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Abstract

Non-native species can alter ecosystem processes, act as vectors of

diseases and diminish biological diversity. The threat posed by non-native

species is expected to increase as a result of global climate change. Climate

change has already been linked to poleward shifts in range across a wide

range of taxa. The small red-eyed damselfly Erythromma viridulum has

expanded its range in a north westerly direction across northern Europe at

remarkable rate over the last 30 years and in 1999 became the first recorded

example of a migrant damselfly to colonise the UK. Since then it has

expanded its range in the UK by and average of 32 km per year and is

currently distributed between Devon and East Yorkshire and as far inland as

Warwickshire. A partial genomic microsatellite library enriched for CA

microsatellites was constructed for E. viridulum and generated 10

polymorphic loci, which typically have short stretches of uninterrupted repeat

units and low levels of expected heterozygosity. These loci were used to

conduct a population genetic study of E. viridulum across its UK range and .

northern Europe. Samples were collected 2002-2006 from 28 sites in the

British Isles and 11 sites from continental Europe. E. viridulum showed a

slight but clear trend of reduced genetic diversity from east to west following

its invasion path from continental Europe into the UK. Overall genetic

differentiation among the UK and continental European populations was

considered moderate or low. There was a lack of local genetic isolation by

distance caused by high levels of gene flow and recent establishment of

populations. There was genetic differentiation between southern and eastern

UK populations indicative of different putative source populations, or an

extreme founder effect. The source of the eastern UK populations was within

the range sampled across continental Europe, however the southern UK

source remains unknown. There was little difference in the patterns of

genetic structure over time and the small differences observed were ascribed

to discontinuities in the invasion process. In a larval growth study E.

viridulum was found to be predominantly semivoltine in the UK, though under

favorable environmental conditions some individuals may complete
development in one year.
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Thesis plan

This thesis is concerned with the first successful invasion and establishment

of a damselfly to the British Isles in living memory. The species concerned is

Erythromma viridulum (Charpentier, 1840) known in English as the small red-

eyed damselfly. Its arrival in Britain and its rapid spread in southern England

are discussed in the context of global climate change from a population

genetical perspective. The aims of this thesis are (1) to document the range

expansion of this species in recent years, (2) measure levels of genetic

variability in the UK and Europe over a number of years, (3) analyse the

genetic data for spatial and temporal structure, (4) investigate life history

traits of this species in the UK and (5) bring together this data to make

inferences about the nature of the invasion of the UK. The first part of the

introductory chapter describes in more detail how the thesis is arranged and

the topics covered chapter by chapter.

The second part of the introductory chapter brings together the current

knowledge of the range expansion and biology of Erythromma viridulum in

the light of recent climate change. It describes the north-westerly range

expansion of this species in Europe over the last 30 years, including the

colonisation of the British Isles. Detailed records from the British Dragonfly

Recording Network on the distribution of this species in the UK since its

arrival in 1999 are presented and discussed. Information from this database

is further used to illustrate the rate of range expansion and the phenology of

E. viridulum in the UK. Patterns of colonisation in the UK and Europe are

described and used to hypothesise about future range distribution scenarios.

This chapter also covers the behaviour and ecology of E. viridulum, including

its physical and environmental requirements and preferences. Critical factors

such as habitat type, water chemistry and aquatic macrophytes associated

with this species are reported.

Chapter 2 is a methodological chapter which describes the isolation and

characterisation of a panel of ten microsatellite loci for E. viridulum, used in

Chapters 3 and 4 for population genetic purposes. Microsatellites are popular

and convenient population genetic markers; however they must be isolated
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de novo from the target species. The chapter details the processes used to

create a partial genomic library enriched for CA microsatellites including DNA

extraction, microsatellite capture, ligation into E. coli, screening for

microsatellites, and the design and characterisation of primers. Loci that

proved polymorphic are analysed for levels of genetic diversity, which are

compared with other odonate species for which microsatellite loci have been

isolated.

In Chapter 3 the microsatellite loci characterised in Chapter 2 are used for an

analysis of the population genetic structure of E. viridulum in the UK and

northern Europe. It describes the fieldwork carried out between 2004 and

2006 at 28 sites across the range of E. viridulum in the UK and also from 11

sites from northern Europe. This chapter covers the statistical analysis of the

genetic data produced from these samples. The first aim is to analyse

variation in genetic diversity between the UK and continental European

samples and to look for evidence of a genetic bottleneck caused by the

colonisation process. The second aim is to look for genetic structure within

the UK population and from this infer likely continental European sources.

Finally temporal variation in genetic structure is briefly investigated; a subject

covered in greater detail in Chapter 4. These analyses are then discussed

with reference to (i) the range expansion described in Chapter 1, (ii) other

odonate studies and (iii) patterns of population genetic structure found in

other invasive and range expanding species.

Following on from the initial work on temporal genetic variation in Chapter 3,

Chapter 4 investigates genetic variation between successive cohorts of E.

viridulum in the UK. Samples collected from 9 sites between 2004 and 2006

are used to quantify level of genetic differentiation between cohorts.

Temporal genetic data is used to estimate effective population size and

migration rate based on the premise that allele frequencies drift apart more

rapidly in smaller populations than in larger ones. The results of this chapter

are discussed in the light of the range expansion of E. viridulum and patterns

of voltinism identified in Chapter 5.

viii



Chapter 5 presents a study of larval growth of E. viridulum, with the aim of

identifying the pattern of voltinism in the UK. As odonates typically exhibit a

gradient of voltinism with latitude, it is of particular interest to quantify

voltinism in this species at its northwest range margin. This chapter

describes how larvae were collected, identified and measured monthly over

the summer growth period at 4 sites in the UK. The results are considered

alongside current knowledge of phenology in the UK and voltinism in

continental Europe.

In the final chapter the findings of Chapters 1-5 are described and brought

together into a general discussion on the range expansion of E. viridulum.

Each chapter is summarised with reference to other relevant conclusions

from this investigation and prior predictions. The responses of odonates to

global temperature increase and predictions about future patterns of range

change are discussed. Also in this chapter, outstanding questions about E.

viridulum are considered in the light of the findings of this study and future

areas of interest for investigation are suggested.
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Chapter 1

Chapter 1

A review of the colonisation history in northern Europe and the British

Isles, and the biology and ecology of the small red-eyed damselfly

Erythromma viridulum (Charpentier, 1840).

1.1. Invasion of the small red-eyeddamselfly

Proxy data indicates that the increase in temperature observed in the

Northern Hemisphere during the 20th century is the largest in the last 1,000

years (Hulme et al., 2002), and is predicted to rise a further 3 to 5°e in the

next half century in the UK and most parts of Europe (Houghton et al., 2001;

Schiermeier, 2004; IPee, 2007). This change is predicted to have profound

influences on natural systems. Climate change is expected to affect

organisms causing physiological, phenological, community interaction, range

and distributional changes (Walther et al., 2002). Rapid shifts in range

margins would be expected in species that are highly mobile with good

dispersal ability or in those that are strongly temperature limited (Pearson &

Dawson, 2003; Pearson, 2006). Life history plasticity may offer some

flexibility in the response to climate change for some species (Bale et al.,

2002; Parmesan, 2006). Poleward shifts in range margins, linked to climate

change, have already been documented in a wide range of taxa (Allen &

Breshears, 1998; Thomas & Lennon, 1999; Hickling, 2006; Mieszkowska et

al., 2006) most notably butterflies (Parmesan et al., 1999; Warren et al.,

2001), and it would be expected that other winged insects may exhibit a

similar response.

There is evidence that odonates are shifting their range margins northward

(Ott, 1996; Aoki, 1997) as well as exhibiting phenological changes (Hassall et

al., 2007) in response to climate change. British odonates in particular

appear to be reacting to climate changes with 37 species having shifted their

range margin northward over the last 40 years, apparently in response to

climate warming (Hickling et al., 2005). The average increase in northerly

range margin for non migratory British odonates (1960-1999) was 74 km with
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Chapter 1

a maximum of 346 km for Sympetrum striolatum (Hickling et al., 2005).

Alternative or contributing factors to this expansion are that habitat quality

has improved allowing species to increase their range and that recording has

increased.

The small red-eyed damselfly, Erythromma viridulum, has seen significant

north-westerly range expansion in Europe in the last 30 years (Ketelaar,

2002) and is the first recorded example of a migrant damselfly establishing

colonies in the British Isles (Oewick & Gerussi, 2000). As such the range

expansion of E. viridulum sits among the broader context of poleward shifts

in distribution occurring across many taxa, apparently in response to global

climate change. Therefore E. viridulum represents an excellent model with

which to investigate the causes, effects and implications of rapid range

expansion. This aims of this chapter are (1) to present an account of the

biology and ecology of this species and (2) describe it's recent range

expansion, both in continental Europe and the UK.

1.2. Appearance

Two species of red-eyed damselfly exist in Europe, the small red-eyed

Erythromma viridulum and the red-eyed Erythromma najas. E. viridulum is

similar in appearance to E. najas, though smaller with an abdominal length of

22-25 mm compared to 25-35 mm (D'Aquilar et al., 1986). The extent of the

blue markings on the male's abdomen is the most distinctive identifier, with

segments 2 and 8 being almost entirely blue when viewed from the side in E.

viridulum. In addition, the tenth abdominal segment of E. viridulum viewed

from above appears to have a black "X" mark. There is a sub-species, E.

viridulum orientale, which has different coloration of thoracic antihumeral

stripes. This sub-species is found in Syria and is closely resembles E.

viridulum viridulum from eastern France (Baudot & Jacquemin, 1988).

Tenerals appear a light green/brown colour with a red tint to their eyes. They

can usually be identified from the faint cross mark on the tenth abdominal

segment, which becomes more apparent as maturation occurs.

2



Chapter 1

E. viridulum larvae have rounded, unpigmented lamellae and come to a slight

point (Brook, 2003). E. najas has larger lamellae than E. viridulum with

pigmented vertical stripes (Gerken & Sternberg, 1999). Larvae can be

definitively identified by the presence of setae on the ventral surface of the

posterior margin of the first abdominal segment, but absence of setae on the

mastesternum (Carchini, 1983). Setae are present even on smaller instars of

both E. viridulum and E. najas. Other characteristics of E. viridulum larvae

include a pale stripe running along the caudal surface of the abdomen in later

instars. Colour varies between leaf-green and an earthy brown colour (S.

Keat, pers. obs.).

1.3. Recent distributional changes

1.3.1. Range expansion in Europe

E. viridulum has undergone a significant north-westerly range expansion in

northern Europe in the last 30 years. A comparison of the distribution in

1988 (redrawn from Askew, 1988) compared with the 2006 distribution is

presented in Figures 1.1a, b. It is now a common species in the Netherlands

but up until the seventies it was considered a rare visitor. The first record of

E. viridulum in the Netherlands was from 1917 in the south east of the

country, followed by infrequent sightings over the next six decades (Ketelaar,

2002). In 1971 the first population of seven males and two females was

documented and by the late seventies it was clear that E. viridulum was

expanding its range in the Netherlands, including populations near

Amsterdam and Naarden (Schoorl & Verdonk, 1978). Wasscher (1999)

suggests that E. viridulum may not have been as rare as believed before the

seventies and may have been overlooked or misidentified. During the

nineties the expansion undoubtedly accelerated rapidly and by 1995 E.

viridulum had become the most abundant species in some parts of the

country. In 1995 and 1996, E. viridulum was recorded from six of the seven

Waddensea Islands, where dune pools and agricultural ditches were

occupied. Overall it was the ninth most abundant odonate species in the

Netherlands during the nineties, with some 75,938 individuals recorded
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(Ketelaar, 2002 - source National Dragonfly Database; Dutch Society for

Dragonfly Studies (NVL), EIS-Netherlands and Dutch Butterfly Conservation).

The presence of E. viridulum is recorded in central Europe between 1963

and 1984 (Jacquemin et al., 1987). Records of from Switzerland and France

during this period indicate that it was spreading north and it had reached

Lorraine in north-east France by 1982. Askew (1988) states that the range of

E. viridulum extends northwards, in scattered colonies, to the Netherlands

and north Germany, possibly expanding its range, but it does not reach

England or Scandinavia (see Figures 1.1a, b). In Belgium, E. viridulum was

one of only three species that had significantly expanded it range in the

period 1990-2000 (De Kniff et al., 2001). The southern limit of the range of

E. viridulum is North Africa (Morocco and north-west Algeria) and in the east

to Kazakhstan, Kyrgyzstan, Tajikistan, Turkmenistan, and Uzbekistan. It is

not known if and how the southern range limit has changed in recent years.
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(a) 1988

(b) 2007 r

Figures 1.1a, b. The European distribution of E. viridulum indicated by the

shaded area in (a) 1998 and (b) 2007 (adapted from Askew, 1988).
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Chapter 1

1.3.2. Range expansion in the British Isles

Information within this section that is not quoted has come from records from

the British Dragonfly Recording Network database (courtesy of G. French) or

from the "Hot News" section of the British Dragonfly Society website

(http://www.dragonflysoc.org.uklhome.html).

The first records of E. viridulum in Britain were from three sites within three

miles of each other in the Bradwell-an-Sea area of Essex in 1999 (Dewick &

Gerussi, 2000) (see Figure 1.2). The sites were all between two and four

miles from the coast, situated between the Blackwater and Crouch estuaries.

At one of these sites (Curry Farm) E. viridulum was the dominant species at

that location in 1999, indicating large scale immigration. Tandem flying and

oviposition behaviour was observed at all three sites. Further sites within a

ten to fifteen mile radius were checked but no other colonies were located

(Dewick & Gerussi, 2000).

The initial discovery of E. viridulum in 1999 stimulated further searches in the

summer of 2000 which yielded a number of new sites from Essex and the

Isle of Wight (Cham, 2001). In addition to the three original sites, three

further sites in Essex were added. One of these was around 60-70 km inland

at Lee Valley (see Figure 1.2) and whether this was a result of new

immigration or inland movement was difficult to ascertain. Numbers at the

new sites in 2000 were low, with a maximum daily count of around 10

individuals at the Lee Valley site. At Curry Farm, one of the original sites

from 1999, large numbers of E. viridulum were seen again in 2000 (Dewick,

2004).

At the end of July 2000, colonies were discovered at several sites on the Isle

of Wight, with further colonies found subsequently, spread widely across the

island (Cham, 2001). Neither species of Erythromma had previously been

recorded on the island, though accurate recording of species present was

last carried out in 1996 and for this reason it is impossible to know the exact

year in which E. viridulum arrived there. The widespread colonies and daily
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counts in the upper twenties at many locations indicated that the species only

arrived on the Isle of Wight in recent years (Cham, 2001).

In 2001 the largest immigration of E. viridulum into the British Isles yet seen

was recorded, with sites added along the south east coast including arrivals

in Norfolk, Suffolk, Essex, Kent and the Isle of Wight as well as inland

expansion stemming from the core population in south Essex (Cham, 2002)

(see Figure 1.3). At Curry Farm, one of the original sites, numbers crashed

dramatically in 2001 compared with the huge numbers seen the previous

year (Dewick, 2004), however it was seen at a number of nearby sites,

suggesting that it was then well established in that area of Essex. A large

number of new sites were recorded in Essex in 2001, both along the coast

and further inland. Further north up the coast from Essex, in Suffolk, four

new sites were added, all close to the coast.

Also in 2001 new sites appeared along the north Norfolk coast, thought be

the result of a large scale migration from the continent, most likely. the

Netherlands. Observations at coastal sites in Norfolk suggested waves of

damselflies were coming in from the sea and then moving inland. On 14

August at least 100 individuals were seen in dune pools at Winterton-an-Sea

(see Figure 1.3). These individuals dispersed over the next few days, only to

be replaced by a second wave on the 17 August, which again dispersed by

the 25 August. Sightings inland occurred between 22-28 August, suggesting

westerly movement following their arrival on the coast (Cham, 2002). The

influx into Norfolk coincided with the arrival of a large number of Migrant

Hawkers Aeshna mixta at a well known site for migrant birds and dragonflies

in Great Yarmouth (Cham, 2002).

Further south from the main influx in East Anglia, 2001 saw the first records

for Kent at Folkestone racecourse (see Figure 1.3). A number of sightings at

three Kent locations were made between 13 August and 15 September,

though low numbers compared with East Anglia indicated that Kent was

either on the edge of the main influx from the continent, or lacked the number

of observers present in East Anglia (Cham, 2002).
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On the Isle of Wight, E. viridulum was recorded at 11 sites in 2001, compared

to 13 in 2000 and was absent from some sites where it had been present the

previous year as well as present at some new sites. Daily counts increased

from the previous year, reaching 155, including 38 ovipositing pairs, at one

site. These records indicated that this species had become established on

the Isle of Wight, with individuals attempting to colonise new sites (Cham,

2002).

As well as new immigrants from the continent 2001 saw significant inland

movement originating from the original Essex populations and heading west,

north of the Thames estuary. E. viridulum was recorded in late August at

Priory Country Park, near Bedford (see Figure 1.3), Sundon Quarry, near

Luton and Pitstone, Buckinghamshire. These sites are around 100 km from

the sea and represented the most inland records at this time (Cham, 2002).

