0.001 0.75 
Brh-2 17 7 0.588 0.784 0.005 0.72 
Brh-3 18 7 0.222 0.697 0.000 0.65 
Brh-4 18 7 0.667 0.790 0.248 0.74 
Brh-5 18 10 0.778 0.829 0.423 0.78 
Brh-6 18 11 0.722 0.856 0.193 0.82 
Brh-7 18 21 0.778 0.957 0.000 0.93 
B_1 18 5 0.778 0.683 0.871 0.61 
B_2 18 11 0.611 0.783 0.030 0.74 
B_3 18 11 0.667 0.903 0.001 0.87 
B_4 18 5 0.333 0.583 0.004 0.52 
B_5 18 10 0.611 0.827 0.000 0.78 
B_7 17 5 0.294 0.729 0.000 0.66 

113 

Brh-1 15 6 0.133 0.756 0.000 0.69 
Brh-2 16 7 0.625 0.790 0.003 0.73 
Brh-3 16 4 0.188 0.286 0.091 0.26 
Brh-4 16 8 0.750 0.810 0.038 0.76 
Brh-5 16 11 0.688 0.853 0.018 0.81 
Brh-6 16 10 0.438 0.808 0.000 0.76 
Brh-7 16 20 0.813 0.966 0.009 0.93 
B_1 16 8 0.938 0.792 0.984 0.73 
B_2 16 12 0.875 0.869 0.383 0.83 
B_3 16 11 0.875 0.899 0.140 0.86 
B_4 16 5 0.625 0.639 0.081 0.58 
B_5 16 14 0.625 0.897 0.000 0.86 
B_7 16 6 0.750 0.750 0.372 0.68 

115 

Brh-1 16 9 0.375 0.835 0.000 0.78 
Brh-2 15 7 0.400 0.740 0.002 0.68 
Brh-3 16 7 0.125 0.772 0.000 0.72 
Brh-4 16 14 0.875 0.907 0.645 0.87 
Brh-5 14 10 0.857 0.857 0.413 0.81 
Brh-6 16 10 0.563 0.800 0.007 0.75 
Brh-7 16 22 0.938 0.976 0.269 0.94 
B_1 16 8 0.750 0.756 0.336 0.69 
B_2 16 11 1.000 0.877 1.000 0.83 
B_3 16 12 0.813 0.907 0.159 0.87 
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Site Locus N Na Ho He HWE PIC 
B_4 16 6 0.438 0.617 0.007 0.54 
B_5 16 12 0.563 0.911 0.000 0.87 
B_7 16 5 0.625 0.619 0.666 0.56 

94 

Brh-1 16 7 0.500 0.764 0.009 0.71 
Brh-2 16 8 0.438 0.825 0.001 0.77 
Brh-3 16 11 0.313 0.815 0.000 0.77 
Brh-4 16 8 0.938 0.849 0.939 0.80 
Brh-5 16 9 0.813 0.833 0.371 0.79 
Brh-6 16 12 0.750 0.841 0.361 0.80 
Brh-7 16 19 0.875 0.958 0.017 0.92 
B_1 16 4 0.688 0.718 0.245 0.65 
B_2 16 13 0.750 0.821 0.234 0.78 
B_3 16 13 0.750 0.925 0.009 0.89 
B_4 16 4 0.375 0.518 0.136 0.44 
B_5 16 9 0.438 0.841 0.000 0.79 
B_7 15 5 0.267 0.662 0.000 0.57 

118 

Brh-1 19 9 0.474 0.828 0.000 0.78 
Brh-2 20 6 0.450 0.782 0.001 0.73 
Brh-3 20 6 0.150 0.655 0.000 0.60 
Brh-4 20 12 0.850 0.885 0.113 0.85 
Brh-5 20 10 0.850 0.887 0.200 0.85 
Brh-6 20 11 0.500 0.796 0.000 0.75 
Brh-7 19 20 1.000 0.963 1.000 0.93 
B_1 20 7 0.700 0.703 0.533 0.63 
B_2 20 11 0.800 0.849 0.065 0.81 
B_3 20 11 0.700 0.899 0.001 0.86 
B_4 20 6 0.450 0.610 0.038 0.56 
B_5 20 11 0.650 0.883 0.000 0.85 
B_7 20 8 0.750 0.750 0.607 0.69 
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Appendix H - Chapter 3 Supporting Information 

 

Containing extra information pertaining to Chapter 3, including values of environmental 

stressors and at which sites they are available; allelic richness values and the complete 

results of comparing allelic richness between sites. Also containing maps showing 

population structure for each species and altitude in Wales, UK. 

 

Table of tables 

Table H1 ................................................................................................................................. 467 

Table H2a-c ............................................................................................................................ 468 

Table H3a-c ............................................................................................................................ 470 

 

Table of figures 

Figure H1 ................................................................................................................................ 481 

Figure H2 ................................................................................................................................ 482 

  



Appendix H - Chapter 3 Supporting Information 

467 
 

Table H1. Table showing all sites (listed from south to North of Wales) with genetic data for one 

species or more, sample size listed under species: A = Amphinemura sulcicollis, I = Isoperla 

grammatica and B = Baetis rhodani; and environmental variables: Al = Aluminium, Cd = Cadmium, 

pH and TON = Total Oxidised Nitrogen. 

Site 
code 

Site name Year 

Species Environmental stressors 

A I B Al 
(µg/l) 

Cd 
(µg/l) 

pH 
(pH-
units) 

TON 
(mg/l) 

104 Grwyne Fawr 2013 20 - - - - 8.22 0.39 
105 Honddu at Capel 2013 - 15 - - - 8.34 0.49 
109 LI7 2013 18 - - 23.2 0.02 6.86 0.12 
108 LI6 2013 20 20 - - - 6.97 0.06 
102 GI1 2013 20 - 21 4.0 0.00 6.59 0.24 
12 CI1 2012 - 20 - - - - - 
97 CI1 2013 - 17 19 - - - - 
98 CI4 2013 - 20 - 66.7 - 6.63 0.28 
112 Nant Dar 2013 20 20 19 65.5 0.05 6.37 0.28 
46 Nant Clawdd 2012 5 5 - 203.0 0.05 6.88 0.29 
96 Brefi 2013 19 - 18 66.5 0.05 6.21 0.12 
9 Brefi 2012 20 - 11 110.5 0.05 6.52 0.07 
106 Ithon at Llandewi 2013 - 20 20 - - - 0.76 
116 Nant Peiran 2013 20 - - 212.5 0.15 5.15 0.15 
114 Nant Glan dwr 2013 - 20 - 35.0 0.10 6.46 0.11 
113 Nant Gelli Gethin 2013 20 - 18 - - - - 
10 Cerist (Afon) 2012 - 20 - 39.5 0.05 6.62 0.06 
115 Nant Helygog 2013 - 20 19 49.5 0.05 6.68 0.09 
94 Afon Fechan 2013 5 - 20 44.5 0.05 7.01 0.18 
4 Afon Fechan 2012 1 - - 31.5 0.15 7.04 0.08 
95 Afon Pistyll 2013 22 - - 138.0 0.15 4.75 0.01 
6 Afon Pistyll 2012 21 - - 148.5 0.05 4.60 0.02 
59 Upper Llugwy 2012 20 - - - - - 0.11 
55 Nant y Gwryd 2012 8 - - 54.0 0.05 6.22 0.02 
118 Nant y Gwryd 2013 - 20 21 34.5 0.10 6.06 0.09 
93 Afon Colwyn  2013 19 20  91.5 0.20 5.33 0.06 
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Table H2a-c. Allelic richness per site, per loci, using the full set of loci for a) Amphinemura sulcicollis, b) Isoperla grammatica and c) Baetis rhodani. Adjusted 

for differences in sample size, based on a minimum sample size of a) 11, b) 14, c) 8 for per sites, and a) 16, b) 17, c) 160 for clusters for A. sulcicollis, I. 

grammatica and B. rhodani, respectively. For comparison with Table H4(a-c) which used a reduced set of loci. 

 

Table H2a. Amphinemura sulcicollis. 

Loci 
Site Cluster 

104 109 108 102 112 96 9 116 113 95 6 59 93 1 2 3 4 

Amp_2 13.2 11.5 11.1 11.8 15.3 12.7 13.3 13.2 12.0 10.6 8.3 12.1 11.3 15.6 15.5 12.0 14.0 
Amp_3 8.0 6.0 8.1 4.6 6.4 8.1 5.5 3.7 6.2 6.3 5.2 6.9 6.8 9.7 7.2 6.6 8.0 
Amp_4 6.6 7.0 6.2 5.9 6.5 5.0 7.4 7.6 7.3 6.6 7.5 7.3 5.6 6.9 7.6 8.0 6.0 
Amp_5 10.6 10.2 11.6 10.2 10.4 8.6 9.6 8.5 11.2 7.7 5.5 9.3 7.2 12.6 11.4 8.7 8.0 
Amp_6 4.3 6.3 4.4 3.9 4.2 3.7 4.6 4.8 5.3 4.7 3.6 4.8 4.9 4.9 5.1 5.8 5.0 
Amp_8 9.5 8.0 8.4 8.2 7.6 8.3 8.0 8.1 7.9 7.5 8.7 10.1 7.5 10.8 9.7 9.2 8.0 
Amp_9 8.0 6.6 5.3 5.8 6.8 6.3 5.3 4.8 6.9 7.6 6.1 9.0 4.9 9.7 8.6 8.5 6.0 
Amp_10 8.7 9.1 11.0 8.5 10.0 5.4 7.1 11.0 9.5 7.3 5.6 6.8 8.8 10.6 11.2 7.0 10.0 
Amp_11 12.6 10.6 12.8 9.8 12.4 8.3 10.8 9.8 9.5 8.7 8.2 13.6 9.9 14.8 16.8 9.6 12.0 
Amp_13 8.9 7.2 6.9 5.3 7.2 7.3 6.0 6.6 7.4 6.0 4.5 7.2 5.4 9.9 8.0 6.9 6.0 
Mean 9.0 8.3 8.6 7.4 8.7 7.4 7.8 7.8 8.3 7.3 6.3 8.7 7.2 10.6 10.1 8.2 8.3 

SE 2.7 2.0 2.9 2.7 3.3 2.5 2.8 3.0 2.2 1.6 1.7 2.7 2.2 3.2 3.7 1.8 2.9 

 

Table H2b. Isoperla grammatica. 

Loci 
Site Cluster 

105 106 108 12 97 98 112 114 115 10 118 93 1 2 

Iso_1 12.53 13.00 14.70 13.30 13.85 14.92 15.11 15.08 16.51 12.81 11.20 10.03 15.97 11.25 
Iso_2 20.05 18.80 19.43 20.02 17.22 19.59 18.75 16.23 20.23 19.47 19.88 17.88 23.27 20.40 
Iso_3 16.39 18.10 12.31 16.93 17.59 16.31 17.01 15.28 18.28 12.68 17.96 13.56 18.23 14.71 
Iso_4 15.46 17.01 22.29 16.29 18.69 19.30 19.63 17.54 18.33 20.56 19.92 21.07 22.37 24.67 
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Loci 
Site Cluster 

105 106 108 12 97 98 112 114 115 10 118 93 1 2 

Iso_5 15.52 17.50 19.46 16.37 15.70 17.32 17.30 15.30 14.99 16.95 13.38 14.83 21.18 16.81 
Iso_6 15.33 13.23 13.28 14.86 14.45 16.87 13.53 15.75 20.37 17.83 14.19 15.71 19.86 17.79 
Iso_7 17.26 16.22 21.25 16.10 20.06 15.67 17.42 16.92 17.20 14.40 17.31 16.08 21.14 17.91 
Iso_8 18.32 17.90 18.12 17.36 18.17 16.10 18.13 17.05 19.00 18.39 18.60 14.01 22.26 15.32 
Iso_9 17.00 16.39 14.36 20.02 16.58 16.54 18.33 19.75 15.55 19.88 16.50 13.03 24.38 14.00 
Iso_10 9.73 13.12 8.29 7.99 11.25 9.88 10.58 9.82 9.68 10.73 9.41 9.23 12.65 10.34 
Mean 15.76 16.13 16.35 15.92 16.36 16.25 16.58 15.87 17.01 16.37 15.83 14.54 20.13 16.32 

SE 2.91 2.21 4.46 3.46 2.61 2.68 2.76 2.55 3.15 3.46 3.64 3.49 3.60 4.24 
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Table H2c. Baetis rhodani. 

Loci 
Site Cluster 

112 102 97 96 9 106 113 115 94 118 1 

Brh-1 7.61 5.27 4.48 5.73 5.71 6.37 5.28 6.76 5.73 6.75 13.00 
Brh-2 4.42 5.91 3.74 5.18 5.58 5.39 5.62 5.62 6.41 5.11 14.97 
Brh-3 4.79 6.54 4.99 5.19 7.13 5.62 2.89 6.09 7.40 4.72 17.85 
Brh-4 7.42 7.73 6.87 8.67 7.97 5.52 6.16 9.36 6.67 8.40 24.76 
Brh-5 7.21 9.04 7.85 8.17 7.35 6.80 7.74 7.50 6.92 7.73 24.83 
Brh-6 6.20 5.38 5.01 8.38 9.00 7.91 7.40 6.90 8.37 6.96 24.83 
Brh-7 11.40 12.69 13.50 12.86 13.92 12.02 12.51 13.32 11.95 12.18 52.60 
B_1 5.65 5.98 6.03 6.01 5.58 3.88 5.99 5.49 3.94 4.73 17.89 
B_2 7.58 8.31 9.17 7.84 8.13 7.30 8.46 7.93 8.35 7.65 18.89 
B_3 7.69 8.45 9.98 10.53 9.22 8.44 8.50 8.97 9.58 8.28 22.89 
B_4 4.90 5.25 4.26 4.46 4.18 3.98 4.40 4.26 3.26 4.62 10.89 
B_5 6.46 7.09 5.99 7.47 6.97 6.97 9.50 9.23 6.88 7.81 37.57 
B_7 6.63 6.76 5.65 6.41 5.12 4.58 4.87 4.44 3.98 5.43 21.75 
Mean 6.76 7.26 6.73 7.45 7.37 6.52 6.87 7.38 6.88 6.95 23.28 

SE 1.80 2.07 2.77 2.36 2.49 2.18 2.52 2.46 2.41 2.12 11.10 

 

Table H3a-c. Complete results from allelic richness comparisons between sites and clusters, with the 

full set of loci, for a) Amphinemura sulcicollis, b) Isoperla grammatica and c) Baetis rhodani. A linear 

mixed model (controlling for different loci) compared each site against each other, and each cluster 

against each other, in the program RStudio. The library ‘nlme’ was used to generate p-values. The 

model was re-levelled so each separate site was run as the reference site, therefore comparing 

every site to each other (please see R script in Appendix J). For comparison with Appendix I Tables 

I7a-c, which show results from reduced loci data set. 

Table H3a. Amphinemura sulcicollis. 

Reference 
site 

Site Coefficient 
value 

Std. error DF t-value p-value Represented 
in chapter# 

104 (Intercept) 9.031 0.799 108 11.304 0.000 *** 
 109 -0.774 0.536 108 -1.444 0.152  
 108 -0.443 0.536 108 -0.826 0.411  
 102 -1.629 0.536 108 -3.038 0.003 ** 
 112 -0.344 0.536 108 -0.641 0.523  
 96 -1.669 0.536 108 -3.112 0.002 ** 
 9 -1.254 0.536 108 -2.339 0.021 * 
 116 -1.218 0.536 108 -2.271 0.025 * 
 113 -0.728 0.536 108 -1.358 0.177  
 95 -1.724 0.536 108 -3.215 0.002 ** 
 6 -2.712 0.536 108 -5.058 0.000 *** 
 59 -0.309 0.536 108 -0.576 0.566  
 93 -1.796 0.536 108 -3.350 0.001 ** 

109 (Intercept) 8.257 0.799 108 10.335 0.000 *** 
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Reference 
site 

Site Coefficient 
value 

Std. error DF t-value p-value Represented 
in chapter# 

 104 0.774 0.536 108 1.444 0.152  
 108 0.331 0.536 108 0.618 0.538  
 102 -0.855 0.536 108 -1.594 0.114  
 112 0.430 0.536 108 0.803 0.424  
 96 -0.895 0.536 108 -1.669 0.098  
 9 -0.480 0.536 108 -0.895 0.373  
 116 -0.444 0.536 108 -0.827 0.410  
 113 0.046 0.536 108 0.085 0.932  
 95 -0.950 0.536 108 -1.771 0.079  
 6 -1.938 0.536 108 -3.614 0.001 *** 
 59 0.465 0.536 108 0.868 0.387  
 93 -1.022 0.536 108 -1.906 0.059  

108 (Intercept) 8.588 0.799 108 10.750 0.000 *** 
 104 0.443 0.536 108 0.826 0.411  
 109 -0.331 0.536 108 -0.618 0.538  
 102 -1.186 0.536 108 -2.212 0.029 * 
 112 0.099 0.536 108 0.184 0.854  
 96 -1.226 0.536 108 -2.287 0.024 * 
 9 -0.811 0.536 108 -1.513 0.133  
 116 -0.775 0.536 108 -1.445 0.151  
 113 -0.286 0.536 108 -0.533 0.595  
 95 -1.281 0.536 108 -2.389 0.019 * 
 6 -2.269 0.536 108 -4.232 0.000 *** 
 59 0.134 0.536 108 0.250 0.803  
 93 -1.353 0.536 108 -2.524 0.013 * 

102 (Intercept) 7.402 0.799 108 9.265 0.000 *** 
 104 1.629 0.536 108 3.038 0.003 ** 
 109 0.855 0.536 108 1.594 0.114  
 108 1.186 0.536 108 2.212 0.029 * 
 112 1.285 0.536 108 2.396 0.018 * 
 96 -0.040 0.536 108 -0.075 0.941  
 9 0.375 0.536 108 0.699 0.486  
 116 0.411 0.536 108 0.767 0.445  
 113 0.900 0.536 108 1.679 0.096  
 95 -0.095 0.536 108 -0.177 0.860  
 6 -1.083 0.536 108 -2.020 0.046 * 
 59 1.320 0.536 108 2.462 0.015 * 
 93 -0.167 0.536 108 -0.312 0.756  

112 (Intercept) 8.687 0.799 108 10.874 0.000 *** 
 104 0.344 0.536 108 0.641 0.523  
 109 -0.430 0.536 108 -0.803 0.424  
 108 -0.099 0.536 108 -0.184 0.854  
 102 -1.285 0.536 108 -2.396 0.018 * 
 96 -1.325 0.536 108 -2.471 0.015 * 
 9 -0.910 0.536 108 -1.697 0.093  
 116 -0.874 0.536 108 -1.630 0.106  
 113 -0.385 0.536 108 -0.717 0.475  
 95 -1.380 0.536 108 -2.574 0.011 * 
 6 -2.368 0.536 108 -4.416 0.000 *** 
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Reference 
site 

Site Coefficient 
value 

Std. error DF t-value p-value Represented 
in chapter# 

 59 0.035 0.536 108 0.065 0.948  
 93 -1.452 0.536 108 -2.708 0.008 ** 

96 (Intercept) 7.362 0.799 108 9.215 0.000 *** 
 104 1.669 0.536 108 3.112 0.002 ** 
 109 0.895 0.536 108 1.669 0.098  
 108 1.226 0.536 108 2.287 0.024 * 
 102 0.040 0.536 108 0.075 0.941  
 112 1.325 0.536 108 2.471 0.015 * 
 9 0.415 0.536 108 0.774 0.441  
 116 0.451 0.536 108 0.841 0.402  
 113 0.941 0.536 108 1.754 0.082  
 95 -0.055 0.536 108 -0.103 0.919  
 6 -1.043 0.536 108 -1.945 0.054  
 59 1.360 0.536 108 2.536 0.013 * 
 93 -0.127 0.536 108 -0.237 0.813  

9 (Intercept) 7.777 0.799 108 9.735 0.000 *** 
 104 1.254 0.536 108 2.339 0.021 * 
 109 0.480 0.536 108 0.895 0.373  
 108 0.811 0.536 108 1.513 0.133  
 102 -0.375 0.536 108 -0.699 0.486  
 112 0.910 0.536 108 1.697 0.093  
 96 -0.415 0.536 108 -0.774 0.441  
 116 0.036 0.536 108 0.068 0.946  
 113 0.526 0.536 108 0.980 0.329  
 95 -0.470 0.536 108 -0.876 0.383  
 6 -1.458 0.536 108 -2.719 0.008 ** 
 59 0.945 0.536 108 1.763 0.081  
 93 -0.542 0.536 108 -1.011 0.314  

116 (Intercept) 7.813 0.799 108 9.780 0.000 *** 
 104 1.218 0.536 108 2.271 0.025 * 
 109 0.444 0.536 108 0.827 0.410  
 108 0.775 0.536 108 1.445 0.151  
 102 -0.411 0.536 108 -0.767 0.445  
 112 0.874 0.536 108 1.630 0.106  
 96 -0.451 0.536 108 -0.841 0.402  
 9 -0.036 0.536 108 -0.068 0.946  
 113 0.489 0.536 108 0.913 0.364  
 95 -0.506 0.536 108 -0.944 0.347  
 6 -1.494 0.536 108 -2.787 0.006 ** 
 59 0.909 0.536 108 1.695 0.093  
 93 -0.578 0.536 108 -1.079 0.283  

113 (Intercept) 8.302 0.799 108 10.393 0.000 *** 
 104 0.728 0.536 108 1.358 0.177  
 109 -0.046 0.536 108 -0.085 0.932  
 108 0.286 0.536 108 0.533 0.595  
 102 -0.900 0.536 108 -1.679 0.096  
 112 0.385 0.536 108 0.717 0.475  
 96 -0.941 0.536 108 -1.754 0.082  
 9 -0.526 0.536 108 -0.980 0.329  
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Reference 
site 