In 2002 E. viridulum was recorded further inland from many new sites in

south-east England (see Figure 1.4). However, coastal regions of Norfolk,

Suffolk and Essex recorded fewer sightings of E. viridulum in 2002 than

2001, suggesting little immigration from the continent and possible failure of

eggs to hatch in sub-optimal environments (Cham, 2003), though see

Chapter 5 where voltinism trends are discussed. As such there remained no

definitive proof that E. viridulum was breeding successfully in the British Isles

at this time. Essex maintained its high concentration of sites in 2002,

especially in the area between Basildon and Hadleigh and it was assumed

that it would be found at most suitable sites in south Essex. New sites were

added in Essex and the numbers present at many of the old sites increased.

Numbers at Curry Farm, one of the original sites in 1999, showed a dramatic

resurgence with daily counts peaking at 1,011 on 24 July (Dewick, 2004).

Westerly spread was seen in Suffolk in 2002 from the original coastal sites of

the previous year. Four new sites were added in West Suffolk and some of

the sites from 2001 remained occupied, though daily counts remained only

just into double figures. Westerly spread was also reported in Norfolk and a
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sizeable colony was discovered in Thomas Water, Breckland (see Figure1.4),

representing the most westerly population in the county. E. viridulum was

reported from some, but not all of the coastal sites of 2001 (Cham,2003).

Surprisingly Hertfordshire and Cambridgeshire only yielded one record

between them in 2002, despite more sites being discovered in Bedfordshire,

which is further north-west. Five further sites were added in Bedfordshire

including a large colony at Wrest Park (see Figure 1.4) while the original

Bedfordshire site at Priory County Park remained a stronghold and the most

inland site at that time. Sites in this area were closely monitored by the UK

National Dragonfly Recording Network coordinator, Steve Cham who lives in

close proximity.

The Isle of Wight yielded more sites during 2002, now totalling 20, and higher

counts were recorded at the existing sites. The number of sites in Kent

increased to 13, though these all remained near the coast. Proof of breeding

was confirmed in Kent by the finding of exuviae at Bluewater. The first

county records were reported for East Sussex from sites near Icklesham (see

Figure 1.4) (Cham, 2003).

By 2003 E. viridulum had become a well established species in the UK, with

a widespread distribution at suitable sites between north-east Norfolk and

Kent, with the Isle of Wight population remaining apparently isolated (see

Figure 1.5). Frequently E. viridulum was the dominant species at suitable

sites and at two sites in East Anglia reached numbers into the thousands

(Parr, 2004). With the Essex population forming the core, westerly range

expansion continued in 2003.

2003 saw high occupation of suitable sites and considerable daily counts in

Essex. There was some evidence that sites where numbers were high were

contributing to inland range expansion. Indeed, at Curry Farm the population

gathered into unusually high densities, where at one stage 65 individuals had

settled on two water lilies and considerable numbers were alighting high

upon the reeds. The suggestion that they were preparing to migrate en
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masse was confirmed after a few days when daily counts dropped to tens of
individuals (Dewick, 2004).

After its arrival in Sussex in 2002, E. viridulum continued expanding in 2003

with five further sites being added throughout the eastern part of the county.

Surrey also produced its first records in 2003, with small numbers seen at

Mitcham Common and Blindley Heath (see Figure1.5). Further inland in

Hertfordshire, further reports were added to the previous year's records,

close to the known sites in Bedfordshire (Parr, 2004). Evidence of breeding

at the Bedford sites gave E. viridulum a firm base from which to continue its
expansion further westward (Cham, 2004a).

The well established resident population meant that it was hard to estimate

immigration from the continent in 2003; however individuals seen at

Winterton-on-Sea Dunes, Norfolk, on 20 July were likely to be immigrants

because previous attempts to breed at this site had been unsuccessful.

(Nobes, 2003). Elsewhere in Norfolk, the resident population at Eccles-on-

Sea maintained high daily counts, with sightings between 7July and 23

August and possible fresh immigrants arriving on 21 September (Bowman,
2004) (see Figure 1.5).

2003 brought the first record of E. viridulum for the Channel Isles, with the

first record coming from Guernsey on 13 June. It was seen at several sites,

with ovipositing observed later in the summer (Parr, 2004). It is possible that

a paucity of observers caused this species to be overlooked previously.

Range expansion and fresh immigration continued in 2004 and included

many new county records (see Figure 1.6). Most notably the first records

from Hampshire at Southampton Common finally occurred, presumably as a

result of immigration from the nearby Isle of Wight population (see Figure

1.6). The first week of August saw many new inland sightings, including first

county records for Cambridgeshire at sites including Croxton Heath,

Longthorpe in Northamptonshire, Tring Reservoir, Buckinghamshire and the

Swift Valley Reserve, Warwickshire, all shown on Figure 1.6. The arrival of
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E. viridulum in Warvllickshire, at the Swift Valley reserve near Rugby, made

this the most north westerly site at that time (Parr, 2005). The first records

were also received for Jersey, Channel Islands, in late July.

In addition to range expansion, fresh immigration was again recorded in

coastal Norfolk in 2004. As in previous years, immigration was noted at

Winterton-on-Sea and on August 11 individuals were seen roosting "several

to every bush or tree" in scrub along a 3-4 km stretch of dunes (Parr, 2005).

These individuals were presumably resting at the first available landfall

following migration from continental Europe. Waves of immigration were

noted at Eccles-on-Sea with the largest occurring on September 4 (Parr,

2004). By now there was a common pattern of immigration occurring in late

August and early September at these sites, presumably when numbers in

continental Europe had reached their climax and weather conditions were

favourable.

There was much less range expansion in 2005 than in previous years (see

Figure 1.7). There was consolidation of the area around the Thames valley

and westerly movement by 40.1 km at the northwest range margin. There

was some inland movement in Norfolk, Suffolk and Kent. The most westerly

site to be added in 2005 was at Hampton-in-Arden, Warvllickshire, close to

the Swift Valley Reserve. Steve Cham noted in 2005 that E. viridulum was

emerging earlier each year at the Bedfordshire sites and was on the wing

during much of June compared to its first emergence during July a few years

before. The period of emergence was a little longer in 2005 than in previous

years, with the earliest record on 14 June and the last on 2 October,

suggesting that the British phenology was becoming more similar to that in

the Netherlands (Wasscher, 1999).

After a quieter year in 2005, E. viridulum made significant westerly and

northerly range expansions again in 2006, with many new county records

(see Figure 1.8). First county records came from Leicestershire where seven

sites were discovered between July and early August. New county records

also came from Lincolnshire at the most northerly records to date from Oak
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Road Lake, Hull, East Yorkshire (see Figure 1.8) and the nearby canal at

Spurn. As these sites were >100 km from the nearest British population, it

seems probable that these were new immigrants from continental Europe.

Proof of E. viridulum breeding in Northamptonshire was recorded at Lyveden

New Bield, where in July larvae were identified and later up to 40 adults were

seen ovipositing.

In late July and early August 2006 there was a notable westerly migration

with new records coming from Coombe Hill Meadows near Swindon in

Wiltshire and as far west as Bath University in Avon and Severn Beach pools

in Gloucestershire, all shown in Figure 1.8. There were also new sightings

further west along the south coast, with the first Somerset record coming

from Bennett's Water Gardens near Weymouth (James Bennett, pers.

comm.) (see Figure 1.8). However the most westerly sighting in 2006 came

from Lower Bruckland Farm lakes in south Devon (see Figure 1.8). As these

records were close to the coast it begs the question as to whether these were

immigrants from continental Europe or migrants from the Isle of Wight and

Hampshire populations. If either of these populations were the source, it

represents a sizeable migration as the nearest French coast is around 150

km away and the Isle of Wight is 120 km west of the Devon site, though it is

possible they originated from an undiscovered site.
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LeeValley.

Figure 1.2. Distribution of Erythromma viridulum in the British Isles in 2000

(source: British Dragonfly Recording Network).
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Figure 1.3. Distribution of Erythromma viridulum in the British Isles in 2001

(source: British Dragonfly Recording Network).
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Figure 1.4. Distribution of Erythromma viridulum in the British Isles in 2002

(source: British Dragonfly Recording Network).
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Figure 1.5. Distribution of Erythromma viridulum in the British Isles in 2003

(source: British Dragonfly Recording Network).
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Figure 1.6. Distribution of Erythromma viridulum in the British Isles in 2004

(source: British Dragonfly Recording Network).
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Figure 1.7. Distribution of Erythromma viridulum in the British Isles in 2005

(source: British Dragonfly Recording Network).
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Figure 1.8. Distribution of Erythromma viridulum in the British Isles in 2006

(source: British Dragonfly Recording Network).
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1.3.3. Rate of range expansion

The rate of range expansion over the years since E. viridulum has been

recorded in the UK does not appear to be constant. Figure 1.9a presents

three measures of the rate of range expansion in the British Isles using data

from the Dragonfly Recording Network (courtesy of G. French). It shows that

the greatest northerly expansions occurred in 2001 and 2006, which was

likely to be because of new immigration from the continent in those years

which was observed at coastal sites (Cham, 2002,

http://www.dragonflysoc.org.uklhome.html). The large range expansions

recorded in 2006 may have been partially attributable to the high July

average temperature of 20.3°C (see Figure 1.9b). Westerly movement has

occurred at a steadier rate, though the greatest expansion occurred in 2006,

again probably because of fresh range expansion from continental Europe at

sites in Somerset and Devon. Westerly expansion has proceeded at an

average rate of 31.68 km per year. The number of sites at which E. viridulum

has been recorded has grown steadily since its arrival, though dipped in 2002

and 2005, suggesting either little immigration, failure to breed successfully, a

semivoltine life cycle or differences in recording effort.
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Figures 1.9a, b. (a) Rate of range expansion of E. viridulum in the British

Isles, where range expansion is measured by northerly range extension,

westerly range extension (excluding the Isle of Wight) and the number of sites

at which E. viridulum was recorded by the British Dragonfly Recording

Network (data courtesy of G. French). (b) Monthly average temperature in

south-east England for July and August (source: Met Office website

http://www.metoffice.gov.uklindex.html).
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1.4. Physical and environmental requirements

1.4.1 Habitat and water chemistry

The distribution of E. viridulum suggests that it is relatively tolerant of a range

of habitats and that the most important factor is the presence of aquatic

plants. The size and types of water body that E. viridulum have been found

at, both in the UK and continental Europe, are diverse. In the British Isles the

species is typically found at small to medium sized ponds, or still water

habitats, with abundant aquatic vegetation. It has however been found at

sites including ponds, dune pools, small lakes, farm reservoirs, gravel pits,

ornamental lakes and drainage ditches (Cham, 2003) and in Norfolk was

observed in Crome's Broad and Catfield Fen (Cham, 2002).

In Mediterranean France, motorway storm retention ponds were found to be

attractive habitats for E. viridulum, which was generally uncommon in the

study region (Scher, 2005). E. viridulum in the Netherlands typically inhabits

small eutrophic waters with abundant aquatic vegetation. It is found in

agricultural ditches, ponds, fen waters, disconnected river branches, loam

pits and chalk quarries. The species has a broad habitat spectrum and

occurs less frequently on acid moorland pools, shorelines of large lakes,

dune pools and running water (Ketelaar, 2002). Similar habitats are used in

southern Germany although shallow bog pools provide thermally favourable

habitats in northern Germany and the foothills of the Alps (Sternberg &

Buchwald, 1999).

Wasscher (1999) revealed in a study of water phosphate levels that E.

viridulum tends to be rare in waters with very low phosphate content and

tends to prefer eutrophic habitats. The species is occasionally present in

mesotrophic waters and hypertrophic waters support fewer colonies than

eutrophic (Sternberg & Buchwald, 1999). A detailed account of the

environmental factors important to E. viridulum are summarised in Table 1.1.
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Table 1.1. Summary of physical and environmental factors known to affect

distribution of E. viridulum.

Factor Comment Reference

Air temperature Adult activity only above 16°C
Sternberg &
Buchwald (1999)

Extremes of surface freezing in
Water winter to summer temperature Sternberg &
temperature higher than 30°C in southern Buchwald (1999)

Germany

Mean July
In study area, E. viridulum confined Sternberg &

temperature
to areas with average July Buchwald (1999)
temperature >17°C

Size of water
Sternberg &

body
Small ponds to lakes Buchwald (1999)

Cham (2002)

Water flow
Larvae restricted to areas with little Sternberg &
or no flow Buchwald (1999)

High wave action impacts Hunger (1998)
Wave action oviposition and emergence, Sternberg &

continual disturbance not tolerated Buchwald (1999)

Water depth
Tens of centimetres to tens of Sternberg &
metres Buchwald (1999)

Sternberg &
Water nutrients Generally eutrophic waters Buchwald (1999)

Wasscher (1999)

Water phosphate Rare in waters with low phosphate Wasscher (1999)

Shading
Adults and larvae prefer sunny Sternberg &
conditions Buchwald (1999)

Trees Not necessary but provide shelter Sternberg &
for adults Buchwald (1999)
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1.4.2. Aquatic macrophytes

E. viridulum is characterised by its ability to rapidly colonise as well as its

adaptability to novel habitats. Nonetheless it seems to have distinct habitat

requirements and preferences for long term success at a given site, the most

important of which being the presence of aquatic macrophytes on the water

surface. Dense rafts of aquatic macrophytes that reach the surface at the

time when oviposition occurs and that make up a mosaic-like pattern on the

water surface being preferred. This was confirmed by multivariate analysis,

which showed that E. viridulum was more positively correlated with floating

macrophytes than all other environmental variables looked at, including bank

openness, pioneer plants, low growing vegetation, rushes and reeds and

water persistence (Schindler et al., 2003). It is believed that these

macrophytes are preferred because they act as a site for oviposition, a safe

larval habitat and as a site for emergence (Hunger, 1998).

.The species of plant associated with E. viridulum in the UK are most notably

Ceratophyllum demersum (Rigid Hornwort) and Myriophyllum spicatum

(Spiked. Water-milfoil) (Raab, 1996; Hunger, 1998; Cham, 2001, 2004;

Ketelaar, 2002). These species provide the fine-leaved, submerged

vegetation preferred. Algal mats are another commonly used perch and

oviposition site, which may come about from E. viridulum's apparent

preference for eutrophic waters (Wasscher, 1999). Plants with floating

leaves, such as lilies, are used as perches by adult males but are unsuitable

for oviposition and on their own are not sufficient (Hunger, 1998). The

emergent plant Crassula he/msii (New Zealand Water Stonecrop) is used as

a perch and ovipositing site at East Ruston, Norfolk (pers. obs.). It must be

noted that preference for particular plants species can only be estimated

because the availability of each has not been quantified. Plant species found

in association with E. viridulum are presented in Table 1.2.

Analysis of the distribution of E. viridulum larvae showed that they were most

abundant on submerged macrophytes, occasionally found in the littoral zone

and rarely found on the bottom (Solimini et al., 2003). Little is known of the

macrophyte species preferred by E. viridulum larvae, though from field work,
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they have most frequently been caught among the species preferred as adult

oviposition sites (Ceratophyllum demersum and Myriophyllum spicatum).
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Table 1.2. Plant species found in association with E. viridulum.

Species Common Name Reference

Ceratophyllum demersum Rigid Hornwort Raab (1996)

Hunger (1998)

Bonsel (1999)

Cham (2001)

Ketelaar (2002)

Cham (2004b)

Myriophyllum spicatum Spiked Water-milfoil (as above)

Hippurus spp. Marestail Cham (2003)

Potamogeton natans Broad-leaved Pondweed Cham (2002)

Potamogeton spp. Hunger (1998)

Polygonum amphibian Amphibious Bistort Cham (2002)

Elodea nuttallii Nuttall's Waterweed Cham (2001)

Nymphaea alba White Water Lily Hunger (1998)

Cham (2004a)

Nuphar lutea Yellow Water Lily Hunger (1998) ,

Cham (2004b)

Sphagnum spp. Sphagnum moss Wasscher(1999)

Crassula helmsii New Zealand Water Stonecrop Pers.obs.
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1.5. Adult behaviour

At temperatures above 16°C adult male E. viridulum are typically seen

perching on floating aquatic vegetation or emergent plants away from the

waters edge. When resting the end of the tail of male E. viridulum often curls

upwards in contrast to E. najas, whose tails remain straight (Cham, 2000).

When not resting on vegetation, they tend to fly low over the water with a

strong direct flight. E. viridulum typically remain around areas of aquatic

vegetation, though can occasionally be seen traversing expanses of open

water. Males tend to adopt a temporary territory that they will defend inter

and intra-specifically. Territories are defended with aerial battles and seized

by hovering on or above competitors.

During periods of low light and cool weather E. viridulum rests on emergent

and marginal plants around the edge of the pond such as rush and iris

species (family: Juncaceae and family: Iridaceae respectively). If the

weather further deteriorates E. viridulum will move higher up the vegetation

surrounding the pond. In the event of rain E. viridulum can be seen making·

flights to roost in the tops of trees. When populations reach very high

densities they can be seen resting in trees and bushes. Dewick (2004)

reported from Curry Farm, Essex, "In the early years E. viridulum seemed

strictly confined to the immediate surroundings of the various ponds and

lakes, but in 2003 large numbers were sometimes to be found well away from

the water. This was particularly so on sunny evenings, when 100 or more

would be found basking in the shelter of a suitable length of hedge". Newly

arriving immigrants to the British Isles have also been known to rest in trees

and bushes as they make first landfall (Parr, 2005).