Site Coefficient 
value 

Std. error DF t-value p-value Represented 
in chapter# 

 116 -0.489 0.536 108 -0.913 0.364  
 95 -0.996 0.536 108 -1.857 0.066  
 6 -1.984 0.536 108 -3.699 0.000 *** 
 59 0.420 0.536 108 0.782 0.436  
 93 -1.068 0.536 108 -1.991 0.049 * 

95 (Intercept) 7.307 0.799 108 9.146 0.000 *** 
 104 1.724 0.536 108 3.215 0.002 ** 
 109 0.950 0.536 108 1.771 0.079  
 108 1.281 0.536 108 2.389 0.019 * 
 102 0.095 0.536 108 0.177 0.860  
 112 1.380 0.536 108 2.574 0.011 * 
 96 0.055 0.536 108 0.103 0.919  
 9 0.470 0.536 108 0.876 0.383  
 116 0.506 0.536 108 0.944 0.347  
 113 0.996 0.536 108 1.857 0.066  
 6 -0.988 0.536 108 -1.843 0.068  
 59 1.415 0.536 108 2.639 0.010 ** 
 93 -0.072 0.536 108 -0.135 0.893  

6 (Intercept) 6.319 0.799 108 7.910 0.000 *** 
 104 2.712 0.536 108 5.058 0.000 *** 
 109 1.938 0.536 108 3.614 0.001 *** 
 108 2.269 0.536 108 4.232 0.000 *** 
 102 1.083 0.536 108 2.020 0.046 * 
 112 2.368 0.536 108 4.416 0.000 *** 
 96 1.043 0.536 108 1.945 0.054  
 9 1.458 0.536 108 2.719 0.008 ** 
 116 1.494 0.536 108 2.787 0.006 ** 
 113 1.984 0.536 108 3.699 0.000 *** 
 95 0.988 0.536 108 1.843 0.068  
 59 2.403 0.536 108 4.482 0.000 *** 
 93 0.916 0.536 108 1.708 0.091  

59 (Intercept) 8.722 0.799 108 10.918 0.000 *** 
 104 0.309 0.536 108 0.576 0.566  
 109 -0.465 0.536 108 -0.868 0.387  
 108 -0.134 0.536 108 -0.250 0.803  
 102 -1.320 0.536 108 -2.462 0.015 * 
 112 -0.035 0.536 108 -0.065 0.948  
 96 -1.360 0.536 108 -2.536 0.013 * 
 9 -0.945 0.536 108 -1.763 0.081  
 116 -0.909 0.536 108 -1.695 0.093  
 113 -0.420 0.536 108 -0.782 0.436  
 95 -1.415 0.536 108 -2.639 0.010 ** 
 6 -2.403 0.536 108 -4.482 0.000 *** 
 93 -1.487 0.536 108 -2.774 0.007 ** 

93 (Intercept) 7.235 0.799 108 9.056 0.000 *** 
 104 1.796 0.536 108 3.350 0.001 ** 
 109 1.022 0.536 108 1.906 0.059  
 108 1.353 0.536 108 2.524 0.013 * 
 102 0.167 0.536 108 0.312 0.756  
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Reference 
site 

Site Coefficient 
value 

Std. error DF t-value p-value Represented 
in chapter# 

 112 1.452 0.536 108 2.708 0.008 ** 
 96 0.127 0.536 108 0.237 0.813  
 9 0.542 0.536 108 1.011 0.314  
 116 0.578 0.536 108 1.079 0.283  
 113 1.068 0.536 108 1.991 0.049 * 
 95 0.072 0.536 108 0.135 0.893  
 6 -0.916 0.536 108 -1.708 0.091  
 59 1.487 0.536 108 2.774 0.007 ** 

cluster1 (Intercept) 10.550 0.948 27 11.126 0.000 *** 
 cluster2 -0.440 0.594 27 -0.741 0.465  
 cluster3 -2.320 0.594 27 -3.909 0.001 *** 
 cluster4 -2.250 0.594 27 -3.791 0.001 *** 

cluster2 (Intercept) 10.110 0.948 27 10.662 0.000 *** 
 cluster1 0.440 0.594 27 0.741 0.465  
 cluster3 -1.880 0.594 27 -3.167 0.004 ** 
 cluster4 -1.810 0.594 27 -3.049 0.005 ** 

cluster3 (Intercept) 8.230 0.948 27 8.679 0.000 *** 
 cluster1 2.320 0.594 27 3.909 0.001 *** 
 cluster2 1.880 0.594 27 3.167 0.004 ** 
 cluster4 0.070 0.594 27 0.118 0.907  

cluster4 (Intercept) 8.300 0.948 27 8.753 0.000 *** 
 cluster1 2.250 0.594 27 3.791 0.001 *** 
 cluster2 1.810 0.594 27 3.049 0.005 ** 
 cluster3 -0.070 0.594 27 -0.118 0.907  

#Key: * p-value<0.05, ** p-value <0.01, *** p-value <0.001. Blue = positive coefficient value, Red = 

negative coefficient value. 

 

Table H3b. Isoperla grammatica. 

Reference 
site 

Site Coefficient 
value 

Std. error DF t-value p-value Represented 
in chapter# 

105 (Intercept) 15.758 1.003 99 15.715 0.000 *** 
 106 0.369 0.800 99 0.462 0.645  
 108 0.590 0.800 99 0.737 0.463  
 12 0.164 0.800 99 0.205 0.838  
 97 0.598 0.800 99 0.748 0.456  
 98 0.491 0.800 99 0.614 0.541  
 112 0.820 0.800 99 1.026 0.308  
 114 0.113 0.800 99 0.141 0.888  
 115 1.256 0.800 99 1.570 0.120  
 10 0.611 0.800 99 0.764 0.447  
 118 0.077 0.800 99 0.096 0.924  
 93 -1.217 0.800 99 -1.521 0.132  

106 (Intercept) 16.127 1.003 99 16.083 0.000 *** 
 105 -0.369 0.800 99 -0.462 0.645  



Appendix H - Chapter 3 Supporting Information 

475 
 

Reference 
site 

Site Coefficient 
value 

Std. error DF t-value p-value Represented 
in chapter# 

 108 0.221 0.800 99 0.276 0.783  
 12 -0.205 0.800 99 -0.257 0.798  
 97 0.229 0.800 99 0.286 0.775  
 98 0.122 0.800 99 0.152 0.879  
 112 0.451 0.800 99 0.564 0.574  
 114 -0.257 0.800 99 -0.321 0.749  
 115 0.886 0.800 99 1.108 0.271  
 10 0.242 0.800 99 0.303 0.763  
 118 -0.293 0.800 99 -0.366 0.715  
 93 -1.586 0.800 99 -1.982 0.050  

108 (Intercept) 16.348 1.003 99 16.303 0.000 *** 
 105 -0.590 0.800 99 -0.737 0.463  
 106 -0.221 0.800 99 -0.276 0.783  
 12 -0.426 0.800 99 -0.532 0.596  
 97 0.008 0.800 99 0.011 0.992  
 98 -0.099 0.800 99 -0.123 0.902  
 112 0.231 0.800 99 0.288 0.774  
 114 -0.477 0.800 99 -0.597 0.552  
 115 0.666 0.800 99 0.832 0.407  
 10 0.021 0.800 99 0.027 0.979  
 118 -0.513 0.800 99 -0.642 0.523  
 93 -1.806 0.800 99 -2.258 0.026 * 

12 (Intercept) 15.922 1.003 99 15.878 0.000 *** 
 105 -0.164 0.800 99 -0.205 0.838  
 106 0.205 0.800 99 0.257 0.798  
 108 0.426 0.800 99 0.532 0.596  
 97 0.434 0.800 99 0.543 0.589  
 98 0.327 0.800 99 0.409 0.684  
 112 0.656 0.800 99 0.820 0.414  
 114 -0.052 0.800 99 -0.064 0.949  
 115 1.091 0.800 99 1.364 0.176  
 10 0.447 0.800 99 0.559 0.577  
 118 -0.088 0.800 99 -0.110 0.913  
 93 -1.381 0.800 99 -1.726 0.088  

97 (Intercept) 16.356 1.003 99 16.311 0.000 *** 
 105 -0.598 0.800 99 -0.748 0.456  
 106 -0.229 0.800 99 -0.286 0.775  
 108 -0.008 0.800 99 -0.011 0.992  
 12 -0.434 0.800 99 -0.543 0.589  
 98 -0.107 0.800 99 -0.134 0.894  
 112 0.222 0.800 99 0.278 0.782  
 114 -0.486 0.800 99 -0.607 0.545  
 115 0.657 0.800 99 0.822 0.413  
 10 0.013 0.800 99 0.016 0.987  
 118 -0.522 0.800 99 -0.652 0.516  
 93 -1.815 0.800 99 -2.269 0.026 * 

98 (Intercept) 16.249 1.003 99 16.205 0.000 *** 
 105 -0.491 0.800 99 -0.614 0.541  
 106 -0.122 0.800 99 -0.152 0.879  
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Reference 
site 

Site Coefficient 
value 

Std. error DF t-value p-value Represented 
in chapter# 

 108 0.099 0.800 99 0.123 0.902  
 12 -0.327 0.800 99 -0.409 0.684  
 97 0.107 0.800 99 0.134 0.894  
 112 0.329 0.800 99 0.412 0.682  
 114 -0.379 0.800 99 -0.473 0.637  
 115 0.764 0.800 99 0.955 0.342  
 10 0.120 0.800 99 0.150 0.881  
 118 -0.415 0.800 99 -0.518 0.605  
 93 -1.708 0.800 99 -2.135 0.035 * 

112 (Intercept) 16.579 1.003 99 16.533 0.000 *** 
 105 -0.820 0.800 99 -1.026 0.308  
 106 -0.451 0.800 99 -0.564 0.574  
 108 -0.231 0.800 99 -0.288 0.774  
 12 -0.656 0.800 99 -0.820 0.414  
 97 -0.222 0.800 99 -0.278 0.782  
 98 -0.329 0.800 99 -0.412 0.682  
 114 -0.708 0.800 99 -0.885 0.378  
 115 0.435 0.800 99 0.544 0.588  
 10 -0.209 0.800 99 -0.261 0.794  
 118 -0.744 0.800 99 -0.930 0.355  
 93 -2.037 0.800 99 -2.546 0.012 * 

114 (Intercept) 15.871 1.003 99 15.827 0.000 *** 
 105 -0.113 0.800 99 -0.141 0.888  
 106 0.257 0.800 99 0.321 0.749  
 108 0.477 0.800 99 0.597 0.552  
 12 0.052 0.800 99 0.064 0.949  
 97 0.486 0.800 99 0.607 0.545  
 98 0.379 0.800 99 0.473 0.637  
 112 0.708 0.800 99 0.885 0.378  
 115 1.143 0.800 99 1.429 0.156  
 10 0.499 0.800 99 0.623 0.534  
 118 -0.036 0.800 99 -0.045 0.964  
 93 -1.329 0.800 99 -1.662 0.100  

115 (Intercept) 17.014 1.003 99 16.967 0.000 *** 
 105 -1.256 0.800 99 -1.570 0.120  
 106 -0.886 0.800 99 -1.108 0.271  
 108 -0.666 0.800 99 -0.832 0.407  
 12 -1.091 0.800 99 -1.364 0.176  
 97 -0.657 0.800 99 -0.822 0.413  
 98 -0.764 0.800 99 -0.955 0.342  
 112 -0.435 0.800 99 -0.544 0.588  
 114 -1.143 0.800 99 -1.429 0.156  
 10 -0.644 0.800 99 -0.805 0.423  
 118 -1.179 0.800 99 -1.474 0.144  
 93 -2.472 0.800 99 -3.090 0.003 ** 

10 (Intercept) 16.369 1.003 99 16.324 0.000 *** 
 105 -0.611 0.800 99 -0.764 0.447  
 106 -0.242 0.800 99 -0.303 0.763  
 108 -0.021 0.800 99 -0.027 0.979  
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Reference 
site 

Site Coefficient 
value 

Std. error DF t-value p-value Represented 
in chapter# 

 12 -0.447 0.800 99 -0.559 0.577  
 97 -0.013 0.800 99 -0.016 0.987  
 98 -0.120 0.800 99 -0.150 0.881  
 112 0.209 0.800 99 0.261 0.794  
 114 -0.499 0.800 99 -0.623 0.534  
 115 0.644 0.800 99 0.805 0.423  
 118 -0.535 0.800 99 -0.669 0.505  
 93 -1.828 0.800 99 -2.285 0.024 * 

118 (Intercept) 15.835 1.003 99 15.791 0.000 *** 
 105 -0.077 0.800 99 -0.096 0.924  
 106 0.293 0.800 99 0.366 0.715  
 108 0.513 0.800 99 0.642 0.523  
 12 0.088 0.800 99 0.110 0.913  
 97 0.522 0.800 99 0.652 0.516  
 98 0.415 0.800 99 0.518 0.605  
 112 0.744 0.800 99 0.930 0.355  
 114 0.036 0.800 99 0.045 0.964  
 115 1.179 0.800 99 1.474 0.144  
 10 0.535 0.800 99 0.669 0.505  
 93 -1.293 0.800 99 -1.616 0.109  

93 (Intercept) 14.542 1.003 99 14.502 0.000 *** 
 105 1.217 0.800 99 1.521 0.132  
 106 1.586 0.800 99 1.982 0.050  
 108 1.806 0.800 99 2.258 0.026 * 
 12 1.381 0.800 99 1.726 0.088  
 97 1.815 0.800 99 2.269 0.026 * 
 98 1.708 0.800 99 2.135 0.035 * 
 112 2.037 0.800 99 2.546 0.012 * 
 114 1.329 0.800 99 1.662 0.100  
 115 2.472 0.800 99 3.090 0.003 ** 
 10 1.828 0.800 99 2.285 0.024 * 
 118 1.293 0.800 99 1.616 0.109  

cluster1 (Intercept) 20.130 1.243 9 16.190 0.000 *** 
 cluster2 -3.810 1.043 9 -3.651 0.005 ** 

cluster2 (Intercept) 16.320 1.243 9 13.126 0.000 *** 
 cluster1 3.810 1.043 9 3.651 0.005 ** 

 

Table H3c. Baetis rhodani. 

Reference 
site 

Site Coefficient 
Value 

Std.Error DF t-value p-value Represented 
in chapter# 

112 (Intercept) 6.764 0.647 108 10.449 0.000 *** 
 102 0.496 0.363 108 1.366 0.175  
 97 -0.034 0.363 108 -0.093 0.926  
 96 0.697 0.363 108 1.920 0.058  
 9 0.609 0.363 108 1.678 0.096  
 106 -0.244 0.363 108 -0.672 0.503  
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Reference 
site 

Site Coefficient 
Value 

Std.Error DF t-value p-value Represented 
in chapter# 

 113 0.107 0.363 108 0.294 0.770  
 115 0.611 0.363 108 1.684 0.095  
 94 0.116 0.363 108 0.319 0.751  
 118 0.186 0.363 108 0.511 0.610  

102 (Intercept) 7.260 0.647 108 11.216 0.000 *** 
 112 -0.496 0.363 108 -1.366 0.175  
 97 -0.530 0.363 108 -1.459 0.148  
 96 0.201 0.363 108 0.554 0.581  
 9 0.113 0.363 108 0.312 0.756  
 106 -0.740 0.363 108 -2.039 0.044 * 
 113 -0.389 0.363 108 -1.073 0.286  
 115 0.115 0.363 108 0.317 0.752  
 94 -0.380 0.363 108 -1.048 0.297  
 118 -0.310 0.363 108 -0.855 0.395  

97 (Intercept) 6.731 0.647 108 10.397 0.000 *** 
 112 0.034 0.363 108 0.093 0.926  
 102 0.530 0.363 108 1.459 0.148  
 96 0.731 0.363 108 2.013 0.047 * 
 9 0.643 0.363 108 1.770 0.080  
 106 -0.211 0.363 108 -0.580 0.563  
 113 0.140 0.363 108 0.386 0.700  
 115 0.645 0.363 108 1.776 0.079  
 94 0.149 0.363 108 0.411 0.682  
 118 0.219 0.363 108 0.604 0.547  

96 (Intercept) 7.462 0.647 108 11.526 0.000 *** 
 112 -0.697 0.363 108 -1.920 0.058  
 102 -0.201 0.363 108 -0.554 0.581  
 97 -0.731 0.363 108 -2.013 0.047 * 
 9 -0.088 0.363 108 -0.242 0.809  
 106 -0.941 0.363 108 -2.593 0.011 * 
 113 -0.591 0.363 108 -1.627 0.107  
 115 -0.086 0.363 108 -0.237 0.813  
 94 -0.581 0.363 108 -1.602 0.112  
 118 -0.512 0.363 108 -1.409 0.162  

9 (Intercept) 7.374 0.647 108 11.390 0.000 *** 
 112 -0.609 0.363 108 -1.678 0.096  
 102 -0.113 0.363 108 -0.312 0.756  
 97 -0.643 0.363 108 -1.770 0.080  
 96 0.088 0.363 108 0.242 0.809  
 106 -0.853 0.363 108 -2.350 0.021 * 
 113 -0.503 0.363 108 -1.384 0.169  
 115 0.002 0.363 108 0.006 0.995  
 94 -0.493 0.363 108 -1.359 0.177  
 118 -0.424 0.363 108 -1.167 0.246  

106 (Intercept) 6.520 0.647 108 10.072 0.000 *** 
 112 0.244 0.363 108 0.672 0.503  
 102 0.740 0.363 108 2.039 0.044 * 
 97 0.211 0.363 108 0.580 0.563  
 96 0.941 0.363 108 2.593 0.011 * 



Appendix H - Chapter 3 Supporting Information 

479 
 

Reference 
site 

Site Coefficient 
Value 

Std.Error DF t-value p-value Represented 
in chapter# 

 9 0.853 0.363 108 2.350 0.021 * 
 113 0.351 0.363 108 0.966 0.336  
 115 0.855 0.363 108 2.356 0.020 * 
 94 0.360 0.363 108 0.991 0.324  
 118 0.430 0.363 108 1.184 0.239  

113 (Intercept) 6.871 0.647 108 10.614 0.000 *** 
 112 -0.107 0.363 108 -0.294 0.770  
 102 0.389 0.363 108 1.073 0.286  
 97 -0.140 0.363 108 -0.386 0.700  
 96 0.591 0.363 108 1.627 0.107  
 9 0.503 0.363 108 1.384 0.169  
 106 -0.351 0.363 108 -0.966 0.336  
 115 0.505 0.363 108 1.390 0.167  
 94 0.009 0.363 108 0.025 0.980  
 118 0.079 0.363 108 0.218 0.828  

115 (Intercept) 7.376 0.647 108 11.394 0.000 *** 
 112 -0.611 0.363 108 -1.684 0.095  
 102 -0.115 0.363 108 -0.317 0.752  
 97 -0.645 0.363 108 -1.776 0.079  
 96 0.086 0.363 108 0.237 0.813  
 9 -0.002 0.363 108 -0.006 0.995  
 106 -0.855 0.363 108 -2.356 0.020 * 
 113 -0.505 0.363 108 -1.390 0.167  
 94 -0.496 0.363 108 -1.365 0.175  
 118 -0.426 0.363 108 -1.172 0.244  

94 (Intercept) 6.880 0.647 108 10.628 0.000 *** 
 112 -0.116 0.363 108 -0.319 0.751  
 102 0.380 0.363 108 1.048 0.297  
 97 -0.149 0.363 108 -0.411 0.682  
 96 0.581 0.363 108 1.602 0.112  
 9 0.493 0.363 108 1.359 0.177  
 106 -0.360 0.363 108 -0.991 0.324  
 113 -0.009 0.363 108 -0.025 0.980  
 115 0.496 0.363 108 1.365 0.175  
 118 0.070 0.363 108 0.193 0.848  

118 (Intercept) 6.950 0.647 108 10.736 0.000 *** 
 112 -0.186 0.363 108 -0.511 0.610  
 102 0.310 0.363 108 0.855 0.395  
 97 -0.219 0.363 108 -0.604 0.547  
 96 0.512 0.363 108 1.409 0.162  
 9 0.424 0.363 108 1.167 0.246  
 106 -0.430 0.363 108 -1.184 0.239  
 113 -0.079 0.363 108 -0.218 0.828  
 115 0.426 0.363 108 1.172 0.244  
 94 -0.070 0.363 108 -0.193 0.848  
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a) 

 

b) 
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c) 

 

Figure H1. Showing STRUCTURE results over the area of Wales, UK where sampling for each species 

was completed, a) Amphinemura sulcicollis, b) Isoperla grammatica and c) Baetis rhodani. 
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 a)  b)  c) 

   

Figure H2. Showing elevation differences over the area of Wales, UK where sampling for each species was completed, a) Amphinemura sulcicollis, b) 

Isoperla grammatica and c) Baetis rhodani. Scale of blue to red illustrates low altitude to high altitude.
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Appendix I - Chapter 3 Reduced Loci 
 

This appendix shows results using a reduced set of loci for each species repeating Tables 3.1 

through to 3.5 and Appendix H, Tables H2 and H3 (i.e. Hardy-Weinberg equilibrium (HWE), 

descriptive statistics, FST values, allelic richness values and comparisons). Loci that were 

consistently out of HWE (in more than 50% of sites analysed) were removed, for 

Amphinemura sulcicollis; this left seven loci (Amp_2, Amp_3, Amp_4, Amp_5, Amp_6, 

Amp_8, Amp_9). For Isoperla grammatica there were only three loci (Iso_1, Iso_2 and 

Iso_3), and Baetis rhodani had nine loci (Brh-4, Brh-5, Brh-6, Brh-7, B_1, B_2, B_3, B_4, B_7). 
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Table I1a-c. Microsatellite diversity in a) Amphinemura sulcicollis, b) Isoperla grammatica and c) 

Baetis rhodani, using a reduced set of loci. Mean (across loci) and standard error (SE) values 

calculated per site. N = number of individuals; Na = number of alleles per locus; Ho = observed 

heterozygosity; uHe = expected heterozygosity; all calculated in Genalex. HWE = p value of Hardy-

Weinberg Equilibrium test calculated per site using Genepop, FIS = the inbreeding co-efficient and p 

= the FIS p value. Bold represents significance (critical P value for HWE after Bonferroni correction = 

≤0.0071, ≤0.0167, ≤0.0056, for A. sulcicollis, I. grammatica and B. rhodani, respectively). For 

comparison with Table 3.1a-c which used the full set of loci. 

 

Table I1a. Amphinemura sulcicollis. 

Site  N Na Ho uHe HWE FIS p 

104 (Cluster1) Mean 17.0 10.3 0.756 0.823 0.000 0.083 0.020 

 SE 0.0 1.4 0.098 0.039    

109 Mean 16.0 9.1 0.777 0.831 0.014 0.068 0.053 
 SE 0.0 1.1 0.084 0.032    

108 Mean 16.0 9.3 0.759 0.779 0.600 0.026 0.313 
 SE 0.0 1.3 0.073 0.047    

102 Mean 17.0 8.1 0.706 0.789 0.001 0.108 0.011 

 SE 0.0 1.4 0.059 0.046    

112 Mean 17.0 10.0 0.731 0.758 0.018 0.037 0.236 
 SE 0.0 2.0 0.081 0.059    

96 Mean 15.0 8.6 0.724 0.801 0.002 0.099 0.022 

 SE 0.0 1.4 0.064 0.035    

9 Mean 18.0 9.3 0.690 0.787 0.004 0.126 0.001 

 SE 0.0 1.7 0.078 0.052    

116 Mean 19.0 9.0 0.707 0.731 0.266 0.033 0.253 
 SE 0.0 1.8 0.099 0.081    

113 Mean 16.0 9.3 0.732 0.812 0.000 0.101 0.014 

 SE 0.0 1.3 0.074 0.041    

95 Mean 16.0 8.4 0.759 0.796 0.006 0.047 0.176 
 SE 0.0 1.0 0.071 0.028    

6 Mean 17.0 7.6 0.655 0.703 0.002 0.069 0.107 
 SE 0.0 0.8 0.061 0.057    

59 Mean 18.0 10.4 0.730 0.809 0.004 0.100 0.014 

 SE 0.0 1.1 0.093 0.042    

93 (Cluster4) Mean 16.0 7.9 0.661 0.745 0.003 0.117 0.005 

 SE 0.0 1.1 0.075 0.061    

Cluster2 Mean 165.0 16.7 0.722 0.801 0.000 0.091 0.000 

 SE 0.0 3.2 0.061 0.039    

Cluster3 Mean 39.0 12.7 0.711 0.800 0.000 0.082 0.002 

 SE 0.0 1.6 0.068 0.045    
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Table I1b. Isoperla grammatica. 

Site  N Na Ho uHe HWE FIS p 

105 Mean 15.0 17.0 0.822 0.943 0.000 0.132 0.005 

 SE 0.0 2.3 0.044 0.018    

106 Mean 20.0 20.3 0.783 0.939 0.000 0.170 0.000 

 SE 0.0 2.2 0.017 0.027    

108 Mean 20.0 18.7 0.933 0.938 0.658 0.006 0.505 
 SE 0.0 3.3 0.033 0.013    

12 Mean 20.0 20.3 0.883 0.947 0.000 0.068 0.030 

 SE 0.0 2.6 0.073 0.019    

97 Mean 17.0 18.0 0.843 0.948 0.000 0.114 0.007 

 SE 0.0 1.5 0.098 0.005    

98 Mean 20.0 20.7 0.883 0.952 0.000 0.074 0.019 

 SE 0.0 1.8 0.073 0.011    

112 Mean 20.0 20.7 0.883 0.956 0.000 0.078 0.019 

 SE 0.0 1.5 0.017 0.006    

114 Mean 19.0 18.7 0.860 0.932 0.009 0.080 0.024 

 SE 0.0 0.7 0.046 0.005    

115 Mean 20.0 22.7 0.900 0.960 0.044 0.064 0.025 

 SE 0.0 1.5 0.029 0.008    

10 Mean 20.0 18.3 0.817 0.929 0.000 0.123 0.001 

 SE 0.0 3.3 0.044 0.019    

118 Mean 20.0 20.0 0.867 0.939 0.024 0.079 0.020 

 SE 0.0 3.6 0.044 0.029    

93 (Cluster2) Mean 18.7 16.3 0.805 0.868 0.049 0.059 0.148 
 SE 0.3 3.0 0.087 0.059    

Cluster 1 Mean 216.0 50.3 0.863 0.948 0.000 0.090 0.000 

 SE 0.0 5.6 0.013 0.013    

 

Table I1c. Baetis rhodani. 

Site  N Na Ho uHe HWE FIS p 

112 Mean 16.0 9.7 0.681 0.830 0.000 0.184 0.000 

 SE 0.0 1.0 0.059 0.027    

102 Mean 20.0 11.8 0.706 0.825 0.000 0.149 0.000 

 SE 0.0 1.4 0.045 0.034    

97 Mean 16.0 11.0 0.757 0.809 0.028 0.067 0.032 

 SE 0.0 1.8 0.067 0.045    

96 Mean 17.0 12.0 0.719 0.837 0.000 0.144 0.000 

 SE 0.0 1.5 0.057 0.039    

9 Mean 10.6 9.1 0.709 0.824 0.001 0.111 0.011 

 SE 0.3 1.3 0.048 0.041    

106 Mean 17.9 9.6 0.625 0.790 0.000 0.207 0.000 

 SE 0.1 1.7 0.062 0.038    

113 Mean 16.0 10.1 0.750 0.821 0.000 0.089 0.016 

 SE 0.0 1.5 0.051 0.031    

115 Mean 15.8 10.9 0.762 0.813 0.027 0.053 0.121 
 SE 0.2 1.7 0.062 0.042    

94 Mean 15.9 9.7 0.689 0.792 0.000 0.125 0.001 
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Site  N Na Ho uHe HWE FIS p 

 SE 0.1 1.7 0.075 0.046    

118 Mean 19.9 10.7 0.733 0.816 0.000 0.098 0.001 

 SE 0.1 1.4 0.058 0.037    

Cluster 1 Mean 165.0 24.6 0.712 0.823 0.000 0.129 0.000 

 SE 0.4 3.9 0.048 0.035    
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Table I2a-c. Pairwise genetic differentiation (FST, distance method) of a) Amphinemura sulcicollis, b) Isoperla grammatica and c) Baetis rhodani, between 

sites using a reduced set of loci. Values with a p value of <0.05 in bold. For comparison with Table 3.2a-c which used the full set of loci. 

 

Table I2a. Amphinemura sulcicollis. 

 104 109 108 102 112 96 9 116 113 95 6 59 93 

104 0             

109 -0.001 0            

108 0.010 0.010 0           

102 0.007 0.006 0.032 0          

112 0.003 0.012 0.005 0.030 0         

96 -0.001 0.000 0.015 0.011 0.007 0        

9 0.012 0.011 0.015 0.027 0.008 0.009 0       

116 0.022 0.023 0.037 0.028 0.026 0.025 0.007 0      

113 -0.010 0.000 0.002 0.012 -0.004 -0.003 0.004 0.022 0     

95 0.052 0.049 0.057 0.050 0.068 0.038 0.051 0.078 0.039 0    

6 0.081 0.071 0.066 0.071 0.078 0.058 0.052 0.085 0.062 0.006 0   

59 0.008 0.009 0.032 0.012 0.014 -0.001 0.017 0.023 0.004 0.038 0.067 0  

93 0.019 0.035 0.045 0.037 0.021 0.024 0.020 0.016 0.014 0.065 0.079 0.017 0 

 

Table I2b. Isoperla grammatica. 

 105 106 108 12 97 98 112 114 115 10 118 93 

105 0            

106 0.006 0           

108 0.002 0.010 0          

12 0.001 -0.005 0.002 0         

97 0.004 0.013 0.009 0.013 0        

98 0.001 0.007 -0.001 0.003 0.006 0       
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 105 106 108 12 97 98 112 114 115 10 118 93 

112 0.007 0.009 0.006 0.008 0.000 -0.002 0      

114 0.001 0.014 0.008 0.009 0.003 0.004 0.012 0     

115 0.003 0.004 0.005 0.003 -0.002 0.001 -0.001 0.013 0    

10 0.009 0.006 0.005 0.005 0.019 0.004 0.008 0.020 0.005 0   

118 -0.001 -0.001 0.004 -0.001 0.006 0.006 0.004 0.014 -0.001 0.006 0  

93 0.023 0.024 0.022 0.021 0.046 0.026 0.041 0.045 0.029 0.021 0.016 0 

 

Table I2c. Baetis rhodani. 

 112 102 97 96 9 106 113 115 94 118 

112 0          
102 -0.003 0         
97 0.004 0.006 0        
96 0.000 0.002 -0.001 0       
9 0.007 0.004 0.004 0.002 0      
106 0.025 0.021 0.020 0.014 0.025 0     

113 0.017 0.016 0.014 0.005 0.005 -0.006 0    

115 0.001 0.001 -0.001 -0.002 -0.006 0.021 0.012 0   
94 0.031 0.021 0.031 0.021 0.021 -0.004 -0.001 0.027 0  

118 0.003 0.001 0.008 -0.006 0.012 0.020 0.013 0.009 0.026 0 
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Table I3a-b. Pairwise genetic differentiation (FST, distance method) of a) Amphinemura sulcicollis and b) Isoperla grammatica between clusters, using a 

reduced set of loci. Values with a p value of <0.05 in bold. For comparison with Table 3.3a-b which used the full set of loci. 

 

Table I3a. Amphinemura sulcicollis. 

  cluster1 cluster2 cluster3 cluster4 

cluster1 0    
cluster2 0.001 0   
cluster3 0.057 0.042 0  
cluster4 0.019 0.017 0.057 0 

 

Table I3b. Isoperla grammatical. 

  cluster1 cluster2 

cluster1 0   
cluster2 0.02353 0 
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Table I4a-c. Allelic richness per site, per loci, using a reduced set of loci for a) Amphinemura sulcicollis, b) Isoperla grammatica and c) Baetis rhodani. 

Adjusted for differences in sample size, based on a minimum sample size of a) 15, b) 15, c) 8 for per sites, and a) 16, b) 18, c) 163 for clusters, for A. 

sulcicollis, I. grammatica and B. rhodani, respectively. For comparison with Table H1a-c which used the full set of loci. 

 

Table I4a. Amphinemura sulcicollis. 

Loci 
Site Cluster 

104 109 108 102 112 96 9 116 113 95 6 59 93 1 2 3 4 

Amp_2 15.24 13.56 12.68 13.38 19.20 15.00 16.21 15.80 14.44 12.62 9.51 14.02 13.50 15.64 15.46 12.01 14.00 
Amp_3 9.39 6.81 9.68 4.88 7.52 10.00 6.45 4.36 6.87 6.88 5.75 8.16 7.81 9.70 7.23 6.58 8.00 
Amp_4 6.88 7.81 6.87 6.00 6.87 5.00 7.81 8.36 7.87 6.94 8.53 8.31 5.94 6.94 7.62 7.98 6.00 
Amp_5 12.27 11.68 13.62 11.51 11.60 10.00 10.59 9.86 12.69 9.56 6.53 10.42 7.87 12.64 11.41 8.65 8.00 
Amp_6 4.77 6.87 4.88 3.99 4.75 4.00 4.83 4.95 5.87 4.94 3.88 5.50 5.00 4.88 5.12 5.85 5.00 
Amp_8 10.61 8.81 9.69 8.85 8.62 9.00 9.16 9.12 8.00 7.94 9.63 11.30 7.93 10.82 9.68 9.22 8.00 
Amp_9 9.39 6.94 5.87 6.64 7.72 7.00 5.79 4.95 7.81 8.75 6.75 10.28 5.81 9.70 8.56 8.52 6.00 
Mean 9.79 8.93 9.04 7.89 9.47 8.57 8.69 8.20 9.08 8.23 7.23 9.71 7.69 10.05 9.29 8.40 7.86 

SE 3.43 2.67 3.34 3.50 4.76 3.69 3.86 4.02 3.19 2.44 2.11 2.71 2.82 3.54 3.36 1.99 2.97 

 

Table I4b. Isoperla grammatica. 

Loci 
Site Cluster 

105 106 108 12 97 98 112 114 115 10 118 93 1 2 

Iso_1 13.00 13.55 15.17 13.80 14.26 15.49 15.64 15.72 17.17 13.24 11.55 10.45 16.45 11.63 
Iso_2 21.00 19.60 20.44 20.97 17.87 20.45 19.57 17.00 21.16 20.46 20.83 18.74 24.19 21.21 
Iso_3 17.00 18.86 12.64 17.56 18.43 16.99 17.74 15.89 19.15 13.11 18.72 13.99 18.80 15.00 
Mean 17.00 17.34 16.08 17.44 16.85 17.65 17.65 16.21 19.16 15.60 17.03 14.39 19.81 15.95 

SE 4.00 3.30 3.98 3.59 2.26 2.54 1.97 0.70 1.99 4.20 4.86 4.16 3.97 4.86 
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Table I4c. Baetis rhodani. 

Loci 
Site Cluster 

112 102 97 96 9 106 113 115 94 118 1 

Brh-4 7.42 7.73 6.87 8.67 7.97 5.52 6.16 9.36 6.67 8.40 7.62 
Brh-5 7.21 9.04 7.85 8.17 7.35 6.80 7.74 7.50 6.92 7.73 7.64 
Brh-6 6.20 5.38 5.01 8.38 9.00 7.91 7.40 6.90 8.37 6.96 7.31 
Brh-7 11.40 12.69 13.50 12.86 13.92 12.02 12.51 13.32 11.95 12.18 12.90 
B_1 5.65 5.98 6.03 6.01 5.58 3.88 5.99 5.49 3.94 4.73 5.75 
B_2 7.58 8.31 9.17 7.84 8.13 7.30 8.46 7.93 8.35 7.65 7.93 
B_3 7.69 8.45 9.98 10.53 9.22 8.44 8.50 8.97 9.58 8.28 8.99 
B_4 4.90 5.25 4.26 4.46 4.18 3.98 4.40 4.26 3.26 4.62 4.47 
B_7 6.63 6.76 5.65 6.41 5.12 4.58 4.87 4.44 3.98 5.43 5.82 
Mean 7.18 7.73 7.59 8.15 7.83 6.71 7.34 7.58 7.00 7.33 7.60 

SE 1.84 2.31 2.91 2.49 2.88 2.61 2.44 2.83 2.90 2.34 2.42 
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Table I5a-c. Comparing the allelic richness between each site, using a reduced set of loci for a) 

Amphinemura sulcicollis, b) Isoperla grammatica and c) Baetis rhodani. Only significant differences in 

allelic richness are presented: * p-value <0.05, ** p-value <0.01, *** p-value <0.001. Blue = positive 

coefficient value, Red = negative coefficient value. The horizontal axis is the reference site, if the 

regression co-efficient value was positive (represented here with blue asterisks) this means that site 

on the vertical axis has higher mean allelic richness than the reference site above. If the value is 

negative (represented here with red asterisks) the site to the left of the value has a lower mean 

allelic richness compared to the reference site above. For comparison with Table 3.4a-c which used 

the full set of loci. 

 

Table I5a. Amphinemura sulcicollis. 

 104 109 108 102 112 96 9 116 113 95 6 59 93 

104    *    *  * **  ** 

109           *   

108           *   

102 *    *       *  

112    *       **  * 

96              

9              

116 *             

113           *   

95 *             

6 ** * *  **    *   **  

59    *       **  * 

93 **    *       *  

 

Table I5b. Isoperla grammatica. 

 105 106 108 12 97 98 112 114 115 10 118 93 

105          *   

106             

108         *    

12            * 

97             

98            * 

112            * 

114             

115   *         ** 

10         *    

118             

93    *  * *  **    
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Table I5c. Baetis rhodani. 

 112 102 97 96 9 106 113 115 94 118 

112    *       
102      *     

97      *     

96 *     *** *  ** * 

9      **   *  

106  * * *** **   *   

113    *       

115      *     

94    ** *      

118    *       

 

Table I6a-b. Comparing the allelic richness between each cluster, using a reduced set of loci for a) 

Amphinemura sulcicollis and b) Isoperla grammatica. Only significant differences in allelic richness 

are presented: * p-value <0.05, ** p-value <0.01, *** p-value <0.001. Blue = positive coefficient 

value, Red = negative coefficient value. The horizontal axis is the reference cluster, if the regression 

co-efficient value was positive (represented here with blue asterisks) this means that cluster on the 

vertical axis has higher mean allelic richness than the reference cluster above. If the value is negative 

(represented here with red asterisks) the cluster to the left of the value has a lower mean allelic 

richness compared to the reference cluster above. For comparison with Table 3.5a-b which used the 

full set of loci. 

 

Table I6a. Amphinemura sulcicollis. 

  cluster1 cluster2 cluster3 cluster4 

cluster1   * ** 

cluster2    * 

cluster3 *    

cluster4 ** *   

 

Table I6b. Isoperla grammatica. 

  cluster1 cluster2 

cluster1  * 

cluster2 *  
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Table I7a-c. Complete results from allelic richness comparisons between sites and clusters, with a 

reduced set of loci, for a) Amphinemura sulcicollis, b) Isoperla grammatica and c) Baetis rhodani.  A 

linear mixed model (controlling for different loci) compared each site against each other, and each 

cluster against each other, in the program RStudio. The library ‘nlme’ was used to generate p-values. 

The model was re-levelled so each separate site was run as the reference site, therefore comparing 

every site to each other (please see R script in Appendix J). For comparison with Appendix H Table 

H3a-c, which show results from full loci data set. 

 

Table I7a. Amphinemura sulcicollis. 

Reference 
site 

Site Coefficient 
value 

Std. error DF t-value p-value Represented 
in chapter# 

104 (Intercept) 9.793 1.265 72 7.742 0.000 *** 
 109 -0.866 0.782 72 -1.108 0.272  
 108 -0.752 0.782 72 -0.962 0.339  
 102 -1.902 0.782 72 -2.432 0.018 * 
 112 -0.324 0.782 72 -0.414 0.680  
 96 -1.222 0.782 72 -1.562 0.123  
 9 -1.101 0.782 72 -1.408 0.163  
 116 -1.592 0.782 72 -2.035 0.046 * 
 113 -0.715 0.782 72 -0.915 0.363  
 95 -1.564 0.782 72 -1.999 0.049 * 
 6 -2.568 0.782 72 -3.283 0.002 ** 
 59 -0.079 0.782 72 -0.102 0.919  
 93 -2.100 0.782 72 -2.685 0.009 ** 

109 (Intercept) 8.927 1.265 72 7.057 0.000 *** 
 104 0.866 0.782 72 1.108 0.272  
 108 0.114 0.782 72 0.146 0.885  
 102 -1.035 0.782 72 -1.324 0.190  
 112 0.543 0.782 72 0.694 0.490  
 96 -0.355 0.782 72 -0.454 0.651  
 9 -0.235 0.782 72 -0.300 0.765  
 116 -0.725 0.782 72 -0.927 0.357  
 113 0.151 0.782 72 0.193 0.847  
 95 -0.697 0.782 72 -0.891 0.376  
 6 -1.701 0.782 72 -2.175 0.033 * 
 59 0.787 0.782 72 1.006 0.318  
 93 -1.233 0.782 72 -1.577 0.119  

108 (Intercept) 9.041 1.265 72 7.147 0.000 *** 
 104 0.752 0.782 72 0.962 0.339  
 109 -0.114 0.782 72 -0.146 0.885  
 102 -1.149 0.782 72 -1.469 0.146  
 112 0.429 0.782 72 0.548 0.585  
 96 -0.469 0.782 72 -0.600 0.551  
 9 -0.349 0.782 72 -0.446 0.657  
 116 -0.839 0.782 72 -1.073 0.287  
 113 0.037 0.782 72 0.047 0.962  
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Reference 
site 

Site Coefficient 
value 

Std. error DF t-value p-value Represented 
in chapter# 

 95 -0.811 0.782 72 -1.037 0.303  
 6 -1.815 0.782 72 -2.321 0.023 * 
 59 0.673 0.782 72 0.861 0.392  
 93 -1.347 0.782 72 -1.723 0.089  

102 (Intercept) 7.891 1.265 72 6.239 0.000 *** 
 104 1.902 0.782 72 2.432 0.018 * 
 109 1.035 0.782 72 1.324 0.190  
 108 1.149 0.782 72 1.469 0.146  
 112 1.578 0.782 72 2.018 0.047 * 
 96 0.680 0.782 72 0.870 0.387  
 9 0.800 0.782 72 1.023 0.310  
 116 0.310 0.782 72 0.396 0.693  
 113 1.186 0.782 72 1.517 0.134  
 95 0.338 0.782 72 0.432 0.667  
 6 -0.666 0.782 72 -0.851 0.397  
 59 1.822 0.782 72 2.330 0.023 * 
 93 -0.198 0.782 72 -0.253 0.801  

112 (Intercept) 9.469 1.265 72 7.486 0.000 *** 
 104 0.324 0.782 72 0.414 0.680  
 109 -0.543 0.782 72 -0.694 0.490  
 108 -0.429 0.782 72 -0.548 0.585  
 102 -1.578 0.782 72 -2.018 0.047 * 
 96 -0.898 0.782 72 -1.148 0.255  
 9 -0.778 0.782 72 -0.994 0.323  
 116 -1.268 0.782 72 -1.621 0.109  
 113 -0.392 0.782 72 -0.501 0.618  
 95 -1.240 0.782 72 -1.585 0.117  
 6 -2.244 0.782 72 -2.869 0.005 ** 
 59 0.244 0.782 72 0.312 0.756  
 93 -1.776 0.782 72 -2.271 0.026 * 