European species of Zygoptera and Gomphidae tend to emerge in an upright

position and are thus able to emerge on horizontal substrates (Schmidt,

1991). All species show a preference for emergence on vertical stems

though both UK Erythromma species show an ability to emerge horizontally

on plants on the water surface. It is thought that this may be an adaptation

for species that live on the open water. It is postulated that the ability to

emerge horizontally on floating vegetation is an advantage because it means
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it is unnecessary for larvae to travel to the shore, thereby reducing their

exposure to fish or frog predation (Schmidt, 1991). Typical species of plants

used for emergence are members of the genera Nymphaea and Hydrocharis,

and also from algal mats (S Keat, pers. obs.). During emergence sometimes

only the head and thorax are visible above the water surface.

Following emergence and expansion and maturation of teneral's body and

wings, the first flight of E. viridulum is typically a matter of a few metres into

the vegetation surrounding the pond. During evening E. viridulum tenerals

make a steep flight, often high into trees and bushes surrounding the pond,

where presumably they rest until capable of stronger flight the next day.

Odonate genetic sex determining mechanisms is almost always XO and XX,
with male heterogametic sex (Kiauta, 1969) and should produce an even sex

ratio. However, populations of adult odonates often have temporarily or

permanently biased sex ratios (e.g. Stoks, 2001a, b; reviewed by Corbet,

1999) , though the biological significance of this is not yet fully understood.

In my total sample there were 1,564 males and 216 females giving an

approximately 7:1 male:female ratio, though this result is likely to have been

affected by behaviourally mediated differences in probability of capture

between the sexes (Garrison & Hafernik, 1981). Sex ratios at breeding sites

are male biased, because mature males are present all the time, whereas

females tend only to visit breeding sites when they have a clutch of eggs to

lay, which may be every 2-3 days. As a result of this sex bias, female E.

viridulum are almost always seen flying in-tandem with a male, often pursued

by groups of competitors and tend to arrive at the breeding site in tandem.

E. viridulum oviposits in tandem, with the male in the sentinel position,

immediately after copulation but, unlike E. najas does not submerge when

doing so. Mating takes place over the water, or in bankside vegetation,

including trees. Eggs are typically laid into the undersides of floating

vegetation away from the edge of the pond. When populations are large they

tend to oviposit in groups, sometimes forming interspecific groups with E.

najas (Cham, 2004b). Group ovipositing is thought to increase breeding
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success and survival (Corbet, 1999). Ovipositing E. viridulum are sensitive to

approaching fish and flyaway when they detect either underwater

movement, or the ripples they cause (Cham, 2004b).

1.6. Colonisation characteristics

E. viridulum is typically an early coloniser of new habitats and was one of the

first species to arrive at a newly created pond in Vienna, Austria (Raab et al.,

1996). The rapid rate at which E. viridulum has spread northwards in Europe

and its ability to cross the English Channel (a distance of >30 km from

continental Europe) in large numbers demonstrates its long range dispersal

capability. How does E. viridulum go about successfully dispersing in large

enough numbers to start viable new colonies? It seems that migration events

occur when populations reach critically high densities, as observed for many

odonate species (reviewed by Corbet, 1999) although inverse density

dependent movement has been recorded in other odonates (e.g. Rouquette

& Thompson, 2007). . Dewick. (2004) observed individuals, at a highly

populated site, gathering together uncharacteristically when at high densities,

then in the following few days leaving within a short period. It appears that

when populations reach a certain threshold density, they will group together

and emigrate. Despite a potential cost to dispersal, this is potentially an

effective strategy because the likelihood of a viable new population being

created is increased with mass migration and will tend to ameliorate

problems associated with small populations such as inbreeding depression

(Charlesworth & Charlesworth, 1987; Frankham et al., 2002; Allendorf &

Luikart, 2007).

Odonates are typically accomplished fliers, however smaller species, such as

most zygopterans, are expected to take advantage of prevailing weather

conditions to migrate long distances (reviewed by Corbet, 1999). An insight

into the strategy used for dispersal by E. viridulum came from a light trap

normally used for catching moths. On 29 July 2003 an E. viridulum male was

caught in a light trap that had been set in the dark and taken in about half

and hour before there was any light in the sky at Icklesham, East Sussex

(Jones, 2004). This individual was most likely a migrant that had been
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travelling by night; a common migratory technique by insects (Drake, 1984;

Beerwinkle et al., 1994). Migrants taking off at or after dusk ascend under

their own power to exploit the steady, fast winds at altitudes of 100-2,000 m,

which are capable of transporting them rapidly over very large distances

(Gatehouse, 1997). The potential scale of displacement by wind-borne

migration is generally substantially greater for nocturnal than for diurnal

migrants (Drake & Farrow, 1988) and species that must track changes in

habitat availability on a regional or geographic scale generally fly by night

(Gatehouse, 1997). Large scale seasonal migrations by night have been

documented in one of the most globally common species of dragonfly,

Pantala f1avescens, in China. Radar observations indicated this species

regularly makes journeys of 150-400 km in a single flight at altitudes of up to

1,000 km over open sea (Feng et al., 2006). Long distance and/or one-way

migrations appear to be typical of species that occupy temporary habitats or

have to disperse to find seasonal refuges from severe weather conditions

(e.g. monsoon) (Corbet, 1999).

Patterns of colonisation in the Netherlands did not follow a simple northerly.

expansion but show an apparent tendency to follow the course of the Rhine-

valley and its branches (Ketelaar, 2002). Thus it is expected that the

expansion of E. viridulum in the UK may also be dependent on connectivity

between water courses. Indeed, the current distribution of E. viridulum

indicates that the Thames valley has been an important feature in the

colonisation of the British Isles.

1.7. Phenology

The flight period in the British Isles, using all recorded data 1999-2005 from

the British Dragonfly Recoding Network (courtesy of S. Cham) is shown in

Figure 1.10. It shows the flight period in the British Isles extends from the

beginning of June until the start of September. The earliest recorded

sightings in the British Isles were on 6 June at a number of sites including

Wrest Park, Bedfordshire, Priory Park, Bedfordshire, and Marvel Farm, Isle of

Wight. There was also an unconfirmed, but likely, sighting on 31 May at
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Curry Farm Essex (Dewick, 2004). The peak period of adult activity occurs

around mid August. The latest recorded sighting was on 2 October at Earls

Barton Gravel Pit, Northamptonshire. The first adult emergences recorded in

Britain, were during June in Essex. The first emergences on the continent

are usually about 2-3 weeks later, with numbers peaking between the end of

July and the middle of August (Wasscher, 1999). In the Netherlands, the

flight period is currently longer than in the British Isles and extends from the

end of May to the first week of October (Wasscher, 1999).

1.8. Community effects of invasion

Interspecific competition is likely to be most crucial at the larval stage of

development because competition for food and predation on conspecifics can

occur. The effect of the arrival of E. viridulum on freshwater communities in

the UK is hard to predict with the current limited knowledge of its ecology and

behaviour. However, the sheer numbers of individuals present at some sites

would suggest that it has the potential to bring about community level

perturbations. When the Golden-ringed dragonfly, Cordulegaster boltonii

"invaded" a well documented stream community, niche space became more

tightly packed and it was predicted that this might in cause species existing

in similar niche space to go extinct (Woodward & Hildrew, 2001). However,

unlike C. botonii, E. viridulum is unlikely to become the top predator in

aquatic communities because larger odonate larvae or teleosts are already

present in many of these ecosystems.

1.9. Summary
A wide range of taxa appear to be shifting their range margins northward,

apparently in response to global climate change. The range expansion of E.

viridulum, both in northern Europe in the last 30 years and the British Isles

since 1999 has occurred at a rapid rate. Large numbers of migrants have

crossed the English Channel, arriving at the British coast between Devon and

East Yorkshire. This has been facilitated by E. viridulum's high migration rate

and ability to locate and colonise suitable new habitats. This species is
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relatively eurytolerant, though shows specific habitat preferences, the most

important of which is the presence of abundant floating aquatic macrophytes.

Connectivity between freshwater systems is another important factor in the

spread of E. viridulum, with the Rhine valley in Europe and the Thames

valley in the UK acting as colonisations routes. The rapid expansion of this

species throws up many questions about origins of the British population and

the causes and effects of such an event, some of which will be addressed in

later chapters.
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Figure 1.10. E. viridulum flight period in UK using 1999-2006 data from

British Dragonfly Recording Network (courtesy of G. French).
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Chapter2

Isolation of microsatellite loci in the small red-eyed damselfly,

Erythromma viridulum, using an enrichment approach.

2.1. Introduction

Genetic approaches to answering fundamental problems in ecology are

becoming increasingly more efficient, powerful and flexible. For example, for

natural populations it is now possible to accurately determine parentage and

reproductive success, dispersal rates, effective population size and quantify

the signal of historic events from contemporary spatial genetic structure

(reviewed by Jarne & Lagoda, 1996; Sunnucks, 2000; Frankham et a/., 2002;

Seebee & Rowe, 2004; Excoffier & Heckel, 2006; Selkoe & Toonen, 2006;

Allendorf & Luikart, 2007). However, there are considerable differences in

the characteristics of different types of molecular-genetic markers and it is

crucial that the choice of marker is appropriate to the problem being tackled"

(Sunnucks, 2000; Schl6tterer, 2004). When selecting a molecular marker

one must be aware of many different competing factors, for example, the

sensitivity (i.e. level of polymorphism) of loci, their practical pitfalls, their

functionality or neutrality and the time and expense associated with a

particular technique. A critical assumption of studies that aim to resolve

evolutionary processes such as patterns and rates of dispersal and genetic

drift is that the genetic loci used are selectively neutral (Whitlock &

McCauley, 1999; 8eebee & Rowe, 2004).

Microsatellite loci are tandem repeats of short (2-6 base pair) DNA motifs

(e.g. "CA" repeated ten times) and therefore they are also known as simple

sequence repeats (SSR), variable number tandem repeats (VNTR) and short

tandem repeats (STR). This class of genetic markers has been found to be

typically abundant in the genomes of all prokaryotic and eukaryotic

orqanisrns analysed to date, occurring in both coding and non-coding

regions. Different alleles at a microsatellite locus vary in the number of core
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repeat motifs, typically between 5 and 40 units, although longer arrays of

repeat units appear typical of certain taxa such as teleosts, while many insect

species appear to have rather short, and infrequently distributed,

microsatellite loci (see Amos, 1999). Dinucleotide (2 bp motifs), trinucleotide

(3 bp motifs) and tetranucleotide (4 bp motifs) repeats are the most

frequently employed categories of repeat unit for molecular genetic studies.

Dinucleotide repeats account for the majority of microsatellites isolated for

many species (U et al., 2002), probably because they are the most abundant

class of marker in the genome, although they can often suffer from problems

when resolving alleles because of slippage during peR that causes stutter

banding (see Figure 2.2 for example of stutter bands). Trinucleotide and

hexanucleotide (6 bp) repeats are the most likely repeat classes to appear in

coding regions because they do not cause a frameshift when alleles expand

or contract (Toth et al., 2000).

Mutation at microsatellite alleles, which occurs in the form of slippage and

proofreading errors during DNA replication, primarily changes the number of. . .
repeats (i.e. the length) of the microsatellite array (Jarne & Lagoda, 1996).

Typically new alleles are formed by gain or loss of a single repeat motif,

which is characterised by the stepwise model of mutation (SMM, Ohta &

Kimura, 1973). However, multi-step mutations (i.e. expansion or contraction

of >1 repeat motifs) have also been documented (Amos, 1999; Xu et al.,

2000; Harr et al., 2002; Huang et al., 2002). This type of mutation is

addressed by the two-phase model (TPM; DiRienzo et al., 1994) that allows

mutations of 1 repeat (one-phase) with probability p and mutations of ~

unit(s) (two-phase) with probability of 1-p. Irrespective of the appropriate

mutational model, because alleles vary in length, rather than an alteration to

the underlying sequence, they can be readily distinguished by acrylamide gel

electrophoresis, thereby permitting high-throughput genotyping for a fraction

of the cost and time compared with direct sequencing. Because most

microsatellite loci are situated in non-coding genomic regions they can

tolerate high rates of mutation (e.g. between 10-2 and 10-6 mutations per

locus per generation, and on average 5x10-4), which generates the high

levels of polymorphism necessary for genetic studies of processes acting on
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ecological time scales (Schlotterer, 2000). In short, their high levels of

variability and relative ease of survey mean that they are the genetic marker

of choice for studies of population genetic structure or parentage (Selkoe &

Toonen, 2006). One potential drawback with using microsatellite loci,

however, is that typically they must first be isolated de novo from the target

species.

Until recently, panels of microsatellite loci have been published for relatively

few species of odonate: Ischnura elegans (Cooper et al., 1996),

Megaloprepus coerulatus (Fincke & Hadrys, 2001), Nehalennia irene (Wong

et al., 2003), Coenagrion mercuriale (Watts et al., 2004b, c), Trithemis

arteriosa (Giere & Hadrys, 2006), Anax imperator (Hadrys et al., 2007a),

Orthetrum coerulescens (Hadrys et al., 2007b) and Coenagrion puel/a (Lowe

et al., 2007). Given that cross-species amplification of microsatellite loci is

certainly possible in various taxa (e.g. Kemp et al., 1995; Ellegren et al.,

1997; Galbusera et al., 2000; Watts et al., 2001; Cunha & Watts, 2007),

including odonates (Watts et al., 2004b), it is possible that genetic studies

may be feasible for many other odonate species without the need for further

microsatellite development. However a drawback of this approach is the

characteristic reduction in the level of polymorphism observed in the non-

target species (Ellegren et al., 1997; Galbusera et al., 2000; Watts et al.,

2004a). Moreover, given the relatively poor-amplification success of loci

developed for C. mercuriale in other members of the Coenagrionidae (Watts

et al., 2004b) it is clear that only a panel of microsatellite loci isolated

specifically from the genome of the small red-eyed damselfly Erythromma

viridulum will provide the necessary numbers of polymorphic loci for

meaningful population-genetic analyses.

A wide range of techniques have been developed to improve the efficacy of

isolation of microsatellite loci (reviewed by Zane et al., 2002; Selkoe &

Toonen, 2006). The method I employed was taken from a guide to

microsatellite library enrichment provided by Bloor et al. (2001), which is

based on protocols developed by Refseth et al. (1997), Fischer & Bachmann

(1998), Gardner et al. (1999) and Hamilton et al. (1999).
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The aims of this chapter are (1) to isolate and characterise a panel of

microsatellite loci from the genome of E. viridulum and (2) contrast levels of

genetic diversity in microsatellite loci isolated from a variety of odonate

species. The short publication in Molecular Ecology Notes that describes the

microsatellite loci that were found to be polymorphic in E. viridulum is

provided in Appendix 2.1.

2.2. Methods

2.2.1. Sample collection
Adult E. viridulum were collected using a dragonfly net with a 2 m extendable

pole. To implement a general policy of non-destructive sampling where

possible, hind tibias were removed from most samples and the adults

released, as removal of a single leg has been shown not to measurably affect

fitness in damselflies (Finke & Hadrys, 2001). However, to obtain enough .

DNA for microsatellite library construction (Sections 2.2.3 onwards) 2 adults

were caught and killed in 2003 in Essex. Whole bodies were stored in 50 ml

centrifuge tubes and leg samples in individual 1.5 ml microcentrifuge tubes in

excess 70 % ethanol and maintained at 4"C until DNA extraction.

2.2.2. DNAextraction
Total genomic DNA was extracted using the high salt protocol of Sunnucks &

Hales (1996). Briefly, for library construction thoracic muscle tissue was

dissected from the thorax and blotted dry until the all traces of ethanol had

evaporated. Leg or tissue samples were incubated in 300 or 500 ~Iof TNES

buffer (50 mM Tris pH 7.5, 400 mM NaCI, 20 mM EDTA, 0.5 % SOS)

respectively with 20 or 15 ~I of 10 rnqml" Proteinase-K (Promega) at 50cC

for at least 4 hrs. Followlnq digestion, samples were then spun in a

microcentrifuge at 13,000 rpm for 6 mins and the supernatant poured into a

fresh 1.5 ml microcentrifuge tube. Two volumes of absolute ethanol (-20°C)

was added to the supernatant which was then allowed to precipitate

overnight at -20°C. Samples were spun at 13,000 rpm for 30 mins at 4°C

and the supernatant removed carefully so as not to dislodge the precipitated
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DNA pellet. DNA Pellets were gently washed twice with 500 III ice-cold 70 %

ethanol and allowed to air dry. DNAs from thorax muscle or legs were then

re-suspended in 30 or 20 III 1X TE buffer (10 mM Tris-HCI, 1 mM EDTA)

respectively.

2.2.3. Digestion of DNA and adapter ligation

Genomic DNA from the flight muscle of two adult E. viridulum was combined.

Nine Ilg of this DNA was digested at 37°C for 2 hours using 40 u Sau3A

restriction enzyme (Soehringer-Mannheim) in a final volume of 90 Ill. The

DNA fragments were then ligated to 50 pmol of phosphorylated linkers

(SaulA -> 5'-GGC CAG AGA CCG GAA GCT TCG -3' annealed to SaulS->

5'-P04-GAT CCG AAG CTT GGG GTC TGT GGC C-3'; Refseth et al., 1997)

using 40 u T4 DNA ligase (Promega) and incubation at 4°C overnight. The

enzymes were then inactivated by heating to 65°C for 10 mins.