96 (Intercept) 8.571 1.265 72 6.776 0.000 *** 
 104 1.222 0.782 72 1.562 0.123  
 109 0.355 0.782 72 0.454 0.651  
 108 0.469 0.782 72 0.600 0.551  
 102 -0.680 0.782 72 -0.870 0.387  
 112 0.898 0.782 72 1.148 0.255  
 9 0.120 0.782 72 0.154 0.878  
 116 -0.370 0.782 72 -0.473 0.638  
 113 0.506 0.782 72 0.647 0.520  
 95 -0.342 0.782 72 -0.437 0.663  
 6 -1.346 0.782 72 -1.721 0.090  
 59 1.142 0.782 72 1.460 0.149  
 93 -0.878 0.782 72 -1.123 0.265  

9 (Intercept) 8.692 1.265 72 6.871 0.000 *** 
 104 1.101 0.782 72 1.408 0.163  
 109 0.235 0.782 72 0.300 0.765  
 108 0.349 0.782 72 0.446 0.657  
 102 -0.800 0.782 72 -1.023 0.310  
 112 0.778 0.782 72 0.994 0.323  
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Reference 
site 

Site Coefficient 
value 

Std. error DF t-value p-value Represented 
in chapter# 

 96 -0.120 0.782 72 -0.154 0.878  
 116 -0.490 0.782 72 -0.627 0.533  
 113 0.386 0.782 72 0.493 0.623  
 95 -0.462 0.782 72 -0.591 0.556  
 6 -1.466 0.782 72 -1.875 0.065  
 59 1.022 0.782 72 1.307 0.196  
 93 -0.999 0.782 72 -1.277 0.206  

116 (Intercept) 8.201 1.265 72 6.484 0.000 *** 
 104 1.592 0.782 72 2.035 0.046 * 
 109 0.725 0.782 72 0.927 0.357  
 108 0.839 0.782 72 1.073 0.287  
 102 -0.310 0.782 72 -0.396 0.693  
 112 1.268 0.782 72 1.621 0.109  
 96 0.370 0.782 72 0.473 0.638  
 9 0.490 0.782 72 0.627 0.533  
 113 0.876 0.782 72 1.120 0.266  
 95 0.028 0.782 72 0.036 0.971  
 6 -0.976 0.782 72 -1.248 0.216  
 59 1.512 0.782 72 1.934 0.057  
 93 -0.508 0.782 72 -0.650 0.518  

113 (Intercept) 9.078 1.265 72 7.177 0.000 *** 
 104 0.715 0.782 72 0.915 0.363  
 109 -0.151 0.782 72 -0.193 0.847  
 108 -0.037 0.782 72 -0.047 0.962  
 102 -1.186 0.782 72 -1.517 0.134  
 112 0.392 0.782 72 0.501 0.618  
 96 -0.506 0.782 72 -0.647 0.520  
 9 -0.386 0.782 72 -0.493 0.623  
 116 -0.876 0.782 72 -1.120 0.266  
 95 -0.848 0.782 72 -1.084 0.282  
 6 -1.852 0.782 72 -2.368 0.021 * 
 59 0.636 0.782 72 0.813 0.419  
 93 -1.384 0.782 72 -1.770 0.081  

95 (Intercept) 8.229 1.265 72 6.506 0.000 *** 
 104 1.564 0.782 72 1.999 0.049 * 
 109 0.697 0.782 72 0.891 0.376  
 108 0.811 0.782 72 1.037 0.303  
 102 -0.338 0.782 72 -0.432 0.667  
 112 1.240 0.782 72 1.585 0.117  
 96 0.342 0.782 72 0.437 0.663  
 9 0.462 0.782 72 0.591 0.556  
 116 -0.028 0.782 72 -0.036 0.971  
 113 0.848 0.782 72 1.084 0.282  
 6 -1.004 0.782 72 -1.284 0.203  
 59 1.484 0.782 72 1.898 0.062  
 93 -0.536 0.782 72 -0.686 0.495  

6 (Intercept) 7.225 1.265 72 5.712 0.000 *** 
 104 2.568 0.782 72 3.283 0.002 ** 
 109 1.701 0.782 72 2.175 0.033 * 
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Reference 
site 

Site Coefficient 
value 

Std. error DF t-value p-value Represented 
in chapter# 

 108 1.815 0.782 72 2.321 0.023 * 
 102 0.666 0.782 72 0.851 0.397  
 112 2.244 0.782 72 2.869 0.005 ** 
 96 1.346 0.782 72 1.721 0.090  
 9 1.466 0.782 72 1.875 0.065  
 116 0.976 0.782 72 1.248 0.216  
 113 1.852 0.782 72 2.368 0.021 * 
 95 1.004 0.782 72 1.284 0.203  
 59 2.488 0.782 72 3.181 0.002 ** 
 93 0.468 0.782 72 0.598 0.552  

59 (Intercept) 9.714 1.265 72 7.679 0.000 *** 
 104 0.079 0.782 72 0.102 0.919  
 109 -0.787 0.782 72 -1.006 0.318  
 108 -0.673 0.782 72 -0.861 0.392  
 102 -1.822 0.782 72 -2.330 0.023 * 
 112 -0.244 0.782 72 -0.312 0.756  
 96 -1.142 0.782 72 -1.460 0.149  
 9 -1.022 0.782 72 -1.307 0.196  
 116 -1.512 0.782 72 -1.934 0.057  
 113 -0.636 0.782 72 -0.813 0.419  
 95 -1.484 0.782 72 -1.898 0.062  
 6 -2.488 0.782 72 -3.181 0.002 ** 
 93 -2.020 0.782 72 -2.583 0.012 * 

93 (Intercept) 7.693 1.265 72 6.082 0.000 *** 
 104 2.100 0.782 72 2.685 0.009 ** 
 109 1.233 0.782 72 1.577 0.119  
 108 1.347 0.782 72 1.723 0.089  
 102 0.198 0.782 72 0.253 0.801  
 112 1.776 0.782 72 2.271 0.026 * 
 96 0.878 0.782 72 1.123 0.265  
 9 0.999 0.782 72 1.277 0.206  
 116 0.508 0.782 72 0.650 0.518  
 113 1.384 0.782 72 1.770 0.081  
 95 0.536 0.782 72 0.686 0.495  
 6 -0.468 0.782 72 -0.598 0.552  
 59 2.020 0.782 72 2.583 0.012 * 

cluster1 (Intercept) 10.029 1.144 18 8.769 0.000 *** 
 cluster2 -0.729 0.604 18 -1.205 0.244  
 cluster3 -1.629 0.604 18 -2.694 0.015 * 
 cluster4 -2.171 0.604 18 -3.592 0.002 ** 

cluster2 (Intercept) 9.300 1.144 18 8.132 0.000 *** 
 cluster1 0.729 0.604 18 1.205 0.244  
 cluster3 -0.900 0.604 18 -1.489 0.154  
 cluster4 -1.443 0.604 18 -2.387 0.028 * 

cluster3 (Intercept) 8.400 1.144 18 7.345 0.000 *** 
 cluster1 1.629 0.604 18 2.694 0.015 * 
 cluster2 0.900 0.604 18 1.489 0.154  
 cluster4 -0.543 0.604 18 -0.898 0.381  

cluster4 (Intercept) 7.857 1.144 18 6.871 0.000 *** 
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Reference 
site 

Site Coefficient 
value 

Std. error DF t-value p-value Represented 
in chapter# 

 cluster1 2.171 0.604 18 3.592 0.002 ** 
 cluster2 1.443 0.604 18 2.387 0.028 * 
 cluster3 0.543 0.604 18 0.898 0.381  

#Key: * p-value<0.05, ** p-value <0.01, *** p-value <0.001. Blue = positive coefficient value, Red = 

negative coefficient value. 

 

Table I7b. Isoperla grammatica. 

Reference 
site 

Site Coefficient 
value 

Std. error DF t-value p-value Represented 
in chapter# 

105 (Intercept) 17.000 1.930 22 8.808 0.000 *** 
 106 0.337 1.446 22 0.233 0.818  
 108 -0.918 1.446 22 -0.635 0.532  
 12 0.442 1.446 22 0.305 0.763  
 97 -0.149 1.446 22 -0.103 0.919  
 98 0.647 1.446 22 0.447 0.659  
 112 0.648 1.446 22 0.448 0.659  
 114 -0.794 1.446 22 -0.549 0.589  
 115 2.160 1.446 22 1.494 0.149  
 10 -1.397 1.446 22 -0.966 0.344  
 118 0.032 1.446 22 0.022 0.982  
 93 -2.606 1.446 22 -1.802 0.085  

106 (Intercept) 17.337 1.930 22 8.982 0.000 *** 
 105 -0.337 1.446 22 -0.233 0.818  
 108 -1.255 1.446 22 -0.868 0.395  
 12 0.105 1.446 22 0.072 0.943  
 97 -0.486 1.446 22 -0.336 0.740  
 98 0.310 1.446 22 0.214 0.832  
 112 0.311 1.446 22 0.215 0.832  
 114 -1.131 1.446 22 -0.782 0.443  
 115 1.823 1.446 22 1.261 0.221  
 10 -1.734 1.446 22 -1.199 0.243  
 118 -0.305 1.446 22 -0.211 0.835  
 93 -2.943 1.446 22 -2.036 0.054  

108 (Intercept) 16.082 1.930 22 8.332 0.000 *** 
 105 0.918 1.446 22 0.635 0.532  
 106 1.255 1.446 22 0.868 0.395  
 12 1.360 1.446 22 0.940 0.357  
 97 0.769 1.446 22 0.532 0.600  
 98 1.565 1.446 22 1.082 0.291  
 112 1.566 1.446 22 1.083 0.291  
 114 0.124 1.446 22 0.086 0.932  
 115 3.078 1.446 22 2.129 0.045 * 
 10 -0.479 1.446 22 -0.331 0.744  
 118 0.950 1.446 22 0.657 0.518  
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Reference 
site 

Site Coefficient 
value 

Std. error DF t-value p-value Represented 
in chapter# 

 93 -1.688 1.446 22 -1.167 0.256  

12 (Intercept) 17.442 1.930 22 9.037 0.000 *** 
 105 -0.442 1.446 22 -0.305 0.763  
 106 -0.105 1.446 22 -0.072 0.943  
 108 -1.360 1.446 22 -0.940 0.357  
 97 -0.591 1.446 22 -0.409 0.687  
 98 0.205 1.446 22 0.142 0.889  
 112 0.206 1.446 22 0.142 0.888  
 114 -1.235 1.446 22 -0.854 0.402  
 115 1.719 1.446 22 1.189 0.247  
 10 -1.839 1.446 22 -1.272 0.217  
 118 -0.409 1.446 22 -0.283 0.780  
 93 -3.048 1.446 22 -2.108 0.047 * 

97 (Intercept) 16.851 1.930 22 8.730 0.000 *** 
 105 0.149 1.446 22 0.103 0.919  
 106 0.486 1.446 22 0.336 0.740  
 108 -0.769 1.446 22 -0.532 0.600  
 12 0.591 1.446 22 0.409 0.687  
 98 0.796 1.446 22 0.551 0.588  
 112 0.797 1.446 22 0.551 0.587  
 114 -0.644 1.446 22 -0.446 0.660  
 115 2.310 1.446 22 1.597 0.124  
 10 -1.248 1.446 22 -0.863 0.398  
 118 0.182 1.446 22 0.126 0.901  
 93 -2.457 1.446 22 -1.699 0.103  

98 (Intercept) 17.647 1.930 22 9.143 0.000 *** 
 105 -0.647 1.446 22 -0.447 0.659  
 106 -0.310 1.446 22 -0.214 0.832  
 108 -1.565 1.446 22 -1.082 0.291  
 12 -0.205 1.446 22 -0.142 0.889  
 97 -0.796 1.446 22 -0.551 0.588  
 112 0.001 1.446 22 0.001 1.000  
 114 -1.440 1.446 22 -0.996 0.330  
 115 1.514 1.446 22 1.047 0.307  
 10 -2.044 1.446 22 -1.413 0.172  
 118 -0.614 1.446 22 -0.425 0.675  
 93 -3.253 1.446 22 -2.250 0.035 * 

112 (Intercept) 17.648 1.930 22 9.143 0.000 *** 
 105 -0.648 1.446 22 -0.448 0.659  
 106 -0.311 1.446 22 -0.215 0.832  
 108 -1.566 1.446 22 -1.083 0.291  
 12 -0.206 1.446 22 -0.142 0.888  
 97 -0.797 1.446 22 -0.551 0.587  
 98 -0.001 1.446 22 -0.001 1.000  
 114 -1.441 1.446 22 -0.997 0.330  
 115 1.513 1.446 22 1.046 0.307  
 10 -2.045 1.446 22 -1.414 0.171  
 118 -0.615 1.446 22 -0.426 0.675  
 93 -3.254 1.446 22 -2.250 0.035 * 
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Reference 
site 

Site Coefficient 
value 

Std. error DF t-value p-value Represented 
in chapter# 

114 (Intercept) 16.206 1.930 22 8.396 0.000 *** 
 105 0.794 1.446 22 0.549 0.589  
 106 1.131 1.446 22 0.782 0.443  
 108 -0.124 1.446 22 -0.086 0.932  
 12 1.235 1.446 22 0.854 0.402  
 97 0.644 1.446 22 0.446 0.660  
 98 1.440 1.446 22 0.996 0.330  
 112 1.441 1.446 22 0.997 0.330  
 115 2.954 1.446 22 2.043 0.053  
 10 -0.603 1.446 22 -0.417 0.681  
 118 0.826 1.446 22 0.571 0.574  
 93 -1.812 1.446 22 -1.253 0.223  

115 (Intercept) 19.160 1.930 22 9.927 0.000 *** 
 105 -2.160 1.446 22 -1.494 0.149  
 106 -1.823 1.446 22 -1.261 0.221  
 108 -3.078 1.446 22 -2.129 0.045 * 
 12 -1.719 1.446 22 -1.189 0.247  
 97 -2.310 1.446 22 -1.597 0.124  
 98 -1.514 1.446 22 -1.047 0.307  
 112 -1.513 1.446 22 -1.046 0.307  
 114 -2.954 1.446 22 -2.043 0.053  
 10 -3.557 1.446 22 -2.460 0.022 * 
 118 -2.128 1.446 22 -1.472 0.155  
 93 -4.766 1.446 22 -3.297 0.003 ** 

10 (Intercept) 15.603 1.930 22 8.084 0.000 *** 
 105 1.397 1.446 22 0.966 0.344 * 
 106 1.734 1.446 22 1.199 0.243  
 108 0.479 1.446 22 0.331 0.744  
 12 1.839 1.446 22 1.272 0.217  
 97 1.248 1.446 22 0.863 0.398  
 98 2.044 1.446 22 1.413 0.172  
 112 2.045 1.446 22 1.414 0.171  
 114 0.603 1.446 22 0.417 0.681  
 115 3.557 1.446 22 2.460 0.022  
 118 1.429 1.446 22 0.989 0.334  
 93 -1.209 1.446 22 -0.836 0.412  

118 (Intercept) 17.032 1.930 22 8.824 0.000 *** 
 105 -0.032 1.446 22 -0.022 0.982  
 106 0.305 1.446 22 0.211 0.835  
 108 -0.950 1.446 22 -0.657 0.518  
 12 0.409 1.446 22 0.283 0.780  
 97 -0.182 1.446 22 -0.126 0.901  
 98 0.614 1.446 22 0.425 0.675  
 112 0.615 1.446 22 0.426 0.675  
 114 -0.826 1.446 22 -0.571 0.574  
 115 2.128 1.446 22 1.472 0.155  
 10 -1.429 1.446 22 -0.989 0.334  
 93 -2.638 1.446 22 -1.825 0.082  

93 (Intercept) 14.394 1.930 22 7.458 0.000 *** 
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Reference 
site 

Site Coefficient 
value 

Std. error DF t-value p-value Represented 
in chapter# 

 105 2.606 1.446 22 1.802 0.085  
 106 2.943 1.446 22 2.036 0.054  
 108 1.688 1.446 22 1.167 0.256  
 12 3.048 1.446 22 2.108 0.047 * 
 97 2.457 1.446 22 1.699 0.103  
 98 3.253 1.446 22 2.250 0.035 * 
 112 3.254 1.446 22 2.250 0.035 * 
 114 1.812 1.446 22 1.253 0.223  
 115 4.766 1.446 22 3.297 0.003 ** 
 10 1.209 1.446 22 0.836 0.412  
 118 2.638 1.446 22 1.825 0.082  

cluster1 (Intercept) 19.813 2.561 2 7.735 0.016 * 
 cluster2 -3.867 0.532 2 -7.265 0.018 * 

cluster2 (Intercept) 15.947 2.561 2 6.226 0.025 * 
 cluster1 3.867 0.532 2 7.265 0.018 * 

#Key: * p-value<0.05, ** p-value <0.01, *** p-value <0.001. Blue = positive coefficient value, Red = 

negative coefficient value. 

 

Table I7c. Baetis rhodani. 

Reference 
site 

Site Coefficient 
value 

Std. error DF t-value p-value Represented 
in chapter# 

112 (Intercept) 7.187 0.858 72 8.373 0.000 *** 
 102 0.546 0.394 72 1.385 0.171  
 97 0.404 0.394 72 1.026 0.308  
 96 0.961 0.394 72 2.439 0.017 * 
 9 0.643 0.394 72 1.633 0.107  
 106 -0.472 0.394 72 -1.198 0.235  
 113 0.150 0.394 72 0.381 0.705  
 115 0.388 0.394 72 0.984 0.328  
 94 -0.184 0.394 72 -0.468 0.641  
 118 0.144 0.394 72 0.367 0.715  

102 (Intercept) 7.732 0.858 72 9.009 0.000 *** 
 112 -0.546 0.394 72 -1.385 0.171  
 97 -0.141 0.394 72 -0.358 0.721  
 96 0.416 0.394 72 1.055 0.295  
 9 0.098 0.394 72 0.248 0.805  
 106 -1.018 0.394 72 -2.583 0.012 * 
 113 -0.396 0.394 72 -1.004 0.319  
 115 -0.158 0.394 72 -0.400 0.690  
 94 -0.730 0.394 72 -1.853 0.068  
 118 -0.401 0.394 72 -1.018 0.312  

97 (Intercept) 7.591 0.858 72 8.844 0.000 *** 
 112 -0.404 0.394 72 -1.026 0.308  
 102 0.141 0.394 72 0.358 0.721  
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Reference 
site 

Site Coefficient 
value 

Std. error DF t-value p-value Represented 
in chapter# 

 96 0.557 0.394 72 1.413 0.162  
 9 0.239 0.394 72 0.606 0.546  
 106 -0.877 0.394 72 -2.225 0.029 * 
 113 -0.254 0.394 72 -0.646 0.521  
 115 -0.017 0.394 72 -0.042 0.966  
 94 -0.589 0.394 72 -1.494 0.139  
 118 -0.260 0.394 72 -0.660 0.512  

96 (Intercept) 8.148 0.858 72 9.493 0.000 *** 
 112 -0.961 0.394 72 -2.439 0.017 * 
 102 -0.416 0.394 72 -1.055 0.295  
 97 -0.557 0.394 72 -1.413 0.162  
 9 -0.318 0.394 72 -0.806 0.423  
 106 -1.433 0.394 72 -3.638 0.001 *** 
 113 -0.811 0.394 72 -2.058 0.043 * 
 115 -0.573 0.394 72 -1.455 0.150  
 94 -1.146 0.394 72 -2.907 0.005 ** 
 118 -0.817 0.394 72 -2.073 0.042 * 

9 (Intercept) 7.830 0.858 72 9.123 0.000 *** 
 112 -0.643 0.394 72 -1.633 0.107  
 102 -0.098 0.394 72 -0.248 0.805  
 97 -0.239 0.394 72 -0.606 0.546  
 96 0.318 0.394 72 0.806 0.423  
 106 -1.116 0.394 72 -2.831 0.006 ** 
 113 -0.493 0.394 72 -1.252 0.215  
 115 -0.256 0.394 72 -0.649 0.519  
 94 -0.828 0.394 72 -2.101 0.039 * 
 118 -0.499 0.394 72 -1.266 0.210  

106 (Intercept) 6.714 0.858 72 7.823 0.000 *** 
 112 0.472 0.394 72 1.198 0.235  
 102 1.018 0.394 72 2.583 0.012 * 
 97 0.877 0.394 72 2.225 0.029 * 
 96 1.433 0.394 72 3.638 0.001 *** 
 9 1.116 0.394 72 2.831 0.006 ** 
 113 0.622 0.394 72 1.579 0.119  
 115 0.860 0.394 72 2.183 0.032 * 
 94 0.288 0.394 72 0.730 0.468  
 118 0.617 0.394 72 1.565 0.122  

113 (Intercept) 7.337 0.858 72 8.548 0.000 *** 
 112 -0.150 0.394 72 -0.381 0.705  
 102 0.396 0.394 72 1.004 0.319  
 97 0.254 0.394 72 0.646 0.521  
 96 0.811 0.394 72 2.058 0.043 * 
 9 0.493 0.394 72 1.252 0.215  
 106 -0.622 0.394 72 -1.579 0.119  
 115 0.238 0.394 72 0.603 0.548  
 94 -0.334 0.394 72 -0.849 0.399  
 118 -0.006 0.394 72 -0.014 0.989  

115 (Intercept) 7.574 0.858 72 8.825 0.000 *** 
 112 -0.388 0.394 72 -0.984 0.328  
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Reference 
site 

Site Coefficient 
value 

Std. error DF t-value p-value Represented 
in chapter# 

 102 0.158 0.394 72 0.400 0.690  
 97 0.017 0.394 72 0.042 0.966  
 96 0.573 0.394 72 1.455 0.150  
 9 0.256 0.394 72 0.649 0.519  
 106 -0.860 0.394 72 -2.183 0.032 * 
 113 -0.238 0.394 72 -0.603 0.548  
 94 -0.572 0.394 72 -1.452 0.151  
 118 -0.243 0.394 72 -0.618 0.539  

94 (Intercept) 7.002 0.858 72 8.158 0.000 *** 
 112 0.184 0.394 72 0.468 0.641  
 102 0.730 0.394 72 1.853 0.068  
 97 0.589 0.394 72 1.494 0.139  
 96 1.146 0.394 72 2.907 0.005 ** 
 9 0.828 0.394 72 2.101 0.039 * 
 106 -0.288 0.394 72 -0.730 0.468  
 113 0.334 0.394 72 0.849 0.399  
 115 0.572 0.394 72 1.452 0.151  
 118 0.329 0.394 72 0.835 0.407  

118 (Intercept) 7.331 0.858 72 8.541 0.000 *** 
 112 -0.144 0.394 72 -0.367 0.715  
 102 0.401 0.394 72 1.018 0.312  
 97 0.260 0.394 72 0.660 0.512  
 96 0.817 0.394 72 2.073 0.042 * 
 9 0.499 0.394 72 1.266 0.210  
 106 -0.617 0.394 72 -1.565 0.122  
 113 0.006 0.394 72 0.014 0.989  
 115 0.243 0.394 72 0.618 0.539  
 94 -0.329 0.394 72 -0.835 0.407  

#Key: * p-value<0.05, ** p-value <0.01, *** p-value <0.001. Blue = positive coefficient value, Red = 

negative coefficient value.
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Appendix J - R Script 

 

Contains example R script used in Chapters 3 and 4 so that all analysis could be repeated. 
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1. Comparing allelic richness between sites (Chapter 3) 

Key: Script in Red, instructions in black  

 

#Data Input 

dframe1<-read.csv(file.choose(), header=T) # Choose file 

names(dframe1) 

str(dframe1) #loci and site are categorical therefore we 
change them into factors 
dframe1$site<-as.factor(dframe1$site) 
dframe1$loci<-as.factor(dframe1$loci) 

#let's check the structure again... 

str(dframe1) #ahhhhh. That's better... 
 

#Model 

install.packages("nlme") 
library(nlme) 
model3 <- lme(Allelic.Richness ~ site, random = ~ 1|loci, data 
= dframe1, na.action = na.exclude) 
summary(model3) 

 

#Re-level.  

#The output will give you how site differs with the site that comes first numerically. If you 
#want to look at how the second site differs with everything else, you can re-level like this: 

#E.g. site 2.  

dframe1$site<-relevel(dframe1$site, ref="2") 
model3 <- lme(Allelic.Richness ~ site, random = ~ 1|loci, data 
= dframe1, na.action = na.exclude) 
summary(model3) 

 

#Repeat for all subsequent sites so that every site is the reference site 
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2. Correlating genetic diversity with environmental stressors 

(Chapter3) 

Example using A. sulcicollis: 

#Import data 

amp<-  read.csv(file.choose()) # Amp.GDvschem 

names(amp) 

 

#Correlation between genetic diversity estimate, allelic richness, and pH 

amp_ARpH<- lm(amp$a.allelic.rich ~ amp$pH) 
plot(amp$pH, amp$a.allelic.rich) 
abline(amp_ARpH) 
summary(amp_ARpH) 

 

#Graph for main thesis 

 

plot(amp$pH, amp$a.allelic.rich, xlab="pH", ylab="Allelic 
richness", main = "amp", pch = 21, cex.axis = 1.5, 
cex.lab=1.5, cex= 2, ylim= c(6.7, 9), xlim= c(4.5, 8.5), bg = 
"darkorchid1", col = "black") 
abline(amp_ARpH, col ="black", lty=1, lwd = 2) 

 

3. Making species indices (Chapter 4) 

 

setwd("C:/Users/sbicg5/Desktop/Hannah") # set working directory 
 
library(FD) 
library(vegan) 
library(ade4) 

 

# Invertebrate data 

# Loading species-level data (available in Appendix L) 
spp<-read.table("species_data.txt",h=T,sep="\t")  

 
# Loading genus-level data (available in Appendix L) 
gen<-read.table("genus_data.txt",h=T,sep="\t")  

 

# Trait data 

# Loading genus-level data (available in Appendix L) 
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tr<-read.table("trait_dat.txt",h=T,sep="\t")  

 
# extracting qualitative values 
spp[,1]->sites 
spp[,2]->year 
tr[,3]->gen.names 

 
# removing first columns 
spp[,-c(1:2)]->spp 
gen[,-c(1:2)]->gen 
tr[,-c(1:3)]->tr 

 
# assigning row.names 
rownames(tr)<-gen.names 

 
# Transforming fuzzy-coded response traits into percentages 
traits.blo<-c(2,3,4,8,4,5,5) 
 

# transform fuzzy codes to percentages 
tr<-prep.fuzzy.var(tr,traits.blo)  

 
diversity(spp)->shannon.div # shannon diversity 
specnumber(spp)->spp.ric # species richness 
 
# Functional diversity 
gowdis(tr)->tr.dist # functional dissimilarity matrix 

fdisp(tr.dist,as.matrix(gen))$FDis->fun.div # functional diversity 
 
div<-data.frame(sites,year,shannon.div,spp.ric,fun.div) 
 
write.table(div,"div.txt",sep="\t",row.names=F) 
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Appendix K - Species Diversity Data 

 

Contains raw species abundance data used to create in species diversity indices analysis 

within Chapter 4. Table and Figures referred to in main text: 

 

Table of tables 

Table K1 ................................................................................................................................. 509 

Table K2 ................................................................................................................................. 513 

Table K3a-c ............................................................................................................................ 516 

Table K4 ................................................................................................................................. 524 

 

Table of figures 

Figure K1 ................................................................................................................................ 525 

 

 

Contributions: 

 All species abundance data collection and identification was conducted by DURESS 

(Diversity of Upland Rivers for Ecosystem Service Sustainability: http://nerc-

duress.org). Funded by the Natural Environment Research Council (NERC). 

 Species indexes calculated in collaboration with Tano Gutiérrez Cánovas (DURESS 

post doc) 

 

http://nerc-duress.org/
http://nerc-duress.org/
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Table K1. Species abundance data (identified to species level where possible) for all sites used within Chapter 4 (though some taxa were identified at a very 

coarse taxonomic level e.g. Oligochaeta). The units are invertebrate abundance. Species are listed in alphabetical order. Within R script (Appendix J, section 

3) this table is named "species_data.txt". 
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Agabus_spp 0 0 3 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Agapetus_fuscipes 0 0 0 0 2 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Amphinemura_standfussi 0 0 0 0 0 0 2 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 
Amphinemura_sulcicollis 0 3 0 0 18 14 0 39 20 16 6 1 1 454 1 2 41 1 18 36 84 157 
Ancylus_fluviatilis 0 0 0 0 1 0 0 0 0 0 32 1 0 0 0 0 2 4 0 2 0 0 
Atherix_sp 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 
Baetis_muticus 0 0 0 0 113 42 18 8 60 34 2 2 0 0 0 0 1 0 0 30 3 17 
Baetis_rhodani 3 33 2 0 121 29 144 70 183 119 38 81 145 0 0 138 62 38 94 188 92 34 
Baetis_scambus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 10 0 0 0 0 
Baetis_spp 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 18 0 0 0 0 
Brachyptera_risi 1 5 0 1 4 9 5 18 17 3 36 3 4 0 0 0 0 0 46 0 8 24 
Caenis_rivulorum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5 0 
Ceratopogonidae 0 0 1 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Ceratopogoninae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 4 0 1 
Chaetopteryx_villosa 0 0 0 0 0 0 0 0 0 0 0 0 4 62 1 0 0 4 0 2 1 0 
Chironomidae 5 3 22 0 54 4 10 15 19 54 12 171 12 10 13 30 23 208 78 338 64 91 
Chloroperla_tripunctata 0 0 0 0 0 1 0 0 5 1 0 9 34 0 0 0 0 0 0 14 3 11 
Coleoptera_larvae 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Cordulegaster_boltonii 5 2 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
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Corixidae 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Crunoecia_irrorata 0 0 0 0 12 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 2 
Diplectrona_felix 0 0 0 0 55 25 0 1 4 2 0 0 0 0 0 0 0 0 0 2 0 1 
Diura_bicaudata 0 0 1 7 0 0 0 1 0 0 26 0 0 0 0 0 0 5 1 0 0 0 
Dixidae 0 0 0 0 3 1 1 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 
Drusus_annulatus 1 6 3 1 0 0 3 11 6 9 22 33 1 0 0 0 0 7 0 8 0 0 
Dytiscidae 1 1 1 2 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 
Ecclisopteryx_guttulata 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 
Ecdyonurus 0 0 0 0 0 0 3 1 2 0 0 1 8 0 0 0 23 0 0 56 50 5 
Electrogena_lateralis 0 0 0 0 44 23 20 43 6 37 0 14 11 0 19 8 5 1 0 72 10 0 
Elmis_aenea 4 22 0 0 1 1 11 10 33 12 80 18 2 0 0 6 4 160 1 66 3 0 
Empididae 0 0 0 0 0 0 0 0 0 0 6 5 1 0 4 0 0 2 0 14 10 15 
Erpobdella_octoculata 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 
Esolus_parallelepipedus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 16 0 0 
Gammarus_pulex 0 0 0 0 0 0 0 0 0 0 104 0 0 0 0 0 0 0 0 0 0 0 
Glossosoma_boltoni 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 
Glossosoma_conforme 0 0 0 0 0 0 0 0 12 1 0 0 1 0 0 0 0 0 0 0 0 0 
Gyrinidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 10 0 0 
Helophorus_flavipes 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 0 
Heptagenia_sulphurea 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 
Hydracarina 0 0 0 0 1 0 2 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 
Hydraena_gracilis 0 0 0 0 4 2 0 0 4 0 4 6 29 0 0 0 3 1 0 30 4 13 
Hydrophilidae 1 7 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
Hydropsyche_pellucidula 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 
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Species 

Site name / site code (year) 
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Hydropsyche_siltalai 0 0 1 0 0 0 3 0 2 0 0 25 4 0 0 0 16 7 0 168 20 54 
Hydroptilidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 0 0 0 0 0 
Isoperla_grammatica 1 3 5 35 55 21 25 54 40 27 2 85 31 0 85 12 6 229 3 80 31 29 
Leptophlebia 7 29 68 11 0 0 0 2 2 0 0 0 0 14 0 0 1 5 1 0 0 0 
Leuctra 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 10 0 
Leuctra_hippopus 0 17 0 2 0 1 3 0 2 0 4 2 0 2 5 0 1 9 37 0 6 0 
Leuctra_inermis 3 34 2 12 37 64 63 156 42 37 32 233 39 4 10 14 17 32 13 390 2 289 
Leuctra_nigra 0 1 9 1 90 30 7 5 14 2 4 1 0 20 2 0 0 6 0 12 24 3 
Limnephilidae 6 30 45 14 18 21 2 2 28 20 14 1 17 0 5 0 4 143 0 6 7 45 
Limnius_volckmari 0 0 0 0 0 1 0 0 1 0 0 7 0 0 1 14 2 19 0 18 1 6 
Limoniidae 0 0 0 0 0 0 0 0 0 0 0 1 0 2 0 0 4 2 8 2 1 3 
Nemoura_spp 0 1 9 0 62 8 1 3 1 1 10 0 0 6 0 0 0 0 0 0 1 17 
Nemurella_pictetii 0 1 0 0 0 0 1 0 0 1 0 0 0 42 1 0 0 0 0 0 0 0 
Odontocerum_albicorne 0 0 0 0 4 0 1 0 2 2 0 0 0 0 0 0 0 0 0 2 0 0 
Oligochaeta 1 7 12 6 83 116 2 9 5 4 16 13 1 0 19 24 25 35 27 20 7 23 
Oulimnius_spp 0 0 0 0 0 0 0 0 0 0 2 10 0 0 4 0 0 3 0 38 0 0 
Oulimnius_tuberculatus 1 3 9 0 0 0 3 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
Paraleptophlebia_submarginata 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 48 0 
Pediciidae 0 0 0 0 0 0 0 0 0 0 6 14 3 6 0 0 1 13 5 22 3 57 
Perla_bipunctata 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 
Perlodes_microcephalus 0 0 0 0 0 0 0 1 3 0 0 0 0 0 0 0 0 0 0 4 0 4 
Philopotamus_montanus 0 0 0 0 3 0 0 0 0 0 2 0 23 0 0 0 0 0 0 0 21 12 
Pisidium_spp 0 0 2 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 
Plectrocnemia_conspersa 7 10 21 2 4 1 1 1 5 0 0 0 0 0 0 0 0 0 0 0 0 0 
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Species 

Site name / site code (year) 

C
I1

/1
2

 (
2

0
1

2
) 

C
I1

/9
7

 (
2

0
1

3
) 

C
I4

/1
4

 (
2

0
1

2
) 

C
I4

/9
8

 (
2

0
1

3
) 

G
I1

/2
1

 (
2

0
1

2
) 

G
I1

/1
0

2
 (

2
0

1
3

) 

LI
6

/3
8

 (
2

0
1

2
) 

LI
6

/1
0

8
 (

2
0

1
3

) 

LI
7

/3
9

 (
2

0
1

2
) 

LI
7

/1
0

9
 (

2
0

1
3

) 

A
fo

n
 F

ec
h

an
/4

 (
2

0
1

2
) 

C
er

is
t 

(A
fo

n
)/

1
0

 (
2

0
1

2
) 

N
an

t 
H

el
yg

o
g/

1
1

5
 (

2
0

1
2

) 

A
fo

n
 P

is
ty

ll/
6

 (
2

0
1

2
) 

A
fo

n
 C

o
lw

yn
/9

3
 (

2
0

1
2

) 

N
an

t 
Y 

G
w

yr
d

/5
5

 (
2

0
1

2
) 

U
p

p
er

 L
lu

gw
y/

5
9

 (
2

0
1

2
) 

N
an

t 
G

la
n

 D
w

r/
1

1
4

 (
2

0
1

2
) 

N
an

t 
P

ei
ra

n
/1

1
6

 (
2

0
1

2
) 

B
re

fi
/9

 (
2

0
1

2
) 

N
an

t 
C

la
w

d
d

/4
6

 (
2

0
1

2
) 

N
an

t 
D

ar
/1

1
2

 (
2

0
1

2
) 

Plectrocnemia_geniculata 0 14 7 6 4 2 0 3 2 0 0 0 0 0 0 0 0 0 0 0 0 0 
Polycentropodidae 0 0 0 0 0 0 0 0 0 0 2 0 2 22 8 2 1 16 9 10 1 4 
Protonemura_spp 0 1 0 0 2 15 1 2 5 4 0 1 0 0 0 0 2 0 0 0 1 8 
Psychomyiidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
Rhithrogena_semicolorata 0 1 0 0 3 20 133 22 139 19 32 34 96 0 0 0 39 0 0 210 76 85 
Rhyacophila_dorsalis 0 0 0 0 0 1 1 3 2 0 0 6 3 2 1 0 1 6 10 18 3 7 
Rhyacophila_fasciata 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Rhyacophila_munda 0 0 0 0 0 0 0 0 1 0 2 4 0 0 0 0 0 0 5 4 0 0 
Scirtidae 3 2 0 0 20 3 4 2 11 1 2 0 2 0 0 0 8 0 4 4 6 103 
Sericostoma_personatum 0 0 0 0 1 0 1 0 3 1 0 0 2 0 0 0 17 0 0 14 6 2 
Silo_pallipes 0 0 0 0 8 3 5 1 17 2 2 3 6 0 0 0 0 0 0 0 3 10 
Simuliidae 0 19 2 0 4 12 1 12 11 9 48 51 95 24 1 0 12 6 253 102 6 29 
Siphlonurus_lacustris 8 7 3 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Siphonoperla_torrentium 1 12 10 26 101 55 16 9 3 3 0 3 0 92 16 8 11 32 13 40 5 24 
Tipula_spp 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 
Tipulidae 0 11 21 5 11 12 35 8 24 7 0 0 0 0 0 0 0 0 0 0 0 0 
Triclad_indeterminate 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
Velia_caprai 1 1 2 0 0 1 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
Velia_spp 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 
Wormaldia_occipitalis 0 0 0 0 0 0 0 0 0 0 2 0 2 0 0 0 0 0 0 0 0 3 
Wormaldia_spp 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
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Table K2. Species abundance data (identified to genus level) for all sites used within Chapter 4. The units are invertebrate abundance, Genus are listed in 

alphabetical order. Within R script (Appendix J, section 3) this table is named "genus _data.txt". 
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Site name / site code (year) 
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Agabus 0 0 3 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Agapetus 0 0 0 0 2 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Amphinemura 0 3 0 0 18 14 2 39 20 17 6 1 1 454 1 2 41 1 18 36 84 157 
Ancylus 0 0 0 0 1 0 0 0 0 0 32 1 0 0 0 0 2 4 0 2 0 0 
Atherix 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 
Baetis 3 33 2 0 234 71 162 78 243 153 40 83 145 0 0 138 63 66 94 218 95 51 
Brachyptera 1 5 0 1 4 9 5 18 17 3 36 3 4 0 0 0 0 0 46 0 8 24 
Caenis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5 0 
Ceratopogonidae 0 0 1 0 3 0 0 0 0 0 0 0 0 0 0 0 0 1 0 4 0 1 
Chaetopteryx 0 0 0 0 0 0 0 0 0 0 0 0 4 62 1 0 0 4 0 2 1 0 
Chironomidae 5 3 22 0 54 4 10 15 19 54 12 171 12 10 13 30 23 208 78 338 64 91 
Chloroperla 0 0 0 0 0 1 0 0 5 1 0 9 34 0 0 0 0 0 0 14 3 11 
Cordulegaster 5 2 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Corixidae 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Crunoecia 0 0 0 0 12 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 2 
Diplectrona 0 0 0 0 55 25 0 1 4 2 0 0 0 0 0 0 0 0 0 2 0 1 
Diura 0 0 1 7 0 0 0 1 0 0 26 0 0 0 0 0 0 5 1 0 0 0 
Dixidae 0 0 0 0 3 1 1 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 
Drusus 1 6 3 1 0 0 3 11 6 9 22 33 1 0 0 0 0 7 0 8 0 0 
Ecclisopteryx 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 
Ecdyonurus 0 0 0 0 0 0 3 1 2 0 0 1 8 0 0 0 23 0 0 56 50 5 
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Electrogena 0 0 0 0 44 23 20 43 6 37 0 14 11 0 19 8 5 1 0 72 10 0 
Elmis 4 22 0 0 1 1 11 10 33 12 80 18 2 0 0 6 4 160 1 66 3 0 
Empididae 0 0 0 0 0 0 0 0 0 0 6 5 1 0 4 0 0 2 0 14 10 15 
Erpobdella 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 
Esolus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 16 0 0 
Gammarus 0 0 0 0 0 0 0 0 0 0 104 0 0 0 0 0 0 0 0 0 0 0 
Glossosoma 0 0 0 0 0 0 0 0 12 1 0 1 1 0 0 0 0 0 0 0 0 0 
Gyrinidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 10 0 0 
Helophorus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 0 
Heptagenia 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 
Hydraena 0 0 0 0 4 2 0 0 4 0 4 6 29 0 0 0 3 1 0 30 4 13 
Hydrophilidae 1 7 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
Hydropsyche 0 0 1 0 0 0 3 0 2 0 0 25 4 0 0 0 17 7 0 168 20 54 
Hydroptilidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 0 0 0 0 0 
Isoperla 1 3 5 35 55 21 25 54 40 27 2 85 31 0 85 12 6 229 3 80 31 29 
Leptophlebia 7 29 68 11 0 0 0 2 2 0 0 0 0 14 0 0 1 5 1 0 0 0 
Leuctra 3 52 11 15 127 95 73 161 58 39 40 236 39 26 17 14 18 47 50 402 42 292 
Limnephilidae 6 30 45 14 18 21 2 2 28 20 14 1 17 0 5 0 4 143 0 6 7 45 
Limnius 0 0 0 0 0 1 0 0 1 0 0 7 0 0 1 14 2 19 0 18 1 6 
Limoniidae 0 0 0 0 0 0 0 0 0 0 0 1 0 2 0 0 4 2 8 2 1 3 
Nemoura 0 1 9 0 62 8 1 3 1 1 10 0 0 6 0 0 0 0 0 0 1 17 
Nemurella 0 1 0 0 0 0 1 0 0 1 0 0 0 42 1 0 0 0 0 0 0 0 
Odontocerum 0 0 0 0 4 0 1 0 2 2 0 0 0 0 0 0 0 0 0 2 0 0 
Oulimnius 1 3 9 0 0 0 3 0 1 0 2 10 0 0 4 0 0 3 0 38 0 0 



Appendix K – Species Diversity Data 

515 
 

Genus 

Site name / site code (year) 
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Paraleptophlebia 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 48 0 
Pediciidae 0 0 0 0 0 0 0 0 0 0 6 14 3 6 0 0 1 13 5 22 3 57 
Perla 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 
Perlodes 0 0 0 0 0 0 0 1 3 0 0 0 0 0 0 0 0 0 0 4 0 4 
Philopotamus 0 0 0 0 3 0 0 0 0 0 2 0 23 0 0 0 0 0 0 0 21 12 
Pisidium 0 0 2 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 
Plectrocnemia 7 24 28 8 8 3 1 4 7 0 0 0 0 0 0 0 0 0 0 0 0 0 
Polycentropodidae 0 0 0 0 0 0 0 0 0 0 2 0 2 22 8 2 1 16 9 10 1 4 
Protonemura 0 1 0 0 2 15 1 2 5 4 0 1 0 0 0 0 2 0 0 0 1 8 
Psychomyiidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
Rhithrogena 0 1 0 0 3 20 133 22 139 19 32 34 96 0 0 0 39 0 0 210 76 85 
Rhyacophila 0 0 0 0 0 1 1 4 3 0 2 10 3 2 1 0 1 6 15 22 3 7 
Scirtidae 3 2 0 0 20 3 4 2 11 1 2 0 2 0 0 0 8 0 4 4 6 103 
Sericostoma 0 0 0 0 1 0 1 0 3 1 0 0 2 0 0 0 17 0 0 14 6 2 
Silo 0 0 0 0 8 3 5 1 17 2 2 3 6 0 0 0 0 0 0 0 3 10 
Simuliidae 0 19 2 0 4 12 1 12 11 9 48 51 95 24 1 0 12 6 253 102 6 29 
Siphlonurus 8 7 3 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Siphonoperla 1 12 10 26 101 55 16 9 3 3 0 3 0 92 16 8 11 32 13 40 5 24 
Tipula 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 
Tipulidae 0 11 21 5 11 12 35 8 24 7 0 0 0 0 0 0 0 0 0 0 0 0 
Velia 1 1 2 0 0 1 1 0 1 0 0 0 0 0 0 0 0 0 2 0 0 0 
Wormaldia 1 0 0 0 1 0 0 0 0 0 2 0 2 0 0 0 0 0 0 0 0 3 

 



Appendix K – Species Diversity Data 

516 
 

Table K3a-c. Trait data used to calculate functional diversity used in Chapter 4. For each taxon, information about the taxonomic class, order, family and 

genus, when family was the finest identified level, the family name was also assigned to the genus column. Trait-level information is generally at genus or 

family level, allowing the user to extract all the relevant levels for traits for all the taxa at the same time. Within R script (Appendix J, section 3) this table is 

named "trait_data.txt". 