2.2.4. Size selection and peR-amplification of adaptor-ligated DNA

All digested DNA was electrophoresed for 20 mins at 100 v on a 2 % agarose

gel containing 0.5 Ilgmr1 ethidium bromide and then run alongside a 100 bp

PCR ladder (Promega). Under ultraviolet light the fraction of digested DNA

between 300 and 1,100 bp was excised using a sterile scalpel and placed

into a pre-weighed 1.5 ml microfuge tube. DNA was then purified using

QIAquick gel extraction kit (Qiagen) according to the manufacturer's protocol.

The size-selected DNA was concentrated to a final volume of 15 III using a

Microcon YM-100 spin column (Millipore). Confirmation of successful ligation

was achieved by 10 pi PCR that contained: 1 III DNA, 75 mM Tris-HCI, 20 mM

(NH4hS04, 0.01 % (v/v) Tween 20®, 0.2mM each dNTP, 1.5 mM MgCI2, 250

pmol primer SaulA and 0.625 u Taq polymerase (ABgene). Thermal cycling

conditions were: 95°C for 5 min, followed by 30 cycles of 95°C for 50 s, 56°C

for 1 min, and 72°C for 2 min, and finally 72°C for 10 min. PCR success was

determined by running 5 III of PCR product on a 2 % agarose gel alongside a

100 bp DNA ladder (Promega) with success indicated by a smear between

300 and 1,100 bp.
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2.2.5. Capture of microsatellite DNA-containing fragments

100 ~I of streptavadin-coated magnetic beads (10 rnqrnl") (M-280

Dynabeads, Dynal) were washed twice with 100 ~I of 1X Washing/Binding

(W/S) buffer (1 M NaCI, 10 mM Tris-HCI pH 7.5, 1 mM EDTA) in a 0.5 ml

microcentrifuge tube. Magnetic beads were then resuspended in 200 ~I of

2X W/B buffer to which 200 pmol of 3'-biotinylated oligonucleotide (100 mM)

(CA12)was added and then the mixture made up to a final volume of 400 ul.

The sample was incubated at room temperature for 30 min with gentle

agitation by pipetting every 5-10 min. Next, the beads were washed once in

400~11XW/S, twice in 400 ~Iof 6X SSC, and then re-suspended in 50 ~16X

SSC and incubated at 60°C. In a separate 0.5 ml microcentrifuge tube 10 ~I

of the ligated DNA, 20 pmol of SauLA and 20X SSC (i.e. a final concentration

6X) were made up to 50 ~I final volume and gently mixed with a pipette and

denatured by incubation at 95°e for 5 min. After this, the temperature was

ramped down to 60°C and the contents of the resuspended bead mixture

added to the single-stranded DNA sample and gently mixed. The adaptor-

ligated / bead-probe mixture was then incubated' at 60°C for 30 min, with

gentle agitation every 5 min. Next, the magnetic beads were separated from

. the supernatant using a magnet and the supernatant removed. Magnetic

beads were re-suspended in 100 ~I of 2X sse and washed a further four

times with 1 ml 2X SSC, incubating the sample for 5 min at room temperature

between each wash. Following this, the bead mixture was washed an

additional four times in 1X SSC, with incubation for 5 min at room

temperature. After the final wash, the bead mixture was re-suspended in 100

~Iof 1X sse and aliquotted into four 25 ~I samples. 250 ~I of 1X sse was

added to each aliquot which was then incubated at 60°C for 10 min. The

supernatant was removed and the beads rinsed for 30 s at room temperature

in 400 ~I of 1X TE. The supernatant was again removed and the beads

rinsed for 30 s at room temperature in 400 ~I 50 mMNaC!. Finally, aliquots

were re-suspended in 50 ~I PeR-grade water giving a final bead

concentration of 5 ~g~r1.
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To check quantity of enriched DNA, a peR was set up in a 10 ~I final

reaction volume consisting of 40 ~g bead suspension, 75 mM Tris-HCI, 20

mM (NH4)2S04, 0.01 % (v/v) Tween 20®, 0.2 mM each dNTP, 1.5 mM MgCI2,

30 pmol SauLA and 0.625 u Taq polymerase (ABgene). PCR conditions

were 95°e for 3 mins, 3 cycles of 95°e 30 s, 55°C 30 s, 72°C 45 s, followed

by 30 cycles of 92°C 30 5, 55°C 30 s, 72°C 55 s, and finally 72°C for 10 min.

5 ~I of the PCR product was run on a 2 % agarose gel for 20 min at 100 v

alongside a 100 bp ladder (Promega), with successful capture and PCR

indicated by a smear between approximately 0.3 and 1.1 Kbp. PCR products

were then purified using a QIAquick PCR purification kit (Qiagen) according

to the manufacturers protocol.

2.2.6. Ligation and transformation

Approximately 50 ng of PCR purified products were ligated into 50 ng of

pGEM-T vector (Promega) using 3 Weiss units of T4 DNA ligase in a 10 ~I

final volume following the manufacturer's instructions. The ligation mixture

was incubated overnight at 4°C to provide the maximum number of

transformants.

Several aliquots of 2 ~I of the ligation mixture were then each transformed

into 100 III JM 109 high efficiency competent Escherischia coli cells

(Promega), again following the manufacturer's exact protocol. 50 III of each

transformation reaction was plated onto S-gal agar (Sigma) plates containing

100 Ilgmr1 ampicillin (Sigma) and incubated overnight at 37°C; bacterial

colonies with a vector and an insert were identified because of their white

colour.

2.2.7. Library construction and microsatellite screening

Using a sterile toothpick, white colonies were picked and swirled in one we"

(of a 96-well plate) containing 100 ~I LB media and ampicillin (final

concentration of 100 uqml"). For rnicrosateltite screening, the same

toothpick was then swirled into a corresponding we" of a 96-we" plate

containing 20 ~I peR consisting of 75 mM· Tris-HCI (pH 8.8), 20 mM
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(NH4)2S04, 0.01 % (v/v) Tween20, 0.2 mM each dNTP, 1.5 mM MgCI2, 10

pmol SauLA, 10 pmol CA15 oligonucleotide and 0.25 u Taq polymerase

(ABgene). LB/ampicillin plates were incubated at 3rC for 3-4 hours and

then 100 III of sterile LB/30 % glycerol was added to each well; these

LB/glycerol plates are then stored indefinitely at -80°C. Thermal cycling

conditions for the microsatellite-screening PCR were: 95°C 3 min, 3 cycles of

95°C 30 s, 56°C 30 s, 72°C 45 s, followed by 30 cycles of 92°e 30 s, 56°C

30 s, 72°C for 55 s, and finally 72°C for 10 min. 5 III of the PCR product was

run alongside a 100 bp PCR ladder (Promega) on a 2 % agarose gel

containing ethidium bromide (at a final concentration of 0.5 Ilgmr1) at 100 v

for 20 min. When visualized under UV light, a double banded PCR product

indicated the presence of a microsatellite containing insert.

2.2.8. Sequencing microsatellite containing inserts

From the libraries constructed above, E. coli bearing plasmids with

microsatellite inserts were streaked onto single LA/ampicillin (100 uqrnl")

plates and incubated at 37°C overnight. Single colonies were inoculated into

individual 50 ml Falcon tubes containing 10 ml of LB/ampicillin and grown

overnight at 3rC with gentle shaking (at 150 rpm). Plasmids were prepared

from 2 ml of this culture using a Qiagen plasmid mini kit according the

manufacturer's instructions. I then cycle-sequenced 178 positive clones

using standard M13 forward primer (5'- TGT AAA ACG ACG GCe AGT 3')

and Big Dye™ chemistry (Applied Biosystems) and electrophoresis on an

ABI3100 (Applied Biosystems). Sequences were analysed using SEaScAPE

v 2.0 (Applied Biosystems) to identify microsatellite repeat motifs. Samples

containing five or more microsatellite repeat units were reverse sequenced

using M13 reverse primer (5'- CAG GAA ACA GCT ATG ACC 3') and the

reverse and forward sequences aligned with SEaScAPEv. 2.0 (Applied

Biosystems) to check for consistency.

2.2.9. Primer design and peR optimisation

Primers flanking microsatellite sequences were designed using PRIMER2

software (S.J. Kemp, unpublished). PCR conditions for each primer pair

37



Chapter 2

were optimised for primer annealing temperature (Ta) and MgCI2

concentration using a gradient peR that spanned the predicted T« by ±5DC.

PCR conditions for primer optimisation were: 95De 3 min, 30 cycles of 95DC

30 s, a gradient of Ta DC30 s, 72De 45 s, and finally 72DC 10 min. Each PCR

contained 75 mM Tris-HCI (pH 8.8), 20 mM (NH4)2S04, 0.01 % (v/v) Tween

20, 0.2 mM each dNTP, either 1.5 or 3.0 mM MgClz, 5-50 ng template DNA,

10 pmol each primer and 0.25 u Taq polymerase (ABgene).

Genbank (http://www.ncbLnlm.nih.gov/) accession numbers and primers

designed for all of the microsatellite sequences that provided single,

interpretable bands (see section 2.3 below), along with optimal annealing

temperatures for PCRs, are provided in Table 2.1. The majority of PCRs

produced single peR products at 3.0 mM MgCb, so this concentration was

used for PCR at all loci.

2.2.10. Analysis of microsatellite polymorphism

Levels of polymorphism in microsatellite 10 loci were assessed from 43 adult

E. viridulum collected from two populations: Yarbridge (n = 23) on the Isle of

Wight and East Ruston (n = 20) in Norfolk both in UK (see Table 3.1 and

Figure.3.1 for further details of site locations). The online version of GENEPOP

v. 3.1d (Raymond & Rousset, 1995) was used to calculate basic measures of

genetic diversity (numbers of alleles, observed heterozygosity, expected

heterozygosity - over all samples), the significance of any deviations from

expected Hardy-Weinberg conditions (within each site) and also for linkage

disequilibrium between all pairs of loci (making 2,000 permutations of alleles

among individuals within samples).

For comparison with other ado nates, I constructed a scatterplot of the longest

number of uninterrupted repeat motifs against (1) the expected

heterozygosities (He) and (2) the numbers of alleles for all odonate

microsatellite loci that have been characterised in primer notes (i.e. where>

5 loci were isolated).
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2.3. Results.

Of the 43 microsatellite sequences that I was able to design primers around

(see Appendix 2.2), 20 loci amplified spurious bands and 13 loci were

monomorphic (primers and peR conditions for these loci are characterised in

Appendix 2.3), leaving 10 polymorphic loci that resolved distinct alleles within

the expected size range (see Table 2.1). These 10 loci were separated into

two genotyping pools so that no two loci with the same fluorescent dye had

overlapping allelic size ranges. Seven loci, LlST14-002, LlST14-005,

LlST14-006, LlST14-014, LlST14-019, LlST14-025 and LlST14-035, were

assigned to Pool 1, an example electropherogram of which is shown in

Figure 2.1a, while just three loci, LlST14-021, LlST14-040 and LlST14-042,

were assigned to genotyping Pool 2, as shown in the electropherogram in

Figure 2.1b.

The number of alleles ranged between two (LlST14-021 and LlST14-40) and

eight (LlST14-002); observed and expected heterozygosities varied between

0.000 and 0.698 and 0.045-0.688, respectively (Table 2.2). LlST14-005 was

monomorphic in the Isle of Wight population but alternate alleles were found

in the Norfolk population. An example electropherogram of the most

polymorphic locus, LlST14-002, is shown in Figure 2.2, which demonstrates

the size range at this locus.
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(a) genotyping pool 1

size (bp)

170 180 130 200 210 220 230 240 250 260 270 280 230 300 310 320 330 340
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(b) genotyping pool 2

size (bp)
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b b
'" .j>.~ '"

Figures 2.1a, b. Example electropherograms of the ten polymorphic

microsatellite loci assigned to genotyping pools 1 (a, seven loci) and 2 (b,

three loci). Orange peaks correspond to the 500 bp LIZ size standard

(Applied Biosystems).
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size (bp)
159 161 163 165 167 1.9 171 173 115 177 179

BOO

stutter ~ allele peak stutter1600

1200

400

Figure 2.2. Example electropherogram of the most polymorphic locus

(LlST14-002), showing alleles at 164 and 174 bp. Note the stutter bands

which can affect interpretation of some microsatellite loci, but not in this case

as the stutter peaks are relatively small compared with the true allele peak.

size (bp)

192 193 194 195 197 198 199 200

BOO

1400

1200 (a) homozygote
1000

600

400

200

192 193 194 195 19. 197 19B 199 200

1000 (b) heterozygote

600

800

400

200

Figures 2.3a, b. Example electropherogram of alleles at LlST14-021

showing (a) a typical homozygous individual with a single allele at 196 bp

and (b) a heterozygous individual with 196 and 197 bp alleles.
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Several loci, LlST14-006, LlST14-014 and LlST14-021, produced alleles that

differed in size by one bp, which is unexpected as these loci had dinucleotide

repeat units. Example electropherograms of LlST14-021 showing a

homozygous individual and a heterozygous individual whose alleles differ by

1 bp are shown in Figures 2.4a and 2.4b. Apparent single base pair alleles

can be the result of PCR artifacts whereby an extra "A' (adenosine) is

inconsistently added to the PCR product or stutter banding, i.e. loss of allele

during PCR (see Hauge & Litt, 1993; Dewoody et al., 2006). However, both

factors can be ruled out as the cause of these single bp alleles for these

microsatellite because (i) little or no stutter was observed for homozygotes

and (ii) heterozygotes were observed during repeat genotyping, which would

not be expected if variable PCR-amplification was generating apparent

alleles. Therefore, single base pair alleles were retained within the data -

single base alleles are not uncommonly observed in microsatellite studies

and represent a point mutation in the target sequence.

Two loci (LlST14-002 and LlST14-005) showed significant (P < 0.05)

deviations from expected Hardy-Weinberg conditions, although all

heterozygote deficits were non-significant (P > 0.05) after correction for

multiple testing (Rice, 1989). Only two of the 45 locus comparisons showed

significant (P < 0.05) linkage disequilibrium (LlST14-002 to LlST14-019, P =

0.022; LlST14-002 to LlST14-014, P = 0.024) but given the large number of

tests involved, these loci are probably not significantly linked, although an

analysis based on further samples is required to confirm or refute this (a

more extensive analysis of genotype data is presented in Chapter 3).

Although there is considerable variability in He among loci (Table 2.2), these

microsatellites isolated from E. viridulum typically have short stretches of

uninterrupted repeat units and low levels of expected heterozygosity (He)

compared with all six odonate species for which reasonable numbers of loci

have been characterised (Figures 2.5a, b).
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A similar pattern of low genetic diversity is observed for the relationship

between the mean number of uninterrupted repeat units and number of

alleles present at odonate microsatellite loci (Figure 2.2).

The largest microsatellite found in E. viridulum consisted of 31 repeat units

for LlST14-010 (see Appendix 2.2) though primer design for this locus was

unsuccessful. Typically, none of the E. viridulum microsatellites have more

than 10 uninterrupted repeats, while the two Coenagrion species generally

had longer microsatellite loci. In general, the number of uninterrupted

repeats for all odonates is low, with the majority of microsatellite loci having

fewer than 15 tandem repeats (see Figures 2.5a, b).
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Table 2.2. Levels of variability at 10 polymorphic microsatellite loci in adult

small red-eyed damselflies Erythromma viridulum from Yarbridge. Isle of

Wight (n = 23) and East Ruston. Norfolk (n = 20). both in the UK. Na• number

of alleles observed; Ho. observed heterozygosity; He. expected

heterozygosity. *indicates a significant departure (P < 0.05) from expected

(within site) Hardy-Weinberg equilibrium conditions.

Locus Size range Na Ho He
L1ST14-002 147-186 8 0.512* 0.687
L1ST14-005 206-220 3 0.000* 0.126
L1ST14-006 297-303 5 0.488 0.605
L1ST14-014 194-198 3 0.419 0.408
L1ST14-019 168-172 3 0.442 0.424
L1ST14-021 196-200 2 0.000 0.045
L1ST14-025 246-256 6 0.419 0.688
L1ST14-035 333-343 5 0.698 0.662
L1ST14-040 384-386 2 0.000 0.045
L1ST14-042 223-230 3 0.163 0.225
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Figures 2.5a, b. (a) individual locus variation in expected heterozygosity (He)

and the maximum number of uninterrupted repeat motifs at microsatellite loci

isolated from six odonates species: small red-eyed damselfly Erythromma

viridulum (red circles); light blue, Coenagrion mercuriale (Watts et al., 2004b,

c); white, Trithemis arteriosa (Giere & Hadrys, 2006); dark grey, Anax

imperator (Hadrys et al., 2007a); light grey, Orthetrum coerulescens (Hadrys

et al., 2007b); dark blue, Coenagrion puella (Lowe et al., 2007). (b) above

data plotted as mean ±95 % Cl.
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Figure 2.6. Variation in mean (±95 % Cl) number of uninterrupted repeat

motifs against mean (±95 % Cl) numbers of alleles (Na) at microsatellite loci

isolated from six odonates species: small red-eyed damselfly Erythromma

viridulum, Coenagrion mercuriale (Watts et al., 2004b, c), Trithemis arteriosa

(Giere & Hadrys, 2006), Anax imperator (Hadrys et al., 2007a), Orthetrum

coerulescens (Hadrys et al., 2007b), Coenagrion puel/a (Lowe et al., 2007).