 

Table K3a 

Order Family Genus 

Life cycle duration (year) Reproductive cycles 
(generation/year) 

Aquatic stage 

<1 >1 <1 1 >1 Egg Larva Nymph Adult 

Coleoptera Dytiscidae Agabus 0 3 0 3 1 3 3 0 2 
Trichoptera Glossosomatidae Agapetus 3 0 0 3 1 3 3 3 0 
Plecoptera Nemouridae Amphinemura 3 0 0 3 0 3 3 0 0 
Gastropoda Planorbidae Ancylus 3 0 0 3 0 3 0 0 3 
Diptera Athericidae Atherix 3 1 1 3 0 0 3 0 0 
Ephemeroptera Baetidae Baetis 3 0 0 2 3 3 3 0 0 
Plecoptera Taeniopterygidae Brachyptera 3 0 0 3 0 3 3 0 0 
Ephemeroptera Baetidae Caenis 3 0 0 1 3 3 3 0 0 
Diptera Ceratopogonidae Ceratopogonidae 3 0 0 2 2 1 2 2 0 
Trichoptera Limnephilidae Chaetopteryx 3 0 0 3 0 3 3 3 0 
Diptera Chironomidae Chironomidae 3 0 0 2 2 0 3 3 0 
Plecoptera Chloroperlidae Chloroperla 1 3 3 1 0 3 3 0 0 
Odonata Cordulegastridae Cordulegaster 0 3 3 0 0 2 3 0 0 
Hemiptera Corixidae Corixidae 3 0 0 1 2 3 3 0 2 
Trichoptera Lepidostomatidae Crunoecia 0 3 3 0 0 3 2 3 0 
Trichoptera Hydropsychidae Diplectrona 3 1 1 3 0 3 3 3 0 
Plecoptera Perlodidae Diura 1 3 3 2 0 3 3 0 0 
Diptera Dixidae Dixidae 3 0 0 3 0 2 3 2 0 
Trichoptera Limnephilidae Drusus 3 1 1 3 0 3 3 3 0 
Trichoptera Limnephilidae Ecclisopteryx 1 0 0 3 0 3 3 3 0 
Ephemeroptera Heptageniidae Ecdyonurus 3 1 1 3 0 3 3 0 0 
Ephemeroptera Heptageniidae Electrogena 3 0 0 3 0 3 3 0 0 
Coleoptera Elmidae Elmis 1 3 0 3 0 3 3 0 2 
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Order Family Genus 

Life cycle duration (year) Reproductive cycles 
(generation/year) 

Aquatic stage 

<1 >1 <1 1 >1 Egg Larva Nymph Adult 

Diptera Empididae Empididae 3 0 0 3 2 0 3 3 0 
Hirudinea Erpobdellidae Erpobdella 1 3 1 3 0 3 3 0 2 
Coleoptera Elmidae Esolus 1 3 0 3 0 3 3 0 2 
Amphipoda Gammaridae Gammarus 1 3 0 0 3 3 3 0 3 
Trichoptera Glossosomatidae Glossosoma 3 0 0 2 1 3 3 3 0 
Coleoptera Gyrinidae Gyrinidae 1 3 0 3 0 3 3 0 2 
Coleoptera Hydrophilidae Helophorus 1 3 0 3 1 1 1 0 2 
Ephemeroptera Heptageniidae Heptagenia 3 1 1 3 0 3 3 0 0 
Coleoptera Hydraenidae Hydraena 1 3 0 3 1 3 0 0 3 
Coleoptera Hydrophilidae Hydrophilidae 1 3 0 3 1 3 3 0 2 
Trichoptera Hydropsychidae Hydropsyche 3 0 0 2 2 3 3 3 0 
Trichoptera Hydroptilidae Hydroptilidae 3 0 0 1 2 3 3 3 0 
Plecoptera Perlodidae Isoperla 1 3 2 3 0 3 3 0 0 
Trichoptera Leptophlebiidae Leptophlebia 3 0 0 3 0 3 3 0 0 
Plecoptera Leuctridae Leuctra 3 1 1 3 0 3 3 0 0 
Trichoptera Limnephilidae Limnephilidae 2 0 0 3 0 3 3 3 0 
Coleoptera Elmidae Limnius 1 3 0 3 0 3 3 0 2 
Diptera Limoniidae Limoniidae 2 0 0 3 1 2 2 0 0 
Plecoptera Nemouridae Nemoura 2 2 2 2 0 3 3 0 0 
Plecoptera Nemouridae Nemurella 3 1 1 3 0 3 3 0 0 
Trichoptera Odontoceridae Odontocerum 3 2 2 3 0 3 3 3 0 
Coleoptera Elmidae Oulimnius 3 0 0 3 0 3 3 0 0 
Trichoptera Leptophlebiidae Paraleptophlebia 3 0 0 3 1 2 2 0 0 
Diptera Pediciidae Pediciidae 0 3 3 0 0 3 3 0 0 
Plecoptera Perlidae Perla 0 3 1 3 0 3 3 0 0 
Plecoptera Perlidae Perlodes 3 0 0 3 0 3 3 3 0 
Trichoptera Philopotamidae Philopotamus 2 3 0 3 3 3 3 0 3 
Bivalvia Sphaeriidae Pisidium 2 1 1 2 2 3 3 3 0 
Trichoptera Polycentropodidae Plectrocnemia 3 0 0 2 3 3 3 3 0 
Trichoptera Polycentropodidae Polycentropodidae 3 0 0 3 0 3 3 0 0 
Plecoptera Nemouridae Protonemura 3 0 0 1 3 3 3 3 0 
Trichoptera Psychomyiidae Psychomyiidae 3 1 1 3 0 3 3 0 0 
Ephemeroptera Heptageniidae Rhithrogena 3 2 1 2 1 3 3 3 0 
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Order Family Genus 

Life cycle duration (year) Reproductive cycles 
(generation/year) 

Aquatic stage 

<1 >1 <1 1 >1 Egg Larva Nymph Adult 

Trichoptera Rhyacophilidae Rhyacophila 1 3 0 3 0 3 3 0 0 
Coleoptera Scirtidae Scirtidae 3 1 2 3 1 3 3 3 0 
Trichoptera Sericostomatidae Sericostoma 3 0 0 3 0 3 3 3 0 
Trichoptera Goeridae Silo 3 1 0 2 3 2 3 3 0 
Diptera Simuliidae Simuliidae 3 0 0 3 0 3 3 0 0 
Ephemeroptera Siphlonuridae Siphlonurus 2 1 1 2 0 3 3 0 0 
Plecoptera Chloroperlidae Siphonoperla 2 3 1 3 1 2 2 2 0 
Diptera Tipulidae Tipula 2 3 1 3 1 2 2 2 0 
Diptera Tipulidae Tipulidae 3 0 0 3 1 0 2 0 2 
Hemiptera Veliidae Velia 0 3 3 0 0 3 3 3 0 

 

Table K3b 

Order Family Genus 

Reproduction Dispersion 

O
vo

vi
vi

p
ar

it
y 

Is
o

la
te

d
 

eg
gs

, f
re

e
 

Is
o

la
te

d
 

eg
gs

, 

ce
m

en
te

d
 

C
lu

tc
h

es
, 

ce
m

en
te

d
 o

r 

fi
xe

d
 

C
lu

tc
h

es
, 

fr
ee

 

C
lu

tc
h

es
, i

n
 

ve
ge

ta
ti

o
n

 

C
lu

tc
h

es
, 

te
rr

e
st

ri
al

 

A
se

xu
al

 

A
q

u
at

ic
 

p
as

si
ve

 

A
q

u
at

ic
 

ac
ti

ve
 

A
er

ia
l 

p
as

si
ve

 

A
er

ia
l a

ct
iv

e
 

Coleoptera Dytiscidae Agabus 0 0 0 3 0 1 0 0 1 1 0 3 
Trichoptera Glossosomatidae Agapetus 0 0 0 3 0 0 0 0 1 2 1 1 
Plecoptera Nemouridae Amphinemura 0 0 3 0 0 0 0 0 2 2 0 1 
Gastropoda Planorbidae Ancylus 0 0 0 3 0 0 0 0 2 1 1 0 
Diptera Athericidae Atherix 0 0 0 0 0 0 3 0 0 1 0 1 
Ephemeroptera Baetidae Baetis 0 0 1 3 0 0 0 0 3 2 1 3 
Plecoptera Taeniopterygidae Brachyptera 0 0 3 0 0 0 0 0 2 2 0 1 
Ephemeroptera Baetidae Caenis 0 1 2 0 0 0 0 0 2 1 1 1 
Diptera Ceratopogonidae Ceratopogonidae 0 0 1 3 0 0 0 0 3 1 0 2 
Trichoptera Limnephilidae Chaetopteryx 0 0 0 3 0 0 0 0 0 1 0 3 
Diptera Chironomidae Chironomidae 0 0 0 1 3 0 0 0 2 1 2 1 
Plecoptera Chloroperlidae Chloroperla 0 0 2 2 0 0 0 0 3 2 0 1 
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Order Family Genus 

Reproduction Dispersion 
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Odonata Cordulegastridae Cordulegaster 0 3 0 0 0 0 1 0 2 0 0 3 
Hemiptera Corixidae Corixidae 0 0 1 3 0 0 0 0 1 2 0 2 
Trichoptera Lepidostomatidae Crunoecia 0 0 0 3 0 0 0 0 1 1 1 1 
Trichoptera Hydropsychidae Diplectrona 0 0 0 3 0 0 0 0 3 1 1 3 
Plecoptera Perlodidae Diura 0 0 0 1 3 0 0 0 1 2 0 1 
Diptera Dixidae Dixidae 0 0 0 3 1 0 1 0 3 1 1 0 
Trichoptera Limnephilidae Drusus 0 0 0 3 0 0 1 0 3 2 0 2 
Trichoptera Limnephilidae Ecclisopteryx 0 0 0 3 0 0 1 0 0 2 0 2 
Ephemeroptera Heptageniidae Ecdyonurus 0 2 0 3 0 0 0 0 3 1 1 3 
Ephemeroptera Heptageniidae Electrogena 0 1 2 0 0 0 0 0 3 1 1 3 
Coleoptera Elmidae Elmis 0 0 0 3 0 0 0 0 2 1 0 2 
Diptera Empididae Empididae 0 0 0 0 0 0 2 0 1 1 0 2 
Hirudinea Erpobdellidae Erpobdella 0 0 0 3 0 0 0 0 1 1 1 0 
Coleoptera Elmidae Esolus 0 0 0 3 0 0 0 0 2 1 0 2 
Amphipoda Gammaridae Gammarus 3 0 0 0 0 0 0 0 3 2 0 0 
Trichoptera Glossosomatidae Glossosoma 0 0 0 3 0 0 0 0 1 2 1 1 
Coleoptera Gyrinidae Gyrinidae 0 0 0 3 0 0 0 0 0 2 0 3 
Coleoptera Hydrophilidae Helophorus 0 0 0 0 0 0 3 0 1 1 0 3 
Ephemeroptera Heptageniidae Heptagenia 0 1 2 0 0 0 0 0 3 1 1 3 
Coleoptera Hydraenidae Hydraena 0 0 0 0 0 0 3 0 2 1 0 3 
Coleoptera Hydrophilidae Hydrophilidae 0 0 0 2 0 0 0 0 0 1 0 3 
Trichoptera Hydropsychidae Hydropsyche 0 0 0 3 0 0 0 0 3 2 1 3 
Trichoptera Hydroptilidae Hydroptilidae 0 0 0 3 0 0 0 0 1 1 2 1 
Plecoptera Perlodidae Isoperla 0 0 1 2 0 0 0 0 2 2 0 2 
Trichoptera Leptophlebiidae Leptophlebia 0 1 3 0 0 0 0 0 2 1 1 3 
Plecoptera Leuctridae Leuctra 0 0 3 0 0 0 0 0 2 2 0 1 
Trichoptera Limnephilidae Limnephilidae 0 0 0 2 0 0 0 0 1 2 0 2 
Coleoptera Elmidae Limnius 0 0 0 3 0 0 0 0 2 1 0 2 
Diptera Limoniidae Limoniidae 0 1 0 1 0 0 0 0 0 1 1 1 
Plecoptera Nemouridae Nemoura 0 0 3 1 0 0 0 0 2 2 0 2 
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Order Family Genus 

Reproduction Dispersion 
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Plecoptera Nemouridae Nemurella 0 0 2 2 0 0 0 0 3 2 0 1 
Trichoptera Odontoceridae Odontocerum 0 0 0 0 0 0 3 0 3 1 1 2 
Coleoptera Elmidae Oulimnius 0 0 3 0 0 0 0 0 2 1 1 3 
Trichoptera Leptophlebiidae Paraleptophlebia 0 1 0 0 1 0 0 0 2 1 0 1 
Diptera Pediciidae Pediciidae 0 0 3 0 2 0 0 0 1 2 0 1 
Plecoptera Perlidae Perla 0 0 3 0 0 0 0 0 1 2 0 1 
Plecoptera Perlidae Perlodes 0 0 0 3 0 0 0 0 1 1 1 1 
Trichoptera Philopotamidae Philopotamus 3 0 0 0 0 0 0 0 3 1 1 0 
Bivalvia Sphaeriidae Pisidium 0 0 0 2 1 0 0 0 2 1 1 2 
Trichoptera Polycentropodidae Plectrocnemia 0 0 0 3 0 0 0 0 2 1 1 2 
Trichoptera Polycentropodidae Polycentropodidae 0 0 3 0 0 0 0 0 2 2 0 1 
Plecoptera Nemouridae Protonemura 0 0 0 3 0 0 0 0 1 1 1 1 
Trichoptera Psychomyiidae Psychomyiidae 0 1 1 3 0 0 0 0 3 2 1 3 
Ephemeroptera Heptageniidae Rhithrogena 0 0 3 0 1 0 0 0 3 2 1 2 
Trichoptera Rhyacophilidae Rhyacophila 0 0 0 0 0 0 3 0 0 1 0 3 
Coleoptera Scirtidae Scirtidae 0 0 0 3 0 0 0 0 2 1 1 1 
Trichoptera Sericostomatidae Sericostoma 0 0 0 3 0 0 0 0 1 1 1 2 
Trichoptera Goeridae Silo 0 1 0 3 1 0 1 0 2 2 3 1 
Diptera Simuliidae Simuliidae 0 1 3 0 0 1 0 0 1 2 1 3 
Ephemeroptera Siphlonuridae Siphlonurus 0 0 3 0 0 0 0 0 2 2 0 1 
Plecoptera Chloroperlidae Siphonoperla 0 3 0 0 0 0 1 0 0 1 0 1 
Diptera Tipulidae Tipula 0 3 0 0 0 0 1 0 0 1 0 1 
Diptera Tipulidae Tipulidae 0 0 0 3 0 0 3 0 1 3 0 1 
Hemiptera Veliidae Velia 0 0 0 3 0 0 0 0 1 2 1 1 
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Table K3c 

Order Family Genus 

Resistance form Respiration type 

Eggs, 
statoblasts 

Cocoons House Diapause or 
dormancy 

None Tegument Gill Plastron Spiracle Hydrostatic 
vesicle 

Coleoptera Dytiscidae Agabus 0 0 0 0 3 1 0 0 3 0 
Trichoptera Glossosomatidae Agapetus 0 2 0 2 0 3 0 0 0 0 
Plecoptera Nemouridae Amphinemura 1 0 0 2 2 3 2 0 0 0 
Gastropoda Planorbidae Ancylus 0 0 0 0 2 3 0 0 0 0 
Diptera Athericidae Atherix 0 0 0 0 3 0 1 0 0 0 
Ephemeroptera Baetidae Baetis 2 0 0 0 2 1 2 0 0 0 
Plecoptera Taeniopterygidae Brachyptera 1 0 0 2 0 3 0 0 0 0 
Ephemeroptera Baetidae Caenis 2 0 0 1 2 1 3 0 0 0 
Diptera Ceratopogonidae Ceratopogonidae 1 0 0 0 3 0 3 0 0 0 
Trichoptera Limnephilidae Chaetopteryx 0 0 0 2 1 2 2 0 0 0 
Diptera Chironomidae Chironomidae 0 0 0 0 3 3 1 0 0 0 
Plecoptera Chloroperlidae Chloroperla 0 0 0 0 3 3 0 0 0 0 
Odonata Cordulegastridae Cordulegaster 0 0 0 0 3 1 3 0 0 0 
Hemiptera Corixidae Corixidae 0 0 0 1 0 1 0 2 3 0 
Trichoptera Lepidostomatidae Crunoecia 0 0 0 0 0 2 2 0 0 0 
Trichoptera Hydropsychidae Diplectrona 0 0 0 0 3 2 0 0 0 0 
Plecoptera Perlodidae Diura 3 0 0 2 0 3 0 0 0 0 
Diptera Dixidae Dixidae 0 0 0 2 0 0 0 0 3 0 
Trichoptera Limnephilidae Drusus 0 0 0 0 1 3 2 0 0 0 
Trichoptera Limnephilidae Ecclisopteryx 0 0 0 0 0 3 2 0 0 0 
Ephemeroptera Heptageniidae Ecdyonurus 2 0 0 1 2 1 3 0 0 0 
Ephemeroptera Heptageniidae Electrogena 2 0 0 1 2 1 3 0 0 0 
Coleoptera Elmidae Elmis 0 0 0 0 3 1 3 3 0 0 
Diptera Empididae Empididae 0 0 0 0 0 1 0 0 1 0 
Hirudinea Erpobdellidae Erpobdella 0 0 0 0 3 3 0 0 0 0 
Coleoptera Elmidae Esolus 0 0 0 0 3 1 3 3 0 0 
Amphipoda Gammaridae Gammarus 0 0 0 0 3 0 3 0 0 0 
Trichoptera Glossosomatidae Glossosoma 0 2 0 2 0 3 0 0 0 0 
Coleoptera Gyrinidae Gyrinidae 0 0 0 0 3 1 3 0 3 0 
Coleoptera Hydrophilidae Helophorus 0 0 0 0 3 0 0 1 3 0 
Ephemeroptera Heptageniidae Heptagenia 1 0 0 2 2 1 3 0 0 0 
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Order Family Genus 

Resistance form Respiration type 

Eggs, 
statoblasts 

Cocoons House Diapause or 
dormancy 

None Tegument Gill Plastron Spiracle Hydrostatic 
vesicle 

Coleoptera Hydraenidae Hydraena 0 0 0 0 3 0 0 3 2 0 
Coleoptera Hydrophilidae Hydrophilidae 0 0 0 0 3 1 0 1 3 0 
Trichoptera Hydropsychidae Hydropsyche 0 0 0 0 3 2 3 0 0 0 
Trichoptera Hydroptilidae Hydroptilidae 0 0 0 0 3 3 1 0 0 0 
Plecoptera Perlodidae Isoperla 2 0 0 1 1 3 0 0 0 0 
Trichoptera Leptophlebiidae Leptophlebia 0 0 0 0 3 1 3 0 0 0 
Plecoptera Leuctridae Leuctra 1 0 0 0 3 3 0 0 0 0 
Trichoptera Limnephilidae Limnephilidae 0 0 0 1 2 2 2 0 0 0 
Coleoptera Elmidae Limnius 0 0 0 0 3 1 3 3 0 0 
Diptera Limoniidae Limoniidae 0 0 0 0 2 0 0 0 3 0 
Plecoptera Nemouridae Nemoura 0 0 0 1 3 3 0 0 0 0 
Plecoptera Nemouridae Nemurella 0 0 0 1 2 3 0 0 0 0 
Trichoptera Odontoceridae Odontocerum 0 0 0 0 3 2 3 0 0 0 
Coleoptera Elmidae Oulimnius 0 0 0 0 3 1 3 0 0 0 
Trichoptera Leptophlebiidae Paraleptophlebia 0 0 0 0 2 0 0 0 3 0 
Diptera Pediciidae Pediciidae 2 0 0 0 2 0 3 0 0 0 
Plecoptera Perlidae Perla 2 0 0 0 3 3 0 0 0 0 
Plecoptera Perlidae Perlodes 0 0 0 2 2 3 0 0 0 0 
Trichoptera Philopotamidae Philopotamus 1 0 0 1 0 1 3 0 0 0 
Bivalvia Sphaeriidae Pisidium 0 0 0 0 3 3 0 0 0 0 
Trichoptera Polycentropodidae Plectrocnemia 0 0 0 0 3 3 0 0 0 0 
Trichoptera Polycentropodidae Polycentropodidae 1 0 0 1 3 3 2 0 0 0 
Plecoptera Nemouridae Protonemura 0 0 0 0 3 3 0 0 0 0 
Trichoptera Psychomyiidae Psychomyiidae 2 0 0 0 2 1 3 0 0 0 
Ephemeroptera Heptageniidae Rhithrogena 1 0 0 2 3 2 2 0 0 0 
Trichoptera Rhyacophilidae Rhyacophila 0 0 0 0 3 1 3 0 0 0 
Coleoptera Scirtidae Scirtidae 0 0 0 1 3 2 2 0 0 0 
Trichoptera Sericostomatidae Sericostoma 0 0 0 0 3 2 3 0 0 0 
Trichoptera Goeridae Silo 1 0 0 1 0 3 1 0 2 0 
Diptera Simuliidae Simuliidae 3 0 0 0 0 1 2 0 0 0 
Ephemeroptera Siphlonuridae Siphlonurus 0 0 0 0 3 3 0 0 0 0 
Plecoptera Chloroperlidae Siphonoperla 0 2 0 0 2 2 1 0 3 0 
Diptera Tipulidae Tipula 0 2 0 0 2 2 1 0 3 0 
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Order Family Genus 

Resistance form Respiration type 

Eggs, 
statoblasts 

Cocoons House Diapause or 
dormancy 

None Tegument Gill Plastron Spiracle Hydrostatic 
vesicle 

Diptera Tipulidae Tipulidae 0 0 0 3 0 0 0 0 3 0 
Hemiptera Veliidae Velia 0 0 0 0 3 3 1 0 0 0 
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Table K4. Species diversity indices, created using information in Table K1-K3, as described within R 

script (Appendix J, section 3). Within R script this table is named “div.txt”. 

Site name Site code Year Shannon 
diversity 

Species 
richness 

Functional 
diversity 

CI1 12 2012 2.74 21 0.14 

CI1 97 2013 2.86 29 0.14 

CI4 14 2012 2.53 26 0.14 

CI4 98 2013 2.21 15 0.15 

GI1 21 2012 2.80 36 0.14 

GI1 102 2013 2.73 32 0.14 

LI6 38 2012 2.32 34 0.13 

LI6 108 2013 2.47 31 0.11 

LI7 39 2012 2.70 41 0.13 

LI7 109 2013 2.51 29 0.12 

Afon Fechan 4 2012 2.75 30 0.17 

Cerist (Afon) 10 2012 2.39 33 0.14 

Nant Helygog 115 2012 2.40 28 0.14 

Afon Pistyll 6 2012 1.53 16 0.10 

Afon Colwyn 93 2012 2.09 20 0.13 

Nant y 
Gwryd 55 

2012 

1.64 11 0.10 

Upper 
Llugwy 59 

2012 

2.82 33 0.13 

Nant Glan 
dwr 114 

2012 

2.36 32 0.15 

Nant Peiran 116 2012 2.03 20 0.13 

Brefi 9 2012 2.74 37 0.14 

Nant Clawdd 46 2012 2.82 37 0.13 

Nant Dar 112 2012 2.73 36 0.13 
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 Amphinemura sulcicollis Isoperla grammatica Baetis rhodani 

a) 

  
b) 

  
c) 

  

Figure K1. Showing mean allelic richness plotted against a) Species richness, b) Shannon diversity and c) Functional diversity for all three species.
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Appendix L - Chapter 5 Supporting Information 

 

Contains supplementary information detailing how data was split into clusters for 

demographic history analysis within Chapter 5, and results from BOTTLENECK and MSVAR 

not included in the main chapter. 
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Table L1 .................................................................................................................................. 529 

Table L2a-c. ............................................................................................................................ 531 
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Figure L1 ................................................................................................................................. 528 

Figure L2 ................................................................................................................................. 528 

Figure L3 ................................................................................................................................. 529 

Figure L4 ................................................................................................................................. 534 
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Figure L6 ................................................................................................................................. 536 
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How genotyping data was split into clusters 

To summarise, within Chapter 3 genetic differentiation was assessed and each species was 

separated into clusters using data from pairwise FST (Table 3.2a-c), STRUCTURE (Figure 3.1 – 

3.3) and comparing genetic diversity (Table 3.4 a-c). Amphinemura sulcicollis was split into 

four clusters (Figure L1), Isoperla grammatica was split into two clusters (Figure L2) and 

Baetis rhodani, as it contained very weak genetic structure, was assumed to contain just one 

cluster (Figure L3). 

Data was separated into clusters by looking at the output from STRUCTURE assuming two 

clusters (K = 2; after averaging iterations using CLUMP). Individuals were separated into 

clusters based on the q-value, an individual was assigned to a cluster only if it had a q-value 

of more than 0.8 belonging to one cluster. If it was a mixed (ad hoc) cluster like Cluster 2 for 

A. sulcicollis, and Cluster 1 for I. grammatica and B. rhodani, then individuals were used that 

did not fit into each cluster (i.e. they were mixed, had a q-value of less than 0.8). Using this 

method Table L1 shows the sample sizes for all clusters and representative sites. For larger 

clusters fifty individuals are randomly selected. For ‘per site’ analysis, all samples were used 

regardless of STRUCTURE results. MSVAR simulations could not be run for all sites, as with 

BOTTLENECK and MPval, so representative sites from each of the clusters were chosen 

(shown in Figure L1 - L3 and Table L1).  



Appendix L – Chapter 5 Supporting Information 

528 
 

 

Figure L1. Showing how the four clusters were separated in Amphinemura sulcicollis. Contains a 

STRUCTURE plot assuming two clusters (k = 2) and above shows clusters and sites chosen to 

represent each cluster, used to assess demographic history using MSVAR. 

 

 

Figure L2. Showing how the two clusters were separated in Isoperla grammatica. Contains a 

STRUCTURE plot assuming two clusters (k = 2) and above shows clusters and sites chosen to 

represent each cluster, used to assess demographic history using MSVAR. 
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Figure L3. Showing the sole cluster for Baetis rhodani. Contains a STRUCTURE plot assuming two 

clusters (k = 2) and above shows the whole dataset as one cluster and sites chosen to represent this 

cluster, used to assess demographic history using MSVAR. 

 

Table L1. Details explaining how data was split into clusters for demographic history analysis of 

Amphinemura sulcicollis, Isoperla grammatica and Baetis rhodani, including final sample size for 

each cluster and representative site chosen for MSVAR. 

 Amphinemura sulcicollis Isoperla grammatica Baetis 

rhodani 

 Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 1 Cluster 2 Cluster 1 

Relating to 
STRUCTURE 
plot (Figure L1 - 
L3) 

Blue 
south (q 
= >0.8) 

Mixed (q 
= <0.8) 

Red 
north (q 
= >0.8) 

Blue 
north (q 
= >0.8) 

Mixed (q 
= <0.8) 

Red 
north(q 
= >0.8) 

Mixed (q = 
<0.8) 

Sites 
incorporated 
into that 
cluster 

104 109, 108, 
102, 112, 
46, 96, 9, 
116, 113, 
55, 59 

95, 6, 
94, 4 

93 105, 106, 
108, 12, 
97, 98, 
112, 46, 
114, 115, 
10, 118 

93 all 

Total sample 
size 

17 165 39 16 216 19 166 

Final sample 
size of cluster 
(after using q-
value method) 

14 (80) 
Random 
50 
selected 

33 13 (119) 
Random 
50 
selected 

9 (166) 
Random 50 
selected  



Appendix L – Chapter 5 Supporting Information 

530 
 

 Amphinemura sulcicollis Isoperla grammatica Baetis 

rhodani 

 Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 1 Cluster 2 Cluster 1 

Representative 
sites chosen for 
MSVAR 

104 96 95 93 108  93 102, 94 

Representative 
sites sample 
size 

17 15 16 16 20 19 20, 16 
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Table L2a-c. Showing results from the Sign test (under the infinite allele (IAM), stepwise mutation (SMM) , and two-phase (TPM) model (TPM assumed 

variance = 30 and % of one step mutations =70%) and S.M.M) and the Wilcoxon test (under IAM and SMM) using BOTTLENECK for a) 

Amphinemura sulcicollis; b) Isoperla grammatica and c) Baetis rhodani. For Sign test: He excess = expected number of loci with heterozygosity excess; H def 

= number of loci with heterozygosity deficiency; H ex = number of loci with heterozygosity excess and P = probability. For the Wilcoxon test: P H def = 

probability of heterozygosity deficiency; P H excess = probability of heterozygosity excess and P (H excess & Def) = two-tailed probability of heterozygosity 

deficiency or excess.  Bold = significance (p = <0.05). 

 

Table L2a. Amphinemura sulcicollis. 

Site 

Sign tests Wilcoxon test 

IAM TPM SMM IAM SMM 

He 
excess 

H 
def 

H 
ex 

P He 
excess 

H 
def 

H 
ex 

P He 
excess 

H 
def 

H 
ex 

P P H def P H 
excess 

P (H 
excess 
& def) 

P H 
def 

P H 
excess 

P (H 
excess 
& def) 

104 6.08 3 7 0.404 6.01 3 7 0.383 5.85 5 5 0.405 0.813 0.216 0.432 0.188 0.839 0.375 
109 6.09 4 6 0.595 6.06 4 6 0.602 5.97 6 4 0.172 0.958 0.053 0.105 0.161 0.862 0.322 
108 6.04 3 7 0.393 6.05 7 3 0.051 5.98 9 1 0.002 0.813 0.216 0.432 0.001 0.999 0.003 

102 6.01 2 8 0.168 5.97 3 7 0.375 5.89 5 5 0.395 0.958 0.053 0.105 0.348 0.688 0.695 
112 5.99 4 6 0.630 6.05 6 4 0.158 5.99 7 3 0.056 0.577 0.461 0.922 0.012 0.991 0.024 

96 6.00 2 8 0.168 6.00 5 5 0.368 6.00 7 3 0.055 0.884 0.138 0.275 0.065 0.947 0.131 
9 6.01 4 6 0.616 6.13 6 4 0.145 5.95 7 3 0.059 0.754 0.278 0.557 0.012 0.991 0.024 

116 5.96 3 7 0.373 6.01 5 5 0.365 5.87 6 4 0.188 0.688 0.348 0.695 0.080 0.935 0.160 
113 6.02 3 7 0.388 6.08 6 4 0.153 5.97 7 3 0.057 0.862 0.161 0.322 0.065 0.947 0.131 
95 6.06 3 7 0.396 6.07 5 5 0.349 5.89 6 4 0.185 0.722 0.313 0.625 0.080 0.935 0.160 
6 5.92 4 6 0.613 5.95 5 5 0.380 5.93 8 2 0.014 0.615 0.423 0.846 0.005 0.997 0.010 

59 6.02 4 6 0.612 6.01 7 3 0.054 5.86 9 1 0.002 0.839 0.188 0.375 0.002 0.999 0.005 

93 6.02 4 6 0.613 6.00 6 4 0.165 5.89 7 3 0.063 0.461 0.577 0.922 0.016 0.988 0.032 

Cluster 1 6.10 3 7 0.408 6.07 4 6 0.599 5.98 4 6 0.628 0.920 0.097 0.193 0.278 0.754 0.557 
Cluster 2 6.06 3 7 0.397 5.96 6 4 0.173 5.92 9 1 0.002 0.958 0.053 0.105 0.003 0.998 0.007 
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Site 

Sign tests Wilcoxon test 

IAM TPM SMM IAM SMM 

He 
excess 

H 
def 

H 
ex 

P He 
excess 

H 
def 

H 
ex 

P He 
excess 

H 
def 

H 
ex 

P P H def P H 
excess 

P (H 
excess 
& def) 

P H 
def 

P H 
excess 

P (H 
excess 
& def) 

Cluster 3 6.03 1 9 0.048 5.95 5 5 0.378 5.94 8 2 0.014 0.984 0.042 0.084 0.002 0.999 0.005 

Cluster 4 5.97 5 5 0.374 6.01 5 5 0.366 5.95 7 3 0.058 0.313 0.722 0.625 0.042 0.984 0.084 

 

Table L2b. Isoperla grammatica. 

Site 

Sign tests Wilcoxon test 

IAM TPM SMM IAM SMM 

He 
excess 

H 
def 

H ex P He 
excess 

H 
def 

H ex P He 
excess 

H 
def 

H ex P P H 
def 

P H 
excess 

P (H 
excess 
& def) 

P H 
def 

P H 
excess 

P (H 
excess 
& def) 

105I9 6.11 0 10 0.007 6.13 3 7 0.416 5.73 6 4 0.213 1.000 0.000 0.001 0.348 0.688 0.695 
106I9 5.95 2 8 0.160 6.29 4 6 0.543 5.93 6 4 0.177 0.947 0.065 0.131 0.138 0.884 0.275 
108I9* 6.01 2 8 0.168 6.34 1 9 0.071     0.997 0.005 0.010    
12I9 6.03 3 7 0.388 6.30 4 6 0.541 5.84 5 5 0.409 0.988 0.016 0.032 0.246 0.784 0.492 
97I9 6.05 1 9 0.049 6.08 3 7 0.403 5.98 6 4 0.169 0.997 0.005 0.010 0.461 0.577 0.922 
98I9 6.04 1 9 0.049 6.12 3 7 0.414 5.98 6 4 0.170 0.997 0.005 0.010 0.278 0.754 0.557 
112I9 6.05 1 9 0.050 6.15 3 7 0.421 5.89 5 5 0.394 1.000 0.001 0.002 0.423 0.615 0.846 
114I9 5.96 4 6 0.624 6.28 5 5 0.298 6.09 6 4 0.151 0.884 0.138 0.275 0.138 0.884 0.275 
115I9 6.11 1 9 0.053 6.25 4 6 0.554 5.95 7 3 0.058 0.991 0.012 0.024 0.138 0.884 0.275 
10I9 6.07 2 8 0.179 6.24 4 6 0.555 5.84 7 3 0.067 0.995 0.007 0.014 0.053 0.958 0.105 
118I9 6.02 2 8 0.170 6.33 3 7 0.467 5.97 4 6 0.627 0.997 0.005 0.010 0.278 0.754 0.557 
93I9 6.03 8 2 0.012 6.06 8 2 0.011 5.99 9 1 0.002 0.016 0.988 0.032 0.001 0.999 0.003 

Cluster 1 6.00 0 10 0.006 6.21 5 5 0.316 6.15 9 1 0.001 1.000 0.000 0.001 0.007 0.995 0.014 

Cluster 2 5.93 6 4 0.178 5.97 8 2 0.012 6.45 8 2 0.005 0.216 0.813 0.432 0.012 0.991 0.024 

* Results for site 108 could not be found under the S. M. M model in either sign test or Wilcoxon test.   
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Table L2c. Baetis rhodani. 

Site 

Sign tests Wilcoxon test 

IAM TPM SMM IAM SMM 

He 
excess 

H 
def 

H ex P He 
excess 

H 
def 

H ex P He 
excess 

H 
def 

H ex P P H 
def 

P H 
excess 

P (H 
excess 
& def) 

P H 
def 

P H 
excess 

P (H 
excess 
& def) 

 112B9  7.83 10 3 0.174 7.94 7 6 0.394 7.70 7 6 0.246 0.980 0.024 0.048 0.084 0.927 0.168 
 102B9  7.87 5 8 0.590 7.77 10 3 0.008 7.75 11 2 0.001 0.830 0.188 0.376 0.003 0.998 0.005 

 97B9  7.82 2 11 0.059 7.86 7 6 0.218 7.68 10 3 0.009 0.966 0.040 0.080 0.004 0.997 0.009 

 96B8  7.82 5 8 0.579 7.75 7 6 0.238 7.71 11 2 0.002 0.905 0.108 0.216 0.001 0.999 0.002 

 09B5  7.56 6 7 0.480 7.95 7 6 0.203 7.65 9 4 0.039 0.393 0.632 0.787 0.016 0.987 0.033 

 106B9  7.85 3 10 0.175 7.82 8 5 0.095 7.67 11 2 0.002 0.960 0.047 0.094 0.002 0.999 0.003 

 113B9  7.80 5 8 0.575 7.77 7 6 0.235 7.70 11 2 0.002 0.892 0.122 0.244 0.000 1.000 0.001 

 115B9  7.83 3 10 0.173 7.88 10 3 0.007 7.67 11 2 0.002 0.936 0.073 0.146 0.001 1.000 0.001 

 94B9  7.82 4 9 0.358 7.76 7 6 0.237 7.63 10 3 0.010 0.847 0.170 0.340 0.020 0.984 0.040 

 118B9  7.83 4 9 0.359 7.76 6 7 0.434 7.70 9 4 0.036 0.984 0.020 0.040 0.029 0.976 0.057 
Cluster 1 7.80 6 7 0.425 7.79 10 3 0.008 7.64 13 0 0.000 0.446 0.580 0.893 0.000 1.000 0.000 
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Site 104 Site 96 

  
 

Site 95 
 

Site 93 

  
 

Cluster 3 
 

Cluster 4 

  

Figure L4. Showing mean values of N1 (log10 effective population size at time Ta) = red line; N0 

(log10 current effective population size) = blue line and Ta (log10 Time between N0 and N1) = green 

line, for Amphinemura sulcicollis for four representative sites and two clusters, each having ten 

independent runs.  
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Site 108 Site 93 

  
 

Cluster 2 

 

Figure L5. Showing mean values of N1 (log10 effective population size at time Ta) = red line; N0 

(log10 current effective population size) = blue line and Ta (log 10 Time between N0 and N1) = green 

line, for Isoperla grammatica for two representative sites and one clusters, each having ten 

independent runs. 
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Site 102 Site 94 

  

Figure L6. Showing mean values of N1 (log10 effective population size at time Ta) = red line; N0 

(log10 current effective population size) = blue line and Ta (log10 Time between N0 and N1) = green 

line, for Baetis rhodani for two representative sites, 102 and 94, having 3 and 9 independent runs, 

respectively. 

 

Table L3a-c. Showing summary statistics for N0 (current effective population size), N1 (effective 

population size at time Ta) and Ta (Time between N0 and N1), including Min, 1stQu, Median, Mean, 

3rdQu and Max. Calculated from MSVAR outputs using RStudio for a) Amphinemura sulcicollis; b) 

Isoperla grammatica and c) Baetis rhodani.  Grey = Runs which were considered outliers, bold = 

mean values used to plot Figures 5.2 - 5.4. 

 

Table L3a. Amphinemura sulcicollis. 

Site   Run1 Run2 Run3 Run4 Run5 Run6 Run7 Run8 Run9 Run10 

104 N0 Min. -9.94 -
29.39 

-
16.47 

-
10.80 

-
28.40 

-
28.23 

-
19.70 

-
12.83 

-
23.41 

-24.41 

 1stQu. 1.86 -2.44 1.55 1.15 -1.91 -2.10 1.97 0.92 -0.34 -0.58 
 Median 3.63 1.72 4.52 3.07 2.77 2.73 5.35 3.06 3.97 3.32 
 Mean 3.63 2.22 4.78 3.07 3.14 3.09 5.47 3.00 4.51 3.31 

 3rdQu. 5.39 6.13 7.64 4.97 7.67 7.71 8.75 5.06 8.67 7.15 
 Max 19.96 43.88 39.52 21.45 42.13 41.69 35.81 25.35 49.13 42.09 

N1 Min. -
14.18 

-
35.03 

-
24.13 

-
15.15 

-
33.25 

-
31.06 

-
23.99 

-
15.67 

-
37.70 

-40.67 

 1stQu. 3.32 2.02 3.77 3.66 0.26 2.18 3.87 3.69 0.91 0.25 
 Median 5.11 6.54 6.68 5.59 5.21 7.03 7.02 5.73 5.22 4.58 
 Mean 5.07 6.15 6.68 5.56 5.03 7.14 7.08 5.75 4.89 4.13 

 3rdQu. 6.88 10.79 9.59 7.53 9.98 12.06 10.21 7.86 9.34 8.62 
 Max 22.10 42.32 31.33 24.54 46.70 48.12 37.07 21.00 43.96 38.51 

Ta Min. -
15.93 

-
44.19 

-
29.29 

-
15.12 

-
37.50 

-
37.55 

-
30.69 

-
16.21 

-
39.12 

-36.58 
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Site   Run1 Run2 Run3 Run4 Run5 Run6 Run7 Run8 Run9 Run10 

 Median 3.45 2.90 3.42 3.12 6.62 8.26 4.52 2.72 3.11 5.90 
 Mean 3.61 3.89 3.28 3.38 6.20 8.02 4.73 2.82 3.46 6.91 

 3rdQu. 5.41 9.84 6.73 5.37 14.06 15.66 8.90 5.00 9.97 11.86 
 Max 23.90 45.42 40.18 24.37 49.31 53.27 41.55 24.53 48.07 50.77 

96 N0 Min. -9.59 -
23.05 

-
17.03 

-8.88 -
25.45 

-
23.51 

-
16.09 

-7.78 -
21.93 

-26.69 

 1stQu. 1.85 -0.04 1.80 1.90 -0.72 0.72 2.12 1.94 -0.26 -0.48 
 Median 3.57 3.69 4.54 3.62 2.96 4.21 4.92 3.64 3.35 3.61 
 Mean 3.57 3.85 4.52 3.61 3.11 4.13 4.89 3.65 3.28 3.88 

 3rdQu. 5.30 7.48 7.29 5.32 6.69 7.67 7.70 5.34 6.84 7.81 
 Max 18.66 43.67 22.98 13.67 41.28 24.73 32.92 19.28 26.66 41.21 

N1 Min. -
13.90 

-
37.70 

-
15.05 

-7.02 -
31.65 

-
28.86 

-
19.08 

-6.59 -
29.46 

-34.66 

 1stQu. 3.16 1.28 3.17 3.15 2.14 2.36 3.56 3.18 1.05 0.64 
 Median 4.89 4.95 5.91 4.90 5.76 5.88 6.36 4.88 4.73 4.79 
 Mean 4.88 4.87 5.92 4.89 5.73 5.89 6.39 4.88 4.59 4.54 