47



Chapter 2

2.4. Discussion

I developed ten polymorphic microsatellite loci that were subsequently

employed to characterise spatio-temporal genetic structure in the small red-

eyed damselfly, E. viridulum (see Chapters 3 and 4). To be useful for

population genetic studies these loci must be unlinked (i.e. independent).

However, while two pairs of loci were linked in this preliminary loci, further

analysis of greater numbers of samples (see section 3.3.1) revealed only one

locus pair in significant linkage disequilibrium (LlST14-021 and LlST14-042,

P < 0.001). Since this pair of loci differed from those identified above, all loci

are assumed to be unlinked. Further analyses of fits to expected Hardy-

Weinberg equilibrium conditions are provided in section 3.3.1 and Appendix

3.3.

A striking result is the low levels of diversity in E. viridulum microsatellites

compared with that described for other odonates. Data on levels of genetic

diversity must not be over-interpreted when (1) descriptions of microsatellite

variability are based on different sample sizes and (2) there is a distinct

contrast to the environmental conditions experienced by the focus

populations. Sample size is positively correlated with genetic diversity.

However, any correlation is expected to be more pronounced for numbers of

alleles (Na) rather than expected heterozygosity (He), because rare alleles,

which are uncovered with increasingly larger sample sizes, contribute little to

He. Sample sizes of studies used to characterise microsatellite variability

were: C. mercuriale (n = 44; Watts et al., 2004b, c), T. arteriosa (n = 122;

Giere & Hadrys, 2006), A. imperator (n = 14-90; Hadrys et al., 2007a), O.

coerulescens (n = 23-209; Hadrys et al., 2007b) and C. puel/a (n = 50; Lowe

et al., 2007). Clearly, variation in sample size per se cannot explain the

contrast in diversity between E. viridulum and Coenagrion species, and since

the reduction in diversity is apparent for He (Figures 2.5a, b) as well as Na

(Figure 2.6) the signal of generally low genetic diversity in E. viridulum is

almost certainly real rather than an artefact of poor sampling effort.

Indeed, further analysis of samples reveals that generally low levels of

genetic variability in E. viridulum are typical of other populations from

48



Chapter 2

northern Europe (see Figure 3.3a). This pattern is likely to represent a

signature of recent and rapid range expansion (described in Chapter 1.3.1

and 1.3.2 and discussed in Chapter 3.4.1-3.4.3), rather than a more general

signature of E. viridulum's genomic evolution, although clearly further

characterisation of additional E. viridulum populations from southern Europe

is required to confirm or refute this. Thus, while I reported that 13

microsatellite loci were monomorphic (see Appendix 2.3), they may yet prove

to be variable when used to genotype a range of individuals from populations

towards the centre of E. viridulum's distribution.

All published odonate loci fall into the characteristic mean length reported for

insects of -12 repeat units (Amos, 1999). Since microsatellite length (i.e. the

number of uninterrupted repeats) generally correlates with allelic diversity,

insect microsatellites are expected to be generally be less polymorphic than

other taxa, though this has not yet been adequately investigated (Note: since

this analysis, additional Primer Notes describing microsatellites in odonates

have been published (Carballa et al., 2007; Matthews et al., 2007)}, thus

slightly increasing the power to detect trends in odonate

microsatellite/genome structure}. Relative abundance of microsatellite loci

throughout genome cannot be determined as the odonate loci were isolated ..

using enrichment techniques, but anecdotal evidence (i.e. difficulties in

isolating large numbers of highly polymorphic loci from odonates - and hence

the relative few species that have been studied) suggests that they are

relatively infrequent compared with mammals and teleosts.
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Chapter 3

Patterns of genetic diversity and spatial structure in the small red-eyed

damselfly Erythromma viridulum at its north-west European range

margin: evidence for two distinct origins of invasion in the UK.

3.1. Introduction

Species naturally respond to climate fluctuations through changes in

physiology, phenology, community interactions and, in particular, their

geographic distributions (Walther, 2002; Gilman et a/., 2006; Parmesan,

2006; Hassall et a/., 2007). Global warming has been associated with a

directed, northward expansion of many insect species (Parmesan et a/.,

1999; Parmesan & Yohe, 2003; Yukawa et al., 2007), with rapid shifts in

range expected for those taxa with good dispersal capabilities or whose

distribution is temperature limited (Pearson & Dawson, 2003; Pearson et a/.,

2004). Since global temperatures are predicted to rise by between 1.4 and

5.8°e over the next century (IPee, 2007), many more species are expected

to alter their distributions substantially in the near future, often expanding into

new areas.

Introduction and spread of non-native species presents a global ecological

and conservation crisis as invasive organisms are increasingly altering

terrestrial and aquatic communities worldwide (Gurevitch & Padilla, 2004;

Hobbs et a/., 2006; Nogales et al., 2006). Non-native species can have

serious effects on the ecosystems they invade, for example, by hybridisation

with resident species, reducing biodiversity, altering demographic processes

and impacting on ecosystem processes (Parker et a/., 1999; Batten et a/.,

2006; Parker et al., 2006; Gabbard & Fowler, 2007). From a conservation

point of view, species' invasions, either through anthropogenic introduction or

by range expansion, may be of particular concern because they often reduce

the niche space of native taxa, causing their local extirpation (Yan & Pawson,

1997; Suarez et a/., 1998; Mergeay et a/., 2006). Anthropogenic

introductions often have more severe impacts than range expansions
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because they may involve transportation to a novel ecosystem where

interactions with native species are less predictable (Cox, 2004). There is

also a substantial body of evidence that is not frequently addressed in

invasion literature that biological invasions may facilitate native species,

particularly through habitat modification (reviewed in Rodriguez, 2006).

Identifying the patterns and processes of colonisation of invasive species

thus provides essential information for biodiversity management.

Molecular genetic markers offer a convenient and powerful method to trace

rates and routes of dispersal since the pattern of spatial genetic structure is

determined by the relative influences of migration between populations,

selection, random genetic drift, mutation and the mating system (Wright,

1931; reviewed by Frankham et al., 2002; Allendorf & Luikart, 2007).

Colonisation in particular leaves a distinct genetic signature in the new

population, either at neutral genes through the action of genetic drift, or at

adaptive regions of the genome in response to selection in a novel

environment. The degree to which the genetic structure of the colonising

population differs from the source depends on a number of factors, such as .

the number of founders, the strength and direction of selective pressures in

the new environment and the time since colonisation (Hassan et al., 2003;

Grapputo, 2005). Typically, rapid colonisation, by a relatively small

population, results in loss of genetic intra-population diversity relative to the

source, which may persist for several generations if the initial colonisers

establish themselves sufficiently to lessen the genetic impact of subsequent

arrivals (Hewitt, 1996; Hawley et al., 2007). Moreover, since newly founded

populations have insufficient time to attain migration-drift equilibrium, weak or

atypical patterns of spatial genetic structure may result. As would be

expected, many studies have found that invasive species have undergone a

bottleneck resulting in reduced genetic variability in the introduced range

(Lebois et al., 2000; Tsutsui & Case, 2001; Grapputo, 2005). In other cases

however, genetic diversity is maintained in the introduced population as a

consequence of multiple introductions or large numbers of colonisers (for

example, Johnson & Starks, 2004; Kolbe et al., 2004; Korman & PaShley,

1991, 2004; Holland, 2001; Hassan et al., 2003).
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Odonates are an important component of freshwater and terrestrial

ecosystems and are key bioindicator species. They are perceived as strong

fliers, capable of wide dispersal. Many species are undergoing northward

range expansion, apparently in response to climate change (Ott, 1996; Akoi,

1997; Hassall et al., 2007), like many other insect species (Hill et al., 1999;

Carroll et al., 2003; Crozier, 2003; Parmesan & Yohe, 2003; Hickling, 2006);

British odonates are no exception, with 37 species having shifted their range

margin northward over the last 40 years (Hickling et al., 2005). Northward

range expansion has meant that successful colonisation of the British Isles

by formerly continental European odonates has been documented for two

species in the last 8 years; the southern emerald damselfly Lestes barbarus

(Fabricius, 1798) (Nobes, 2003) and the small red-eyed damselfly

Erythromma viridulum (Charpentier, 1840) (Cham, 2002).

This chapter presents a study of the distribution of genetic variation and

spatial genetic structure of the small red-eyed damselfly, Erythromma

viridulum (Odonata: Zygoptera) across its range in the British Isles and in

nearby continental European populations. E. viridulum is a thermophilic,

holomediterranean species that has undergone significant northward range

expansion in Europe in the last 30 years (Ketelaar, 2002), apparently

exploiting the Rhine valley as a colonization route through northern Germany

and the Netherlands whilst a slower sweep of range expansion has occurred

across central Europe into northwest-France. Since 1999 E. viridulum has

been recorded in the British Isles and is the first recorded example of a

migrant damselfly establishing colonies in the British Isles (Oewick & Gerussi,

2000). From initial colonies along the south-east coast between Norfolk and

Kent, E. viridulum has moved in a north-westerly direction at an average rate

of 31.68 km per year (source: British dragonfly recording network, courtesy

S. Cham) with continuing waves of immigration from the continent at coastal

sites (Cham, 2001, 2002, 2004a, b). There is also an apparently isolated

colony on the Isle of Wight that was first recorded in 2000 (Cham, 2001), that

has since 2004 spread into neighbouring Hampshire. In 2007 the most

northerly sites in the British Isles were in East Yorkshire and the most
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westerly counties were Gloucestershire, Somerset and Devon (source:

British Dragonfly Society website http://www.britishdragonflysoc.org.uk and

the Dragonfly Recording Network database, courtesy of G. French). The

rapid range expansion of E. viridulum in the British Isles, described in detail

in Chapter 1, means that E. viridulum presents a unique model with which to

investigate the genetic consequences of range expansion in a damselfly as

colonisation occurs.

The aims of this chapter are to (1) examine the evidence for a population

bottleneck in recently founded populations, (2) contrast levels of genetic

variation in UK and continental European populations of E. viridulum and (3)

determine trends in spatial genetic structure of newly-colonised populations

in the UK. It would be expected that populations in the UK will be

characterised by population bottlenecks, generally low levels of gene

diversity relative to putative source populations from continental Europe and

weak spatial genetic structure that is characteristic of recent gene flow and

non-equilibrium genetic conditions.

3. 2. Materials and Methods

3.2.1. Study sites
The current range of E. viridulum extends from the north Norfolk coast, along

the coast of East Anglia including Suffolk, throughout Essex and in more

scattered colonies along the Kent coast. A significant westerly range

expansion has occurred since the initial colonisation in 1999 that extends

from the core of the range in southern Essex, running along the north of the

Thames estuary, through Bedfordshire and currently as far inland as Rugby

in Warwickshire. There has been a second, isolated colonisation event

recorded on the Isle of Wight since 2000 that has slowly expanded its range

into the surrounding area and is assumed to be the source of populations in

nearby Hampshire that were first recorded around 2004 onwards.

Adult samples were collected during the summers of 2002-2006 from 28 sites

in the British Isles (see Figure 3.1) and 11 sites from continental Europe (see
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Figure 3.2). Sampling this species is difficult because of its habit of

remaining over the water for the majority of its time and its high sensitivity to

human disturbance; this meant good access to the water's edge was

paramount to sampling success. The majority of samples came from small to

medium sized ponds (with an area <1,000 m-2) supporting abundant aquatic

vegetation, with the exception of Silver End (SVE). East Ruston (EAR). Priory

Country Park (PCP). and Thorpeness Meare (THM). which were larger

bodies of water and Strumpshaw Fen (SSF). which is made up of a network

of ditches among reed beds. Samples from continental Europe were

collected from Braunschweig (BRN) in northern Germany. Koudekerke (KDK)

and Alphen Ann Den Rijn (UAD) in south-west Holland. Zonhoven in Belgium

at Wijvenheide Eutroof Ven (WEV). Wijvenheide Grote Vijer (WGV) and Het

Vinne (HET) near Zoutleeuw and French samples came from an area north

of Paris at Courtemont Varennes (CRT). Boves (BVS). Blangy-Tronville

(BLT) and Le Marais de Guines (LMD) and (MGG). Locations and grid

references for all sites are provided in Figures 3.1 and 3.2. and Table 3.1.
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Figure 3.1. Locations of samples of the small red eyed damselfly,

Erythromma viridulum, collected from the UK during 2002-2006. Contour

lines indicate the limit of E. viridulum's range in 2000, 2001,2004 and 2006.
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,

BVS,BLT

France

Figure 3.2. Locations of samples of the small red eyed damselfly,

Erythromma viridulum, collected from continental Europe during 2005 and

2006: Braunschweig (BRN), Koudekerke (KDK), Alphen Ann Den Rijn (UAD),

Wijvenheide Eutroof Yen (WEV), Wijvenheide Grote Vijer (WGV), Het Vinne

(HET), Courtemont Varennes (CRT), Boves (BVS), Blangy- Tronville (BLT)

and Le Marais de Guines (LMD) and (MGG). The shaded area shows the

range of E. viridulum in 2006 (Adapted from Askew, 1988).
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Table 3.1. Summary data on sample sizes, collection dates and spatial

locations of E. viridulum sites used in this study. x, y values are rectangular

grid coordinates converted from Ordinance Survey Landranger format.

County Code Location x
Sample year

y n'02 '03 '04 'OS '06

Essex

Suffolk

LWC

BFP Bedfords Park

SCP

SVE

ML2

LondonWetland
Centre
Shenfield
Common pond
Silver End

Maldon 2

551800 191800 7

522600 100771

559900 193400

581600 219200

584800 207900

scv
ML3 Maldon 3 Nat.res. 587500 208700

Salcott-cum-
Virley 594100 213500

COL Colchester 601900 222300

FGH Fingringhoe 604900 200193

TLS Thorpe-Le-Soken 618900 221500

THM

LWS

Thorpeness
Meare
Lowestoft

647000 259400

653300 296200

SSF Strumpshaw Fen 633500 307300

9

3

10

3

13

3

9

10

59

53

9

17

44

7

9

3

10

113
3

107
13

9

17

Stag Lane

Marvel Farm
Stone Farm
Reservoir
Hollier Farm
EastView
Cottage
Parsonage Peat
Pond
Morton Pond

CLP

MRH Marsh House
Carpenters Lane
Pond

449800

450200

452500

455200

455900

456200

460700

91800

87300

86000

83200

85800

88200

86100

54

17 58----_ .._--_._ ..-
4

52

3

136

21

1 27 68

46

4

38

461100 88600

50

45

37

33
30

32
1

33

4

10

104

Norfolk CAR Carr House 633900 307400 10

EAR East Ruston 634100 328200
·-----;;C~-Priory Coun'":"'try---507600 249100
Bedfor Park
dshire WRP Wrest Park 509200 235100

BLH Beaulieu Heath 438400 105100

BUR Bursledon 448600 109100

STL

MAR

SFR

HOl
EVC

PPP

MOR

4

9

7

11

31

10

27

460900 88200 10

54 150
75 121

4

38

49

77

7

11

33

39

39

79

98

11

66

57

70 25 153 594 390 1.232



Chapter 3

Table 3.1 continued. Summary data on sample sizes, collection dates and

spatial locations of E. viridulum sites used in this study.

Sample year

Country Code Location Latitude N Longitude E '05 '06 n
Germany BRN Braunschweig 52:15:51 10:31:35 53 53

KDK Koudekerke 51:28:58 3:33:17 19 19
Netherlands Alphen Ann Den

UAD
l3ij~

52:07:43 4:39:29 19 19 38

HET
Zoutleeuw. Het 50:50:00 5:06:13 10 10
Vinne

Belgium WEV Wijvenheide 51:00:50 5:20:57 19 19
EutroofVen

WGV
Wijvenheide Grote 50:59:05 5:18:55 5 5
V_ijyer

BLT Blangy-Tronville 49:52:49 2:25:24 25 25
BVS Boves 49:50:40 2:22:59 6 6

CRT
Courtemont 49:04:45 3:32:02 10 10

France Varennes

LMD
Le Marais de 50:52:45 1:52:36 3 3
Guines

MGG Le Marais de 50:52:45 1:52:36 7 7
Guines

72 123 195
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3.2.2. DNA extraction and polymerase chain reaction

Total genomic DNA was extracted using a high salt protocol from either a

single tibia (samples from 2004) or thoracic muscle (samples from 2005 and

2006). Samples were stored in 1.5 ml tubes in 100 % ethanol prior to DNA

extraction. Legs were used in 2004 because their loss does not measurably

affect fitness in damselflies (Fincke & Hadrys, 2001) however whole bodies

were collected in 2005 to facilitate sampling. All samples were genotyped at

10 polymorphic microsatellite loci that are characterised in detail by Keat et

al. (2005) and in Chapter 2.

Approximately 5 ng of DNA was used for a 10 III polymerase chain reaction

(PCR) containing 75 mM Tris-Hel pH 8.9, 20mM (NH4)2S04, 0.01 % Tween-

20, 0.2 mM each dNTP, 3.0 mM Mgeb, 2 pmol of each forward and reverse

primer, 0.25 u Taq polymerase (ABgene, Epsom, UK). peR temperature

conditions were as described in Chapter 2 and by Keat et al. (2005). peR

products were pooled into one of two genotyping pools depending on allelic

size range and the 5' fluorescent dye (either 6-FAM,NED,PETor VIC) (see also

Figures 2.1a, b) with GENESCAN-500LIZ size standard (Applied Biosystems)

and separated using capillary electrophoresis through a denaturing polymer

on an ABI3100 sequencer (Applied Biosystems). Allele sizes were

determined using the cubic model in GENEMAPPERv. 3.0 genetic analysis

software (Applied Biosystems).

3.2.3. Data analysis

3.2.3.1. General analysis of levels of genetic diversity

Microchecker software (van Oosterhout et al., 2004) was used to test for the

presence of null alleles and large allele drop out. Tests for significant

deviation from Hardy-Weinberg Equilibrium (HWE) conditions and for linkage

disequilibrium between all locus-pair combinations were carried out using the

online version of GENEPOPv. 3.1d (Raymond & Rousset, 1995), making 2,000

permutations of alleles among individuals within samples.

Genetic diversity within each sample was quantified as allelic richness (AR),

expected heterozygosity (He), observed heterozygosity (Ho) and Wright's
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(1951) inbreeding co-efficient (f), all calculated using FSTAT v. 2.9.3 (Gaudet,

1995): AR was standardised to 19 individuals to account for the size of the

smallest sample during the permutation procedure. Mean values of genetic

diversity parameter were plotted with standard errors calculated by

jackknifing over loci (Sakal & Rohlf, 1995). A permutation procedure

implemented by FSTAT, with 2,000 permutations of samples among groups,

was used to test the significance of any differences in genetic diversity (AR,

He, Ho and f) among the following groups of three samples: (i) sites from the

southern UK (Isle of Wight and Hampshire) compared with all other UK sites,

(ii) sites from southern UK compared with continental European samples

(Germany, Holland, Belgium and France) and (iii) populations from

continental Europe and those from locations in the western UK (i.e. Essex,

Suffolk, Norfolk and Bedfordshire).

3.2.3.2. Detection of population bottleneck

Evidence of a recent population bottleneck may be taken from the

characteristic signature of a significant excess of heterozygotes from that

expected under genetic equilibrium conditions, which is a consequence of a

faster rate of reduction in the number of alleles than loss heterozygosity

(Cornuet & Luikart, 1996, Luikart & Cornuet, 1998). I used BOTTLENECK

v.1.2.02 (Piry et al., 1999) software to compute an expected distribution of

heterozygosities (He) under mutation-drift equilibrium from the allelic diversity

of each sample for three different models of allelic mutation: infinite allele

model (lAM). stepwise mutation model (SMM) and two-phase model (TPM)

which is an intermediate to the SMM and lAM and believed to be the most

appropriate model of allelic mutation for microsatellite loci (Jarne & Lagoda

1996). Both the Wilcoxon signed-rank test and a sign test were used to

assess significance of whether the observed He is greater than that expected

at equilibrium, although the latter is only robust when more than 20 loci are

used (see Cornuet & Luikart, 1996 for details).

3.2.3.3. Genetic variation among successive sample years

Hierarchical analysis of molecular variance (AMOVA) (Excoffier et al., 1992)

was employed to partition the contribution to genetic diversity arising from
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spatial variation with that occurring among successive sampling periods,

possibly through multiple colonisation events. To achieve statistical rigour for

this analysis only populations with large sample sizes (n > 20) from the UK

that were collected during 2004, 2005 and 2006 were used. Hence, the final

groups were: 2004 (PCP, MAR, MOR and EAR), 2005 (PCP, WRP, ML2,

sev, BUR, EVe, MAR, MOR, PPP, STL, EAR and LWS) and 2006 (PCP,

WRP, ML2, SCV, MOR, PPP, EAR and LWS). The significance of the

fixation indices were tested using the permutation procedure (10,000

permutations) that is implemented by ARLEQUIN software (Schneider et al.,

2000).

3.2.3.4. Spatial genetic structure

Allele frequency differences among samples were tested for using the exact

test employed by FSTAT v. 2.9.3 (Gaudet, 1995); HWE within samples was

not assumed and genotypes were permuted 2,000 times among samples.

Genetic differentiation between samples was calculated using Weir &

Cockerham's (1984) estimator of Wright's (1951) FST (8 in Weir and

Cockerham's terminology) using FSTAT v. 2.9.3; the significance of estimates

of FST from zero was assessed by making 2,000 permutations of genotypes

between populations. The pattern of genetic relationships among

populations (for samples sizes > 19 and data pooled over years) was

summarised by multidimensional scaling analysis of the values of FST using

SPSS v. 13.0 (SPSS Inc. Chicago).

Most species cannot disperse freely throughout their geographic ranges and,

when genetic equilibrium conditions are attained, are therefore characterised

by isolation by distance (IBD) genetic structure, where neighbouring areas

are genetically more alike than distantly separated populations (Wright,

1943). The appropriate test for IBD genetic structure in a two dimensional

habitat is a regression of pairwise estimates of a linearised multilocus genetic

distance (FST I [1-FST1 ) against the corresponding natural logarithm of the

geographic distance separating the populations (Rousset, 1997). Distance

between samples was measured as the shortest (Euclidian) distance

between sample sites. A Mantel test (2,000 permutations of population
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locations among all locations) was then used to assess the significance of

any relationship between genetic distance and (In) geographic separation

using GENEPOP v. 3.1c (Raymond & Rousset, 1995). I tested for IBO among

(i) all pairs of UK populations, (ii) samples from the Isle of Wight and

Hampshire only and (iii) between populations from Essex, Suffolk, Norfolk

and Bedfordshire only. Only large samples (n > 19) were included in these

analyses of IBO to limit the effect of sampling error upon estimates of FST

(e.g.Waples, 1998).

The spatial pattern of individual genetic variation was investigated by spatial

autocorrelation (Sakal & Oden, 1978), since this technique yields information

about both the pattern and scale of spatial substructure and is sensitive at

recovering fine-scale genetic structure (Sakal et al., 1997; Peakall et et.,

2003; Vekemans & Hardy, 2004). For each data treatment described below,

SPAGEDI v. 1.2 software (Hardy & Vekemans, 2002) was used to calculate the

correlation in average kinship (Fij; Loiselle et al., 1995) relative to the whole

data set between pairs of E. viridulum separated by a range of increasing

spatial scales. Although the results are essentially the same with other

measures more frequently used in spatial autocorrelation (such as Moran's I,

see also Hardy & Vekemans, 1999), Loiselle et al.'s (1995) Fij tends to be

more powerful at detecting spatial genetic structure than other estimators of

relatedness (Vekemans & Hardy, 2004). To avoid a bias in the correlation

coefficient arising because of unequal sample sizes within each spatial

category we allowed SPAGEDI v. 1.2 to assign distance categories that

contained a similar number of pairwise comparisons (for further details see

Hardy & Vekemans, 2002 and the manual, which is available at

http://www.ulb.ac.be/sciences/ecoevol/docs/manual_SPAGeOi_ 1-2.pdf). The

average correlogram over all loci is presented as this avoids variation in

correlogram profiles based on the frequencies of individual alleles that are

subject to stochastic processes (Hardy & Vekemans, 1999; Smouse &

Peakall, 1999). Ninety-five percent confidence intervals for multilocus kinship

coefficients at each distance class were generated from the distribution of

2,000 permutations of spatial group locations among the spatial groups.

Euclidian geographical distances between individuals and population centres
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were calculated from the GPS x and y coordinates. The pattern of spatial

genetic structure was examined for (i) for each sample period separately

(excluding 2003 where there are too few data for meaningful statistical

analysis), (ii) over the whole UK data set, (iii) over the entire UK data set but

restricting comparisons within years to assess the level of temporal stability

to observed geographic differences and finally (iv) for males and females

separately to examine whether there is sex-biased dispersal.

Population structure was assessed using the model-based clustering

approach implemented by STRUCTURE v. 2.0 (see Pritchard et al., 2000 for full

background) that simultaneously identifies clusters (populations) and assigns

individuals to populations using a Bayesian approach. Briefly, STRUCTURE

models K populations (where K may be unknown) that are characterised by a

set of allele frequencies at each locus. Individuals are (probabilistlcally)

assigned to populations (or jointly if their genotypes indicate that they are

admixed) on the basis of their multilocus genotypes, assuming unlinked loci

and Hardy-Weinberg equilibrium conditions within populations. The actual

number of distinct populations (K) may be estimated from the value of K that

maximises the posterior probability of the data for a given posterior

probability distribution Pr(KJX)that is calculated from the posterior distribution

of Pr(XJK) (where X is the multilocus genotypes of sampled individuals); in

STRUCTURE output, this criterion 'Ln P(D)' is calculated by computing an

average of the log likelihood of the data at each step of the Monte Carlo

Markov Chain (MCMC) and then half their variance is subtracted from the

mean. STRUCTURE also calculates the proportion of membership of each

individual in each cluster (Q).

In situations where there is distinct genetic structure, the true number of

populations is identified by the model of K that returns the maximal value of

Ln P(O). However, real and simulated data have demonstrated that choosing

an appropriate value of K can be difficult, particularly for large and/or

complex population structures, and under such circumstances several

recommendations have been proposed to identify the best model. First,

Pritchard & Wen (2003) suggest that the value of K at the beginning of a
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'plateau' of estimates of Ln P(D) be selected, i.e. use the smallest value of K
that captures the major structure of the data set. It is worth noting that rather

than determine the actual number of populations this approach provides a

heuristic guide to the models that are most consistent with the data set. A

second method to detect the true number of clusters in an unknown sample

is to use the ad hoc measure, !!.K, which is the second order rate of change

of Ln P(D) with respect to K (Evanno et al., 2005). !!.K is calculated from:

!!.K =mean (IL(K+1) - 2L(K) + L(K-1)1) I sd [L(K)].

where L(K) denotes Ln P(D) for a particular model run (value of K), mean is

the average and sd is the standard deviation [of L(K)] across replicate runs of

STRUCTURE for each putative value of K. Computer simulations demonstrate

that the modal value of L1K corresponds to the most pronounced partition of

the data set.

Five independent runs of STRUCTURE were carried out for the total data set for'

K = 1 to K = 19 using the admixture model and correlated allele frequencies,

since this is suggested to permits differentiation of closely related populations

(Pritchard 'et al., 2000). All model run's were based on 500,000 iterations

after an initial burn-in period of 50,000 iterations, which was sufficient to

ensure convergence of the MCMC. Five independent runs were made for

each value of K to assess consistency of the results and also to calculate the

second order rate of change of Ln P(D) that is described above. All genotype

data were used in this analysis including those from sites where too few

individuals could be collected for analyses of differentiation among

populations (see Table 3.1).

Where appropriate a sequential Bonferroni correction (Rice, 1989) was

applied to adjust the significance of (k) multiple tests.
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3.3. Results

3.3.1. Genetic diversity
None of the samples showed evidence of large allele drop out. Evidence for

null (non-amplifying) alleles was present at some of the locus-sample

comparisons but not strongly associated with any locus in particular,

indicating that positive results were chance occurrences (see Appendix 3.1).

All of the probabilities of linkage disequilibrium among pairs of loci are

presented in Appendix 3.2; briefly, only one locus pair demonstrated

significant linkage disequilibrium over the total sample (L1ST14-021 and

L1ST14-042, P < 0.001) so all loci were assumed to be unlinked. The

majority of samples met expected HWE conditions with only 26 out of the 620

(-4 %) possible sample-locus combinations having a significant heterozygote

deficiencies after correction for multiple testing; these deficits were not

associated with any particular locus or sample (see Appendix 3.3).

Therefore, all ten loci were retained for subsequent analyses.

Raw sample-locus results for measures of genetic diversity, including allelic

richness (AR), expected heterozygosity (He), .observed heterozygosity (Ho)

and Wright's (1951) inbreeding coefficient (f), are presented in Appendix 3.4.

. The maximum number of alleles found at any locus was eight at L1ST14-002

and the least diverse was L1ST14-021 which was monomorphic in many

populations. L1ST14-040also showed little diversity, with seldom more than

two alleles in a population. The highest value of allelic richness was found in

the German sample (BRN) (AR = 6.595) for L1ST14-002. Values of Ho and He

varied between 1.0 and 0.0 with the highest value of observed heterozygosity

for a sample of >18 individuals was at locus L1ST14-006for the Belgian HET

population (Ho = 1.0).

While expected heterozygosity varies little among samples, it is lowest in

samples from the Isle of Wight and Hampshire, intermediate in the eastern

UK and greatest in populations from continental Europe (Figure 3.3a). This

pattern is evident and more pronounced for allelic richness (Figure 3.3b) but

not for Wright's (1951) inbreeding coefficient, which is highly variable, and

mostly positive, across the UK populations and generally close to zero for
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samples from continental Europe (Figure 3.3c). Overall, therefore, E.

viridulum shows a slight but clear trend of a reduction in genetic diversity

from east to west that follows its path of invasion from continental Europe into

the UK.

Permutation analyses showed that there were significant differences in AR

and He between populations from southern UK (Isle of Wight and Hampshire)

and the rest of the mainland British populations (P = 0.027and 0.003

respectively) but not for for FST (P = 0.399 and 0.161 respectively). There

were significant differences in AR and He (P < 0.001 and = 0.028 respectively)

between samples from continental Europe and those from the southern UK,
but not between populations from continental Europe and the eastern UK. In

all instances, AR and He were reduced in the Isle of Wight and Hampshire

populations (Table 3.2). Of the four tests for genetic differentiation, only

those between Eastern UK and Southern UK and between Southern UK and

continental Europe remained significant after a sequential Bonferroni

correction.
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Figure 3.3. Geographic variation in genetic diversity (mean ± standard error)

for populations of the small red-eyed damselfly, Erythromma viridulum, from

northern Europe. (a) expected heterozygosity (He); (b) allelic richness (AR);

(c) inbreeding coefficient (f) (Wright, 1951).
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Table 3.2. Average values of allelic richness (AR), expected heterozygosity

(He), Wright's (1951) inbreeding coefficient (f) and genetic differentiation (FST)

among groups of populations of Erythromma viridulum from the eastern UK

(Isle of Wight and Hampshire), southern UK (Essex, Suffolk, Norfolk and

Bedfordshire) and continental Europe (Germany, Belgium, Holland and

France). P, 1-sided probability of genetic variability parameter differing

between groups of samples under the hypothesis that the southern UK

populations are genetically less diverse than those from the eastern UK, and

that the UK populations are less diverse than populations from continental

Europe. *indicates significantly different (P < 0.05) measure of genetic

variability, with tests remaining significant after sequential Bonferroni

correction (P < 0.05, k = 4) highlighted bold.

Measure of genetic variability

Population group AR He f FST·
Eastern UK 2.930 0.432 0.131 0.018
Southern UK 2.728 ·.0.389 0.111 0.003
P 0.027* 0.003* 0.399 0.161

Eastern UK 2.930 0.432 0.131 0.018
Continental Europe 3.048 0.429 0.065 0.019
P 0.845 0.456 0.166 0.530

Southern UK 2.728 0.389 0.111 0.003
Continental Europe 3.048 0.429 0.065 0.019
P 0.001* 0.028* 0.520 0.328
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3.3.2. Population bottleneck
Approximately 30 % of the E. viridulum populations (n = 10 out of 32) showed

a significant (P < 0.05) excess of heterozygotes that is indicative of a recent

population bottleneck assuming the infinite allele model (lAM) of mutation

and using the Wilcoxon sign-rank test (Table 3.3). By contrast, using the two

phase (TPM) or stepwise models (SMM) of allele mutation, which are

believed to be more appropriate for microsatellite loci, only four and one

population(s) respectively demonstrated significant evidence for a population

bottleneck. Overall, significant results included samples from the UK and

continental Europe (Holland) and also throughout the sample periods (2004,

2005 and 2006), so there is no obvious spatial or temporal pattern to the

distribution of populations that may have suffered a recent bottleneck.

Moreover, some caution must be applied to inferring that any of these

populations have demonstrate a genetic bottleneck since no significant

heterozygote excesses are observed if a sequential Bonferroni correction for

k = 32 multiple tests is applied.

3.3.3. Variation among temporal samples

No significant genetic differences were attributed to variation among the

temporal groups of samples (P = 0.254), with just 0.2 % of the total genetic

variance attributable to temporal genetic variation. Approximately 6.5 % of

the total genetic variance (FST = 0.066, P < 0.001) was attributed to

differences among spatial groups within each sample period, and the

overwhelming majority of genetic variation occurred with populations (Table

3.4).

The clear lack of temporal variation among samples justifies the use of

pooling samples at the same site but from different years to increase

statistical power for analyses of genetic differentiation among populations.
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Table 3.3. Probability values for tests for a significant heterozygote excess

indicative of a population bottleneck for samples of Erythromma viridulum

using three models of microsatellite allele mutation (lAM, infinite allele model;

TPM, two phase model; SMM, stepwise model) and two methods of analysis

(Sign test and Wilcoxon sign-rank test). *indicates a significant (P < 0.05)

heterozygote excess, however no tests remain significant (P < 0.05) after a

sequential Bonferroni correction for k = 32 multiple tests.