 3rdQu. 6.62 8.62 8.68 6.58 9.37 9.41 9.18 6.57 8.30 8.80 
 Max 25.49 40.60 28.02 18.70 46.75 43.30 38.76 15.29 37.05 38.82 

Ta Min. -
14.51 

-
37.72 

-
20.84 

-9.22 -
36.13 

-
17.90 

-
21.88 

-
15.64 

-
28.32 

-35.78 

 1stQu. 2.09 -0.03 2.06 2.20 -1.47 1.71 2.86 2.19 0.70 0.04 
 Median 3.88 4.07 4.90 3.94 2.55 5.27 5.70 3.91 4.45 5.07 
 Mean 3.90 4.20 4.96 3.95 2.44 5.64 5.91 3.89 4.92 5.59 

 3rdQu. 5.67 8.23 7.77 5.66 6.48 9.01 8.64 5.63 8.47 10.81 
 Max 24.10 44.26 33.17 23.69 47.07 51.97 39.49 17.25 47.67 54.05 

95 N0 Min. -7.02 -
18.94 

-
11.89 

-8.76 -
19.54 

-
19.08 

-
14.92 

-9.11 -
17.21 

-25.33 

 1stQu. 1.56 0.06 1.79 0.76 0.12 -0.90 2.25 1.15 -0.02 -4.04 
 Median 3.28 3.40 4.48 2.68 3.48 2.59 4.93 2.93 3.38 -0.65 
 Mean 3.27 3.42 4.49 2.63 3.49 2.60 4.94 2.92 3.37 -0.65 

 3rdQu. 4.98 6.78 7.18 4.53 6.86 6.09 7.64 4.70 6.77 2.74 
 Max 13.72 24.47 21.92 16.02 24.95 26.45 22.62 15.03 24.91 20.89 

N1 Min. -5.37 -
17.57 

-
10.67 

-5.80 -
17.66 

-
15.68 

-
13.38 

-5.34 -
15.84 

-13.56 

 1stQu. 3.63 1.79 3.44 4.04 1.83 4.50 3.98 3.87 1.81 6.27 
 Median 5.34 5.14 6.15 5.88 5.18 7.95 6.66 5.62 5.21 9.66 
 Mean 5.33 5.16 6.15 5.92 5.20 7.95 6.66 5.63 5.20 9.66 

 3rdQu. 7.04 8.52 8.84 7.78 8.56 11.40 9.35 7.39 8.59 13.05 
 Max 15.68 26.04 23.83 17.65 26.52 31.32 24.25 17.63 26.26 31.74 

Ta Min. -6.74 -
18.81 

-
11.92 

-8.06 -
19.44 

-
18.58 

-
14.52 

-8.76 -
16.97 

-24.50 

 1stQu. 1.73 0.23 1.95 1.04 0.29 -0.52 2.42 1.37 0.15 -3.40 
 Median 3.45 3.58 4.66 2.90 3.66 2.96 5.10 3.14 3.57 0.00 
 Mean 3.44 3.60 4.66 2.88 3.67 2.96 5.11 3.14 3.55 0.00 

 3rdQu. 5.16 6.96 7.37 4.74 7.04 6.44 7.81 4.91 6.94 3.37 
 Max 13.82 24.88 22.02 16.39 25.06 26.51 22.50 15.13 24.44 21.45 

93 N0 Min. -6.63 -
16.69 

-
13.32 

-8.66 -
17.93 

-
16.48 

-
10.91 

-6.75 -
17.00 

-16.67 

 1stQu. 1.81 0.14 1.81 1.79 0.12 1.12 2.26 1.87 0.18 0.36 
 Median 3.51 3.49 4.51 3.49 3.47 4.50 4.97 3.52 3.54 3.70 
 Mean 3.51 3.49 4.51 3.49 3.46 4.47 4.97 3.53 3.55 3.71 

 3rdQu. 5.19 6.83 7.21 5.20 6.83 7.83 7.68 5.20 6.91 7.06 
 Max 14.24 23.82 20.95 14.21 25.99 27.09 22.67 13.41 26.31 24.45 

N1 Min. -4.88 -
14.97 

-
11.93 

-7.27 -
16.36 

-
14.94 

-9.25 -5.45 -
15.45 

-14.61 
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Site   Run1 Run2 Run3 Run4 Run5 Run6 Run7 Run8 Run9 Run10 

 1stQu. 3.41 1.73 3.39 3.42 1.89 2.74 3.89 3.46 1.77 1.97 
 Median 5.10 5.09 6.09 5.13 5.21 6.10 6.59 5.12 5.13 5.29 
 Mean 5.10 5.08 6.09 5.13 5.21 6.09 6.59 5.13 5.15 5.32 

 3rdQu. 6.79 8.43 8.80 6.83 8.59 9.44 9.30 6.80 8.51 8.67 
 Max 15.84 25.08 22.89 15.71 29.15 28.71 24.23 15.34 27.59 25.97 

Ta Min. -6.29 -
16.72 

-
13.07 

-8.28 -
17.66 

-
16.41 

-
10.51 

-6.17 -
16.47 

-16.48 

 1stQu. 2.02 0.35 2.05 2.02 0.34 1.36 2.49 2.08 0.40 0.58 
 Median 3.72 3.71 4.75 3.72 3.71 4.73 5.20 3.74 3.75 3.91 
 Mean 3.72 3.70 4.75 3.72 3.69 4.71 5.20 3.75 3.77 3.93 

 3rdQu. 5.41 7.05 7.45 5.43 7.07 8.06 7.91 5.43 7.13 7.28 
 Max 14.47 24.11 21.58 14.44 26.35 27.29 22.92 13.91 26.25 24.57 

Cluster 
3 

N0 Min. -6.73 -
20.23 

-
11.78 

-7.21 -
20.71 

-
17.27 

-
15.25 

-
10.02 

-
18.93 

-18.01 

 1stQu. 1.70 -2.16 1.69 1.68 -0.07 0.19 0.80 1.14 1.20 0.14 
 Median 3.40 1.39 4.38 3.36 3.30 3.70 3.52 2.87 4.64 3.53 
 Mean 3.40 1.39 4.39 3.37 3.30 3.68 3.53 2.85 4.66 3.54 

 3rdQu. 5.11 4.92 7.09 5.07 6.65 7.15 6.27 4.57 8.13 6.92 
 Max 13.54 22.62 21.83 14.68 25.55 25.48 24.90 13.70 31.14 26.86 

N1 Min. -5.51 -
16.94 

-
10.27 

-4.86 -
18.95 

-
15.51 

-
10.82 

-5.15 -
17.97 

-16.11 

 1stQu. 3.58 3.54 3.56 3.55 1.86 2.28 5.24 3.98 2.42 2.14 
 Median 5.27 7.03 6.25 5.25 5.23 5.79 7.99 5.69 5.80 5.54 
 Mean 5.27 7.04 6.25 5.24 5.22 5.76 7.99 5.69 5.82 5.55 

 3rdQu. 6.97 10.57 8.96 6.93 8.58 9.22 10.72 7.40 9.23 8.92 
 Max 15.92 28.44 24.31 16.00 27.86 27.69 30.50 16.05 30.67 28.81 

Ta Min. -7.95 -
19.73 

-
11.46 

-6.96 -
20.65 

-
17.28 

-
14.86 

-
10.02 

-
21.71 

-18.08 

 1stQu. 1.66 -1.83 1.79 1.77 0.03 2.07 0.93 1.27 -2.62 0.23 
 Median 3.37 1.69 4.48 3.46 3.41 5.93 3.65 2.98 0.83 3.62 
 Mean 3.36 1.69 4.48 3.47 3.40 6.19 3.67 2.97 0.83 3.64 

 3rdQu. 5.09 5.18 7.20 5.16 6.75 10.08 6.40 4.67 4.27 7.01 
 Max 13.76 22.65 22.02 14.49 25.70 36.34 25.21 13.60 24.70 26.96 

Cluster 
4 

N0 Min. -6.88 -
20.74 

-
14.03 

-6.67 -
17.23 

-
18.06 

-
12.43 

-7.14 -
21.62 

-21.01 

 1stQu. 1.66 0.00 1.69 1.67 -0.07 1.06 2.01 1.66 -0.10 -1.03 
 Median 3.35 3.36 4.41 3.37 3.30 4.41 4.74 3.35 3.29 2.52 
 Mean 3.35 3.36 4.40 3.36 3.31 4.40 4.73 3.36 3.28 2.49 

 3rdQu. 5.04 6.72 7.12 5.05 6.69 7.76 7.43 5.04 6.63 6.00 
 Max 14.59 23.12 23.21 14.97 24.49 26.55 22.48 14.15 28.47 26.41 

N1 Min. -5.48 -
19.09 

-
11.99 

-4.96 -
15.75 

-
16.36 

-
10.41 

-5.90 -
20.09 

-14.82 

 1stQu. 3.43 1.73 3.47 3.43 1.86 2.80 3.96 3.40 1.65 2.97 
 Median 5.12 5.09 6.20 5.13 5.24 6.16 6.69 5.09 5.03 6.47 
 Mean 5.13 5.10 6.18 5.12 5.24 6.16 6.68 5.10 5.02 6.47 

 3rdQu. 6.81 8.46 8.91 6.80 8.63 9.51 9.38 6.79 8.38 9.97 
 Max 16.05 25.18 24.65 17.03 26.02 28.44 24.24 15.78 30.33 29.19 

Ta Min. -6.68 -
20.35 

-
13.47 

-6.43 -
16.78 

-
17.85 

-
12.27 

-7.24 -
21.64 

-20.34 

 1stQu. 2.02 0.35 2.04 2.03 0.28 1.41 2.38 2.02 0.25 -0.55 
 Median 3.71 3.71 4.77 3.73 3.65 4.77 5.11 3.71 3.66 2.97 
 Mean 3.72 3.72 4.76 3.72 3.66 4.77 5.09 3.72 3.64 2.95 

 3rdQu. 5.41 7.08 7.48 5.41 7.04 8.14 7.80 5.40 7.00 6.43 
 Max 14.87 23.25 23.54 15.41 24.96 27.22 22.63 14.41 29.16 26.82 
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Table L3b. Isoperla grammatica. 

Site   Run1 Run2 Run3 Run4 Run5 Run6 Run7 Run8 Run9 Run10 

108 N0 Min. -9.97 -
21.31 

-
13.79 

-7.06 -
17.82 

-
17.47 

-
20.51 

-8.93 -
20.59 

-18.24 

  1stQu. 0.51 -0.18 1.71 1.82 0.05 0.08 0.47 1.47 -1.53 0.18 
  Median 2.25 3.34 4.46 3.54 3.48 3.50 3.44 3.30 1.98 3.61 
  Mean 2.26 3.29 4.46 3.54 3.47 3.52 3.37 3.35 1.96 3.59 

  3rdQu. 4.04 6.80 7.21 5.25 6.87 6.93 6.37 5.18 5.48 7.01 
  Max 12.96 23.37 21.12 14.51 25.77 25.88 24.55 17.32 23.99 25.43 

 N1 Min. -4.56 -
18.01 

-
10.66 

-4.78 -
16.79 

-
13.85 

-
17.75 

-7.07 -
13.93 

-14.87 

  1stQu. 5.31 2.40 4.34 4.24 2.67 4.67 5.38 4.85 3.84 3.35 
  Median 7.08 5.84 7.06 5.95 6.05 8.08 8.48 6.65 7.42 6.80 
  Mean 7.08 5.85 7.05 5.94 6.05 8.08 8.37 6.66 7.41 6.80 

  3rdQu. 8.84 9.30 9.77 7.64 9.44 11.49 11.54 8.45 10.97 10.21 
  Max 18.70 27.87 24.83 17.14 29.13 30.57 36.30 18.33 30.81 29.52 

 Ta Min. -10.75 -
21.95 

-
14.08 

-7.66 -
18.90 

-
18.58 

-
14.09 

-
14.92 

-
19.21 

-18.96 

  1stQu. -0.18 -0.33 0.78 0.88 -0.85 -1.08 0.67 -0.59 -1.25 -1.03 
  Median 1.56 3.20 3.50 2.58 2.58 2.33 3.92 1.34 2.21 2.42 
  Mean 1.58 3.45 3.50 2.58 2.56 2.35 4.91 1.27 2.19 2.42 

  3rdQu. 3.35 6.92 6.21 4.29 5.98 5.78 7.90 3.21 5.67 5.85 
  Max 12.33 31.43 20.53 13.76 23.96 23.49 40.96 13.34 23.89 24.85 

93 N0 Min. -
133000.00 

-
19.17 

-
12.32 

-6.98 -
17.25 

-
17.17 

-
11.02 

-6.99 -
21.23 

-15.67 

  1stQu. 1.91 0.18 1.89 1.92 -0.05 0.98 2.51 2.35 -4.05 -0.35 
  Median 3.60 3.54 4.62 3.60 3.36 4.39 5.22 4.26 -0.54 3.04 
  Mean 3.38 3.55 4.61 3.60 3.36 4.34 5.22 4.41 -0.31 3.03 

  3rdQu. 5.31 6.91 7.30 5.29 6.77 7.64 7.93 6.34 3.17 6.40 
  Max 315500.00 25.06 21.01 14.47 23.79 26.86 21.99 17.49 34.17 24.75 

 N1 Min. -31380.00 -
17.18 

-9.87 -5.23 -
15.45 

-
15.48 

-9.28 -5.63 -
10.17 

-12.30 

  1stQu. 3.92 2.32 3.91 3.96 2.49 3.50 4.45 3.77 6.79 4.71 
  Median 5.60 5.66 6.63 5.63 5.90 6.91 7.16 5.49 10.15 8.07 
  Mean 2.95 5.68 6.62 5.64 5.90 6.89 7.16 5.49 10.19 8.08 

  3rdQu. 7.32 9.04 9.32 7.33 9.31 10.22 9.86 7.22 13.61 11.44 
  Max 38210.00 26.88 23.29 16.04 25.76 28.94 23.70 15.63 31.93 29.92 

 Ta Min. -33330.00 -
20.27 

-
12.74 

-7.19 -
17.73 

-
17.63 

-
11.49 

-9.16 -
36.03 

-17.45 

  1stQu. 1.42 -0.33 1.38 1.41 -0.57 0.60 2.05 0.83 -5.32 -0.65 
  Median 3.11 3.03 4.12 3.10 2.85 4.00 4.77 2.67 -1.54 2.72 
  Mean 11.88 3.04 4.10 3.10 2.85 3.97 4.77 2.62 -2.02 2.74 

  3rdQu. 4.82 6.41 6.80 4.78 6.25 7.29 7.49 4.45 2.08 6.14 
  Max 530400.00 24.63 20.90 13.77 23.74 26.61 21.70 13.70 20.10 25.01 

Cluster 
2 

N0 Min. -6.78 -7.64 -
11.72 

-7.31 -
14.88 

-
16.82 

-
11.81 

-7.64 -
16.37 

-14.02 

  1stQu. 1.45 9.41 1.19 1.50 -0.10 0.69 1.88 1.56 -0.62 2.38 
  Median 3.07 13.56 3.94 3.16 3.23 4.01 4.53 3.27 2.82 5.78 
  Mean 3.10 13.56 3.96 3.18 3.22 4.08 4.55 3.29 2.78 5.80 

  3rdQu. 4.76 17.77 6.68 4.83 6.59 7.49 7.24 5.02 6.21 9.20 
  Max 13.48 34.66 18.41 12.88 26.71 22.88 19.18 12.84 20.89 23.15 

 N1 Min. -3.56 -
15.62 

-7.66 -3.95 -
12.65 

-
13.22 

-8.96 -4.67 -
12.07 

-13.53 

  1stQu. 4.41 0.70 4.79 4.25 2.61 3.61 4.90 4.13 3.01 1.85 
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Site   Run1 Run2 Run3 Run4 Run5 Run6 Run7 Run8 Run9 Run10 

  Median 6.03 4.29 7.55 5.88 5.96 6.94 7.58 5.84 6.46 5.35 
  Mean 6.06 4.25 7.51 5.91 6.01 7.00 7.59 5.87 6.43 5.28 

  3rdQu. 7.74 7.79 10.20 7.57 9.38 10.41 10.29 7.56 9.85 8.74 
  Max 16.64 24.79 22.77 15.72 30.40 26.43 23.21 15.64 24.73 23.58 

 Ta Min. -7.01 -
24.88 

-
11.81 

-7.41 -
15.48 

-
16.60 

-
11.81 

-8.09 -
16.35 

-18.95 

  1stQu. 1.33 -7.41 0.31 1.35 -0.68 0.63 1.57 1.20 -0.73 -4.16 
  Median 2.96 -3.78 3.09 2.99 2.64 3.94 4.23 2.91 2.72 -0.70 
  Mean 2.98 -3.80 3.08 3.00 2.66 4.02 4.26 2.93 2.67 -0.70 

  3rdQu. 4.65 -0.16 5.78 4.66 6.04 7.42 6.95 4.65 6.14 2.73 
  Max 13.56 17.81 18.48 12.76 26.38 22.43 19.66 13.00 20.27 18.68 

 

  



Appendix L – Chapter 5 Supporting Information 

541 
 

Table L3c. Baetis rhodani. 

Site   Run1 Run2 Run3 Run4 Run5 Run6 Run7 Run8 Run9 

102 N0 Min.  -15.97   -21.82 -30.02    
  1stQu.  0.219   -1.452 1.118    
  Median  3.591   1.945 4.525    
  Mean  3.599   1.941 4.52    

  3rdQu.  6.98   5.35 7.951    
  Max  26.05   23.7 28.48    

 N1 Min.  -14.66   -17.26 -23.52    
  1stQu.  1.916   3.454 2.769    
  Median  5.289   6.832 6.179    
  Mean  5.295   6.845 6.199    

  3rdQu.  8.675   10.26 9.623    
  Max  26.9   28.18 35.58    

 Ta Min.  -16.21   -21.53 -17.85    
  1stQu.  0.09532   -1.701 1.168    
  Median  3.473   1.697 4.587    
  Mean  3.48   1.713 4.687    

  3rdQu.  6.87   5.143 8.062    
  Max  25.79   23.57 38.69    

94 N0 Min. -10.42 -27.41 -19.49 -10.06 -27.58 -31.17 -19.09 -10.25 -25.65 
  1stQu. -

0.3777 
-2.906 0.3725 0.9192 -1.881 0.2134 0.06082 1.594 1.274 

  Median 1.703 1.923 4.417 2.828 3.365 5.324 3.721 3.485 6.258 
  Mean 1.772 2.532 4.96 2.86 4.004 5.661 4.425 3.588 6.882 

  3rdQu. 3.833 7.215 8.932 4.739 9.251 10.73 8.015 5.423 11.95 
  Max 19.47 46.9 40.57 21.43 44.78 46.45 35.18 24.36 49.44 

 N1 Min. -15.12 -41.11 -33.9 -16.15 -39.69 -32.68 -23.96 -16.26 -31.5 
  1stQu. 4.25 -0.6633 2.572 3.99 0.4418 2.751 4.911 3.349 1.443 
  Median 6.63 4.907 6.503 5.911 5.295 7.082 8.452 5.305 5.589 
  Mean 6.363 4.715 6.369 5.871 5.22 7.047 8.201 5.182 5.361 

  3rdQu. 8.852 10.26 10.32 7.809 10.04 11.43 11.77 7.223 9.615 
  Max 25.48 43.74 37.06 24.91 47.21 47.85 38.25 21.41 40.28 

 Ta Min. -16.02 -40.58 -30.04 -16.03 -40.14 -42.93 -31.82 -15.16 -41.39 
  1stQu. -

0.4021 
0.5151 -1.803 0.5398 -3.416 -4.616 -1.941 0.6589 -7.681 

  Median 1.979 9.695 5.66 2.589 4.603 2.876 2.642 2.936 -
0.8796 

  Mean 2.808 8.169 5.295 2.919 5.01 3.444 3.77 3.162 -

0.2078 

  3rdQu. 5.195 16.46 12.5 4.838 13.58 11.14 9.041 5.346 6.388 
  Max 26.49 47.09 46.48 24.63 49.24 45.92 40.61 26.82 46.12 



 

 
 

‘"Er ... Good morning, O Deep Thought," said Loonquawl nervously, "do you have ... er, that 

is..." 

"An answer for you?" interrupted Deep Thought majestically. "Yes. I have." 

The two men shivered with expectancy. Their waiting had not been in vain. 

"There really is one?" breathed Phouchg. 

"There really is one," confirmed Deep Thought. 

"To Everything? To the great Question of Life, the Universe and Everything?" 

"Yes." 

Both of the men had been trained for this moment, their lives had been a preparation for it, 

they had been selected at birth as those who would witness the answer, but even so they 

found themselves gasping and squirming like excited children. 

"And you're ready to give it to us?" urged Loonquawl. 

"I am." 

"Now?" 

"Now," said Deep Thought. 

They both licked their dry lips. 

"Though I don't think," added Deep Thought, "that you're going to like it." 

"Doesn't matter!" said Phouchg. "We must know it! Now!" 

"Now?" inquired Deep Thought. 

"Yes! Now..." 

"Alright," said the computer and settled into silence again. The two men fidgeted. The 

tension was unbearable. 

"You're really not going to like it," observed Deep Thought. 

"Tell us!" 

"Alright," said Deep Thought. "The Answer to the Great Question..." 

"Yes...!" 

"Of Life, the Universe and Everything..." said Deep Thought. 

"Yes...!" 

"Is." said Deep Thought, and paused. 

"Yes...!" 

"Is." 

"Yes...!!!...?" 

 

"Forty-two," said Deep Thought, with infinite majesty and calm.’ 
 

Douglas Adams, Hitchhikers guide to the galaxy 

 