Region Site Year
Sign test

lAM SMMTPM
Wilcoxon test

lAM TPM SMM

x
<J.)
VI
VI
W

~<J.)
ro'!:::=i50>"c ._-<0_ ......
VI"ro <J.)wCC

EVC
MOR
MOR
MOR
MAR
MAR
PPP
PPP
STL
BUR
---_._.-

ML2
ML2

. SCV
SCV

2005
2004
2005
2006
2004
2005
2005
2006
2005
2005

0.1700
0.2798
0.2732
0.3820
0.3557
0.2455
0.2675
0.0934
0.4058
0.0874

0.2106
0.3278
0.3828
0.4872
0.4204
0.3197
0.5921
0.5717
0.5184
0.3434

0.2196
0.6050
0.0375*
0.2373
0.4635
0.3657
0.3577
0.3594
0.4012
0.3662

0.0156*
0.3262
0.3672
0.3125
0.0967
0.1250
0.1504
0.0645
0.2783
0.0117*

0.0234*
0.4102
0.6328
0.5391
0.2783
0.3672
0.5898
0.4102
0.6523
0.0391

0.2188
0.8203
0.8750
0.8623
0.3848
0.4551
0.8496
0.8496
0.7539
0.4063

2005 0.1701
2006 0.1075
2005 0.2044
2006 0.2889

__________ .. ._M .... . _

0.0903 0.0789
0.1760 0.1696

, 0.2589 0.0117*
0.3976 0.0493*

0.9863
0.9863
0.9805
0.9180

LWS 2005
LWS 2006
EAR 2004
EAR 2005
EAR 2006
PCP 2004
PCP 2005
PCP 2006
WRP 2005
WRP 2006

0.0410*
0.3971'
0.2066
0.0242*
0.0476*
0.0233*
0.1634
0.0156*
0.0504
0.0888

0.2065
0.5309
0.2501
0.1464
0.0698
0.1352
0.5419
0.2941
0.2385
0.3065

0.0770
0.0931
0.2054
0.0406*
0.1980
0.3654
0.4898
0.4279
0.5466
0.1679

Germany BRN 2005

Belgium
HET 2006
WEV 2006

KDK 2006
Holland UAD 2005

UAD 2006

0.0371*
0.1016
0.0977
0.0645

0.0059*
0.1875
0.0977
0.0645
0.0195*
0.0049*
0.0967
0.0068*
0.0137*
0.0645

0.7695
0.6328
0.3203
0.5000

0.1563
0.7217
0.3203
0.0820
0.0273*
0.0244*
0.3477
0.0820
0.1563
0.2481

0.9023
0.9346
0.8750
0.9932
0.6289
0.6328
0.8838
0.6328
0.5781
0.8984

0.5000 0.9180 0.99710.6065 0.1135 0.0274*
--------------------

0.3082 0.6267 0.2976
0.4507 0.0997 0.0762

0.3108 0.3415 0.1450
0.1028 0.1188 0.4124
0.0044* 0.0484* 0.2193

0.1504 0.5000 0.8750
0.5391 0.9033 0.9951

0.1504 0.4551 0.8203
0.1016 0.2129 0.5449
0.0020* 0.0039* 0.0371*

._------------_._---
_£_!:9~g~ gB.!__?QQ§__ 0~_!~?~_~~_!!?_Q_:_?1?? Q:_Q.~I? Q:??~L___9_:~.?.9.~__

BLT 2006 0.0669 0.2627 0.2933 0.0244* 0.0820 0.7871
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Table 3.4. Analysis of molecular variance (AMOVA) of samples of the small

red eyed damselfly Erythromma viridulum from the UK collected between

2004 and 2006. Variation is quantified among three temporal groups of

samples (2004, 2005 and 2006), among samples within each temporal group

and within populations. Values that are significantly (P < 0.05) different from

zero are highlighted bold.

Source of df SS Variance % Fixation Pvariation components variance index

Among temporal 2 31.6 0.005 0.21 0.0021 0.254
groups
Among
populations within 21 297.2 0.139 6.55 0.0656 <0.000
temporal groups
Within 2066 4098.5 1.984 93.24· 0.0676 <0.000
populations
Total 2089 4427.3 2.128 100.00
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3.3.4. Spatial genetic structure

Overall, the level of genetic differentiation among the UK and continental

European populations could be considered moderate or low given the

distances among sample sites (FST = 0.038). There was little evidence for

estimates of genetic differentiation being biased by values at one or few loci

(i.e. locus-specific effects) since most loci showed similar values of average

FST, varying from FST = 0.166 and 0.109 at L1ST14-005 and L1ST14-042

respectively down to FST = 0.003 at one locus only, L1ST14-009(Table 3.5).

Estimates of pairwise genotypic differentiation between all pairs of samples

are provided in Table 3.6. A striking pattern is that significantly different (P <

0.05, k = 231) genotypic differences and values of pairwise FST were

observed for all of the comparisons between populations from southern UK

and those from elsewhere, but not between any of the pairs of samples within

the Isle of Wight and .Harnpshlre. Overall, average pairwise population

genetic differentiation (FST) was greatest for comparisons between

populations from the southern UK and those from eastern UK and continental

Europe (FST = 0.066 and 0.064 respectively), intermediate for comparisons

between the eastern UK (EUK) and continental Europe (CEE) (EUK-CEE FST

= 0.0187; CEE-CEE FST = 0.0169; EUK-EUK FST = 0.0157) and lowest

among populations from the southern UK only (FST= 0.004). Given this clear

distinction in population differentiation between the three broad regions, it is

not surprising that the multidimensional scaling analysis of values of pairwise

FST reveals two discreet clusters: (i) a tight group of samples comprising

populations from the Isle of Wight and Hampshire and (ii) a looser cluster of

populations that contains all other UK populations as well as samples from

continental Europe (Figure 3.4). In summary, the somewhat surprising

conclusion is that greatest genetic differences occur between populations

from southern UK and those from eastern UK and continental Europe, and

not between the populations from UK and continental Europe.

There was a significant (y = 0.018x - 0.033, P = 0.002) relationship between

genetic differentiation among UK populations (data from 2004 and 2005

combined) and the distance separating them. An apparently significant
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pattern of IBD was also uncovered when sites from 2005 were considered

only (data not presented), though too few samples were collected during

other years for a meaningful statistical analysis of IBD among populations. In

both cases of apparent lBO, however, the level of genetic differentiation

remained similarly low (FST up to -0.02) over distances between 0 km and

160 km (i.e. within each of the southern and eastern areas of colonisation

within the UK, Figure 3.5). Thus, it is clear that the apparent statistical

significance to this pattern of IBD arises because of the high differentiation

among populations separated by larger geographic scales (> 160 km) rather

than a more general increase in the level of population differentiation as

distance increases that is characteristic of IBD (see Figure 3.5). Therefore,

when samples were partitioned for analyses within regions (i.e. considering

pairs of populations within either the eastern or southern UK only), significant

IBD genetic structure was not detected for either samples from the Isle of

Wight and Hampshire (y = -0.0058x + 0.0194, P = 0.885), or those samples

from Essex, Suffolk, Norfolk and Bedfordshire (y = -0.0025x + 0.0200, P =
0.962).

Individual correlogram profiles of the relationship 'between kinship (Fij) and

spatial separation varied somewhat among years. For example, none of the

average values of Fij in the 2002 sample were significantly different from

zero, and in 2006 only kinship in first distance class is significantly (P =

0.007) different (greater) from zero. By contrast, in 2004 and 2005 there is a

stronger trend of declining average kinship with increasing spatial separation:

Fij is significantly (P < 0.05) greater than zero for distances of up to 100-150

km, and then negative thereafter (see Figure 3.6a). Combining the data set

over all sample periods (2002-2006) to increase statistical power, also

generates a significant pattern of decreasing kinship with geographical

distance, with pairs of individuals up to about 100 km or less apart having

values of Fij significantly greater than zero, while at distances beyond

approximately 160 km average kinship among pairs of individuals (relative to

the sample) is significantly (P < 0.05) less than zero (Figure 3.6b). As with

the population-based analyses of pairwise FST describe above, this decline in

average kinship with distance is driven by broad genetic similarities between

73



Chapter 3

E. viridulum within reach of the three broad geographic 'regions' (i.e.

southern UK, eastern UK or continental Europe) rather than a general pattern

of IBS at local scales, since within each region there is no significant trend in

kinship with distance separating individuals (see Figures 3.7a-c).

There is no evidence for sex-biased dispersal in E. viridulum since the

correlogram profiles for males and females follow the same qualitative

pattern and do not differ significantly, with overlapping 95 % confidence

intervals (Figure 3.8). Raw data for significance of average pairwise kinship

for each distance class are presented in Appendix 3.5.

Independent runs of structure generated similar clustering solutions. Overall,

values of L(K) produced by STRUCTURE analysis were similar for values of k

between 1 and 6, and were highest at k = 2 and 5. The variance in values of

L(K) increases with greater values of k, but is only particularly evident at k >

.. 11 (Figure 3.9a). The mean difference between successive likelihood values

of K, which corresponds to the rate of change of the likelihood function with

respect to K, shows little obvious trend as values of K increase (Figure 3.9b),

while the difference between successive values of L'(K), which correspond to

the second order rate of change of L(K) with respect to K, show a gradual

increase in absolute value with increasing K (Figure 3.9c). Finally,

examination of L1K from STRUCTURE output produces a clear modal value at k

= 2 (Figure 3.9d) and thus strong evidence for pronounced subdivision of E.

viridulum from UK and the northern continental European populations into 2

distinct genetic units, with the partition of the data set following geographic

location; cluster 1 comprises samples from the southern UK (Isle of Wight

and Hampshire) while cluster 2 consists of individuals from the rest of

mainland UK and also all of the samples from continental Europe (Germany,

Holland, Belgium and France). Although there is clear evidence for two

discreet clusters, a substantial proportion if individuals are inferred to have

mixed ancestry, whereby there is an approximately equal probability of

membership to either cluster (Figure 3.10 and Table 3.7).
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Average membership coefficients hypothetical cluster 1 stand out as being

generally high (> 0.6) for most of the southern UK populations (with the

exception of two small populations). Average membership coefficients for

the eastern UK and continental European samples are mostly high for cluster

2, however a greater percentage of populations, in particular three of the

French samples, have roughly equal probabilities of membership to either

simulated cluster (Table 3.7). This pattern of inferred mixed ancestry likely

represents high gene flow and the concomitant weak spatial genetic structure

and non-equilibrium conditions, but could also arise through some broad-

scale clinal genetic variation or IBD spatial genetic structure.
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Table 3.5. Individual locus F-statistics for populations of Erythromma

viridulum from the UK and continental Europe.

FIT FST Fis
Mean SE Mean SE Mean SE

LlST14-002 0.064 0.018 0.028 0.010 0.037 0.020

LlST14-005 0.810 0.064 0.166 0.050 0.769 0.060

LlST14-006 0.066 0.027 0.015 0.007 0.052 0.026

LlST14-014 0.199 0.051 0.069 0.019 0.140 0.059

LlST14-019 0.058 0.015 0.003 0.004 0.055 0.015

LlST14-021 0.795 0.072 0.007 0.005 0.794 0.073

LlST14-025 0.090 0.028 0.019 0.008 0.073 0.031

LlST14-035 0.092 0.025 0.015 0.005 0.078 0.025

LlST14-040 0.139 0.069 0.015 0.005 0.126 0.072

LlST14-042 0.184 0.071 0.109 0.036 0.084 0.066

All Loci 0.141 0.047 0.038 0.013 0.107 0.040
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Figure 3.4. Multidimensional scaling plot of values of pairwise FST between

samples of the small red-eyed damselfly, Erythromma viridu/um, from (i)

southern UK (Isle of Wight and Hampshire) (black), (ii) eastern UK (Essex,

Suffolk, Norfolk and Bedfordshire) (grey) and (iii) continental Europe

(Germany, Belgium, Netherlands and France) (white).
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Figure 3.5. Relationship between the level of genetic differentiation [FST 1(1-

FST) ] and geographic separation for pairs of populations of the small red-

eyed damselfly Erythromma viridulum from the UK in 2004 and 2005. The

arrow highlights the spatial scale where there is a Significant break in genetic

structure.
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Figures 3.6a, b. Correlogram profiles of the variation in kinship (Fij) (Loiselle

et al. 1995) as a function of the average distance separating pairs of

Erythromma viridulum from locations in the UK. Confidence intervals are

twice the standard error, obtained by jackknifing over 10 microsatellite loci.

(a) individual profiles for samples collected during 2002 (grey circles), 2004

(black circles), 2005 (black diamonds) or 2006 (grey diamonds); (b) variation

in Fij over all years combined.
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Figures 3.7a, b, c. Spatial variation in average kinship (Fij) (Loiselle et al.

1995) among pairs of Erythromma viridulum from (a) eastern UK (Essex,

Bedfordshire, Suffolk, Norfolk), (b) southern UK (Isle of Wight, Hampshire)

and (c) continental Europe (Germany, Belgium, Holland, France).
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Figure 3.8. Correlogram profile of variation in kinship (Fij) (Loiselle et al.

1995) as a function of the average distance separating pairs of male (open)

and female (black) Erythromma viridulum that were caught in the UK

between 2002-2006. Confidence intervals are twice the standard error,

obtained by jackknifing over 10 microsatellite loci.
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Figures 3.9a, b, c, d. Description of the four steps for the graphical method

that allows detection of the true number of groups (K) in a sample. (a) Mean

L(K) (±95 % Cl) over 5 independent runs for each K value. (b) Rate of

change of the likelihood distribution (mean ± SO) calculated as L'(K) = L(K) -

L(K - 1). (c) Absolute values of the second order rate of change of the

likelihood distribution (mean ± SO) calculated according to Evanno et 81.'s

(2005) formula: IL"(K)I = IL'(K + 1) - L'(K)I. (d) ilK calculated as ilK =
mIL"(K)lIs[L(K)]. The modal value of this distribution represents either the

true value of K or the uppermost level of genetic structure.
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Chapter 3

Table 3.7. Average probability of membership for populations of Erythromma

viridulum from the UK and continental Europe to one of two simulated

clusters derived using STRUCTURE. Populations with average membership >

0.6 to a cluster are highlighted bold.

Region Population Probability of Assignment n
Cluster 1 Cluster 2

Hal 0.790 0.210 11
EVC 0.798 0.202 33
SFR 0.579 0.421 7
MaR 0.785 0.215 98

Isle of Wight MAR 0.792 0.208 77
MRH 0.683 0.317 11
PPP 0.756 0.244 79
ClP 0.695 0.305 6
STl 0.757 0.243 49

Hampshire BLH 0.503 0.497 4
BUR 0.707 0.293 38
BFP

_._--_ ..._ .._-- __ .__ ......__ ..
0.629 0.371 7

MlH 0.299 0.701 4
MlT 0.375 0.625 112
TlS 0.302 0.698 17

Essex
FGH 0.378 0.622 9
Cal 0.390 0.610 13
SCV 0.376 0.624 107
SVE 0.289 0.711 10
SCP 0.547 0.453 3
LWC 0.484 0.516 9
LWS 0.404 0.596 136
THM 0.180 0.820 3

Norfolk & Suffolk EAR 0.363 0.637 104
CAR 0.823 0.177 10
SSF 0.366 0.634 4

Bedfordshire
PCP 0.316 0.684 150
WRP 0.329 0.671 121
BRN 6-~4i9- ..... _._ .._----_ ..........._

Germany 0.521 53

Holland
KDK 0.353 0.647 19
UAD 0.332 0.668 38
WEV 0.423 0.577 19

Belgium WGV 0.488 0.512 5
HET 0.262 0.738 10
CRT 0.253 0.747 10
BVS 0.597 0.403 6

France BlT 0.365 0.635 25
LMD 0.584 0.416 3
MGG 0.450 0.550 7
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3.4. Discussion

In this chapter I used 10 microsatellite loci to characterise patterns of genetic

diversity and spatial genetic structure in 1,322 E. viridulum that were

collected between 2002 and 2006 from 28 populations that had recently

colonised the UK, and 195 individuals from 11 populations from Germany,

Belgium, Holland and France that represent putative source populations, or

populations close to source of invasion. Genetic data were used to explore

the level of population structure, loss of variability during colonisation and to

compare UK samples with those from continental Europe.

3.4.1. Patterns of genetic variability

Rapid range expansion is expected to produce genetically homogenous

populations because factors that create genetic structure, such as genetic

drift and local adaptation are counteracted by high migration rates and recent

founding of populations (Slatkin, 1993). Theory predicts that only very low .

levels of migration between populations are needed to prevent genetic

differentiation (Wright 1931; Slatkin, 1985; Mills & Allendorf, 1996). In

models where range expansion occurs by means of long distance migrants,

known as leptokurtic dispersal, increasingly large patches of homozygosity

are produced in comparison to the fragmented patchwork of high and low

frequency areas produced in the other forms of dispersal (Ibrahim et al.,

1996). Furthermore, founder effects are well documented to reduce genetic

variability and therefore structure, in newly established populations (Tsutsui

et al., 2000).

The only other genetic study of a zygopteran using microsatellites was on the

endangered species, Coenagrion mercuriale, which in Britain exists in

fragmented patches with little dispersal occurring between populations (Watts

et al., 2004a, 2005). Levels of genetic diversity were found to be similar but

slightly higher in C. mercuriale to those in E. viridulum, despite their

contrasting distributions and dispersal ability. AR was higher in C. mercuriale

than E. viridulum (3.46 and 3.00 respectively) and f was lower (0.040 and

0.100 respectively). This demonstrates that similar low levels of genetic
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diversity can be generated by different processes and that founder effects

have not prevented or slowed the spread of E. viridulum in the British Isles.

3.4.2. Population bottleneck

Genetic bottlenecks caused by founder effects are expected to produce

populations with reduced genetic variability when compared with their source

populations (Tsutsui at al., 2000). I found significant differences in the

variability among the populations of E. viridulum in terms of their allelic

richness and expected heterozygosity (see Table 3.2). These differences

were indicative of a loss of genetic variability during colonisation of the British

Isles, with the Isle of Wight and Hampshire populations showing more loss

than those from the rest of mainland Britain when compared with continental

samples. This evidence suggests effective population sizes have differed

between the regions studied at some time.

3.4.3. Spatial genetic structure

The main purpose of this study was to investigate the population genetic

structure of E. viridulum in the British Isles and relate this to potential source

populations in continental Europe. From the correlogram profiles it is

apparent that spatial clustering of similar genotypes, i.e. some lBO-like,

genetic structure, is evident only at relatively large scales - i.e. within 100-

160 km. The combined 2002-2006 correlogram shows positive kinship

coefficients (significantly greater than zero) observed for groups of samples

up to 150 km. No small-scale pattern of IBD could be found when (i) the Isle

of Wight and Hampshire (ii) sites from mainland Britain or (iii) continental

European samples were considered. This confirms that the E. viridulum in

the British Isles represents two populations originating from discrete invasion

events; one on the Isle of Wight which subsequently spread into Hampshire

and the other centred on the east coast of southern UK.

I conclude that large scale patters of IBD in the British Isles were generated

by differences between the Isle of Wight and Hampshire populations and

those from the rest of mainland Britain, indicative of two discrete invasions.

This result is consistent with the results from STRUCTURE indicating the
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highest value of ~K, which is the second order rate of change of Ln P(D) with

respect to K, was found when K = 2, meaning the best model was two

clusters, or populations. When individuals were probabilistically assigned to

these clusters (or jointly if their genotypes indicate that they are admixed) by

STRUCTURE, a loose pattern emerged of genetic differentiation between the

Isle of Wight and Hampshire populations and those from mainland British

sites. Assignment to these populations was rarely definitive as most

individuals were admixed though tending to have a greater proportion of

probability assigned to their geographic origin. Samples from continental

Europe tended to cluster with those from Essex and East Anglia rather than

the Isle of Wight, implying their source population. As such, the source for

the Isle of Wight population remains unknown and it is likely it was from an

area further west of my sample range in northern Europe, for example from

an area close to the Cap de la Hague in northern France. Alternatively, the

allele frequencies may have been highly skewed as the result of an extreme

founder effect. although as discussed above no evidence for a bottleneck

was detected.

There was some temporal variation in the strength of the large scale pattern-

of IBD-like genetic structure with correlograms from 2002 and 2006 showing, .

a weaker pattern of decreasing kinship (Fij) and higher variances than those

from 2004 and 2005, most likely a result of smaller sample size in those

years. The point at which positive kinships switch to negative remained

constant at around 150 km over the different years of sampling. The reasons

behind this variation are unclear at present, possibly representing variation in

the level of immigration or an artefact of sampling.

Genetic evidence did not implicate sex-biased dispersal occurring in E.

viridulum, with males and females having a similar pattern of decreasing

relatedness with geographic distance over all years combined (Figure 3.8),

though sample size for females was small (n = 170). Capture-mark-

recapture studies of damselflies have found a general pattern of higher

likelihood of recapture at least once for males than for females at both natal
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sites and breeding sites, attributed to higher female-biased dispersal

(reviewed by Bierinckx et al., 2006).

No significant pattern of genetic isolation by distance within broad areas (i.e.

populations on the Isle of Wight and Hampshire, mainland Britain or

continental Europe) was detected. This may seem surprising considering

the mainland Britain samples span an area of 160 km and the continental

European samples extend over 1,600 km. There are a number of factors

describing to the range expansion of E. viridulum that are likely to have

contributed to the observed allelic homogeneity. Movement between water

bodies by odonates, particularly zygopterans, is generally regarded as

uncommon during their mature adult lives (Fincke, 1982; Utzeri et al., 1984;

Banks & Thompson, 1985; Michiels & Dhondt, 1991) however E. viridulum

has expanded its range in the British Isles by an average of 31.68 km per

year (source: British dragonfly recording network,· courtesy of S. Cham)

indicating routine long-distance dispersal (indeed, since E. viridulum

colonised the UK from continental Europe, it must be capable of dispersing

over longer distance than this). A pattern is emerging of E. viridulum

migration events taking place towards the end of the flying season, when

population densities are greatest, increasing the viability of new colonies

(Cham, 2002). There is some evidence that E. viridulum may be migrating

by night (Jones, 2004) potentially utilising low level winds to cover large

distances as with other insect species including odonates (Gatehouse,

1997). Similarly, large-scale seasonal migrations by night have been

documented in China for the dragonfly, Pantala f1avescens. Radar

observations indicated this species regularly makes journeys of 150-400 km

in a single flight at altitudes of up to 1,000 km over open sea (Feng et al.,

2006). Ischnura hastata has also been documented to travel large distances

over sea after it was caught in nets mounted on an aeroplane at an altitude

of 300m, which has allowed it to colonise remote islands (Dunkle, 1989)

Other factors that may have contributed to the weak spatial genetic structure

in E. viridulum in the British Isles and on the continent are the relatively short

time since these populations were founded and the repeated invasions of the
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British Isles. The first record of E. viridulum in the British Isles was in 1999 at

three localities in Essex (Oewick & Gerussi, 2000) and in the following years

sites were added along the coast between north-Norfolk and the Isle of Wight

in addition to significant inland movement (Cham 2001, 2002, 2003, 2004).

Furthermore, as this species is predominantly semivoltine in the British Isles

(see Chapter 5) it means there has been limited scope for local adaptation or

genetic drift to generate local genetic differentiation. The rate at which E
viridulum has spread in the British Isles implies either founding populations

were of sufficient numbers to rapidly breed and spread, or that further

reinforcements from the continent were a contributing factor. Indeed,

repeated invasions of the British Isles by E. viridulum have been documented

at coastal stations with waves of individuals observed coming inland from the

sea (Cham, 2002; Bowman, 2004; Parr, 2004, 2005) which may have

ameliorated potential genetic founder effects typically associated with

biological invasions (Goodisman, 2001).

There was a lack of genetic isolation by distance in the continental

populations despite samples being taken over a range of over 1,600 km in

northern Europe. It might be expected that the pattern of genetic isolation by

distance would be stronger in the native range compared to the introduced

range in the British Isles, as has been the case in studies of other invasive

insects (Tsutsui & Case, 1994; Gomulski et al., 1998; Malacrida et al., 1998;

Gasperi et al., 2002; Kourti, 2002). However, the area sampled in northern

Europe had itself only been significantly colonised as recently as the 1970s in

the Netherlands (Ketelaar, 2002) and in the 1990s in Belgium (De Kniff et al.,

2001). This range expansion was rapid and may account for the lack of

genetic structuring for the same reasons as the lack of small-scale structure

in the British Isles.

No general conclusions have emerged in comparative studies into the

population genetic structure of zygopteran species. Most published

population genetic studies of zygopterans have reported only low or non

significant genetic differences at small distances (Geenen et al. 2000; Wong

et al., 2003; De Block, 2005). Significant differentiation was found between
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populations separated by similar scales to those examined in this study

(Andres et al. 2000, 2002; Svensson, 2004). The only damselfly study to

have found small scale genetic isolation by distance was on Coenagrion

mercuriale in the Itchen valley, where a pattern of IBO emerged over just

1,000 m (Watts et al., 2004a). The primary factors generating of this small

scale pattern of IBOwas very limited dispersal, in contrast to E. viridulum and

habitat fragmentation. C. mercuriale is a weak flier and in a capture-mark-

recapture experiment, 78 % of adults moved less than 50 m from where they

were first captured over their lifetime (Watts et al., 2004a).

As this is the first population genetic study of damselfly undergoing range

expansion, comparisons can only be drawn with other invasive species or

those undergoing range expansion. The most informative studies are those

which look at genetic variation in both the introduced and native range of a

species. In Argentine ants, the pattern of genetic isolation by distance

among nests and colonies in the native range resembled a population at

equilibrium under a stepping-stone model of population structure in contrast

to introduced populations which showed no pattern of genetic isolation by

distance (Tsutsui & Case, 1994). Isolation by distance has been observed

between populations of the medfly Ceretitis capitata in Africa (the native

area) and in the Mediterranean basin, where it was introduced and first

recorded in 1842 (Gomulski et al., 1998; Malacrida et al., 1998; Gasperi et

al., 2002; Kourti, 2002). In a study of the introduced wasp Vespula

germanica, in Australia a significant pattern of genetic isolation by distance

was only found when a larger spatial scale was investigated either because

of limited dispersal or multiple introductions (Goodisman et al., 2001). In

1935 the cane toad, Buto marin us, was introduced to Australia where it

spread rapidly. Subsequent genetic studies showed no pattern of isolation

by distance at local scales (Leblois et al., 2000) though founder effects and

discontinuities in the colonisation process may have generated the

apparently significant relationship between genetic and geographic distance

reported in previous studies (Easteal, 1985), similar to the results described

above for E. viridulum.
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These studies together with this investigation provide an insight into the

population genetics of species undergoing range expansion and human

mediated invasions. They emphasise that dispersal ability is a critical factor

in determining spatial genetic structure. In addition a clear understanding of

the history of an invasion is important so that patterns of IBD are correctly

attributed to discontinuities in the invasion process rather than local

adaptation or genetic drift. In the case of E. viridulum, questions remain

about the origin of the Isle of Wight and Hampshire populations and how

voltinism and effective population sizes influence the spatial variation in allele

frequencies.

3.4.4. Summary
I found a lack of genetic structure even at regional spatial scales, which were

attributed to high levels of gene flow, brought about by high migration rate

and multiple colonisation events by large .nurnbers of individuals. An

exception to this lack of structure was the differentiation between the

southern and eastern UK populations ascribed to different putative source

populations. Data strongly implied that eastern UK populations were founded

by migrants from the area of continental Europe that was sampled in this

investigation. However the source of the southern UK populations remains

unknown and is likely to be either outside the range sampled in this

investigation or the result of an extreme founder effect. The southern UK

showed a greater loss of genetic variability than eastern UK populations

when compared with continental European populations. Overall we found

that migration rate and source populations were the critical factors in

determining the current population genetic structure of E. viridulum in the

British Isles.
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Chapter 4

Temporal genetic variation at recently colonised populations of the

small red-eyed damselfly Erythromma viridulum (Charpentier, 1840).

4.1. Introduction

Genetic surveys that explore temporal changes in genetic structure are

valuable because they provide insights into how patterns of spatial genetic

structure develop and are maintained (de Barra et al., 1995). Typically,

temporal genetic variation is assumed to be minimal and putative key

determinants of population genetic structure such as dispersal ability or

landscape are the foci of study for a wide range of taxa, including odonates

(see discussion and references in Chapter 3). However, it is essential to

recognise that, in addition to dispersal ability per se, genetic structure is

determined by other demographic and behavioural factors, such as natal site

philopatry (Avise, 1994), mating system (Jarne & Stadler, 1995; Fournier et

al., 2002; Lenoir et al., 2007), historical patterns of gene flow (Liebherr &

Zimmerman, 1998; Leblois et al., 2000), effective population size (Adkison,

1995, Lehmann et al., 1998, Adams et al., 2007; Watts et al., 2007b) and

developmental polymorphism (Robinson et al., 1992; Schultheis et al., 2002;

Charmantier et al., 2006). This chapter principally deals with the latter two

properties.

Often, species' life histories have an invariant component, such as a specific

larval type, that leaves a characteristic signature on the pattern of spatial

genetic structure (reviewed by Avise, 1986; Bohonak, 1999). Many insects,

however, combine developmental polymorphism with facultative expression

of particular stages during their life cycle; for example, species may use or

bypassing a diapause stage to avoid or exploit certain environmental

conditions respectively (e.g. Solbreck, 1979; Bradford & Roff, 1995; Hunter &

McNeil, 1997; Hockham et al., 2001). Odonates have an inherently complex

terrestrial-aquatic life-cycle, and many species are able to vary their
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development time in response to certain environmental conditions, such as

latitude (Parr, 1970; Norling, 1984; Corbet, 1999; Johansson, 2003; Corbet et

al., 2006), perceived time constraint (Johansson, 1999), food stress (de

Block, 2004; Mikolajewski et al., 2007), predation risk (Brodin, 2006) and

larval density (Banks & Thompson, 1987). While many odonates regulate

development with a diapause, this can be averted by appropriate treatment

and therefore it is regarded as a facultative rather than obligate condition

(reviewed by Corbet 1999; Corbet et al., 2006).

Developmental polymorphism can lead to variation in the number of

generations that may be completed within a given period. Corbet (1999;

Corbet et al., 2006) reviewed levels of voltinism (the number of generations

completed in a year) in odonates: univoltinism, i.e. completing one generation

per year, predominates in temperate species, followed by semivoltinism and

partivoltinism (one generation every two or three years, respectively),

bivoltinism (two generations per year) and then other levels of multivoltinism.

Forsome species, such as many species within the Lestidae, voltinism is

fixed at one generation per year, however, for many species the level of

voltinism can vary with latitude (i.e. correlating with photoperiod and/or

temperature) (Parr, 1970; Norling, 1984; Johansson, 2003; reviewed by

Corbet, 1999; Corbet et al., 2006). Thus, odonate generation time can vary

intraspecifically according to the perceived environmental conditions.

Temporal genetic divergence in univoltine species will reflect patterns of

immigration, selection and divergence due to genetic drift (described in more

detail below). Thus, when populations have attained migration-drift

equilibrium conditions samples from different generations could be used to

characterise population genetic parameters without a severe bias. By

contrast, in an obligate semivoltine species, where larval development time is

fixed at two years, any particular breeding site will comprise two distinct

cohorts that are effectively reproductively isolated (Figure 4.1b), and thus be

expected to diverge through the action of genetic drift, response to selection

and mutation; indeed, in some insects, reproductive isolation among discrete

cohorts is sufficient to generate distinct races (e.g. Coates et al., 2004).
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Clearly, estimates of spatial genetic structure may not reflect actual patterns

of gene flow when sampling is confounded by a mixture of distinct cohorts.

Where larval developmental time is not fixed, however, there is potential for

genetic 'leakage' between cohorts whereby individuals from both cohorts

emerging in any breeding season (Hughes, 1999; Schultheis et al., 2002;

Watts et al., 2005). In a predominantly semivoltine species, even just a small

number of individuals taking one or three years to complete development,

should provide sufficient gene flow between cohorts to mitigate the effects of

genetic drift and selection (Figure 4.1c).

E. viridulum is predominantly semivoltine in the British Isles, though under

favourable conditions some individuals may complete a generation within one

year, a subject which is covered in Chapter 5. This species is known to be

bivoltine in Greece (Galletti & Pavesi, 1983) and therefore is assumed to be

univoltine throughout central Europe. Developmental plasticity and a mixture

of semivoltine and univoltine life histories in the British Isles would prevent

separate cohorts of E. viridulum from becoming reproductively isolated.

Accordingly, low levels of inter-cohort differentiation are expected.

Irrespective of divergence among cohorts, genetic differences will

accumulate between successive generations through the evolutionary forces

of selection, migration, mutation and genetic drift. The concept of Ne was

introduced by Wright (1931) to predict the genetic properties of a finite

population that meets the assumptions of random mating, constant

population size and non-overlapping generations (the Wright-Fisher model)

(Fisher, 1930; Wright, 1931). In the absence of significant migration,

selection or mutation, the allele frequencies of any population will fluctuate

among generations due to random sampling of gametes during reproduction,

with the amount of this genetic drift inversely proportional to the effective

population size (Ne). Natural populations seldom conform to the Wright-

Fisher model and various factors reduce the number of reproductively

successful individuals (i.e. Ne) below that of the total adult census (N)

(reviewed by Frankham, 1995; Frankham et al., 2002). This has widely-

recognised evolutionary consequences because it is Ne and not N that
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determines levels of inbreeding and the rate of loss of genetic diversity,

which are important correlates of population persistence (Saccheri et al.,

1998; Spielman et al., 2004) and future evolutionary potential (Franklin,

1980).
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Figures 4.1 a, b, c. Potential evolutionary consequences of voltinism among

successive generations (solid arrows) of populations (open or grey ovals)

connected, or not, by gene flow (rn, dashed arrows). (a) 2 spatially

separated populations (P1 and P2) of a univoltine species remain genetically

similar (both grey) through intermittent migration events (rn); (b) as above but

for an obligate semivoltine species with 2 cohorts (P1 and C1) shown at one

site. Individuals from P1 and C1 genetically diverge because they always

emerge during different years and do not interbreed. (c) facultative

semivoltine species with some individuals taking either one or three years to

develop and therefore recruiting to a different cohort; gene flow between

cohorts reduces rate of genetic divergence.
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Effective population size (Ne) is a fundamental evolutionary parameter that,

together with the rate of immigration, principally determines the spatial

variation in allele frequencies as well as the efficacy of selection in shaping

genomic architecture (Slatkin 1973, 1985; Nagylaki & Lucier, 1980; Adkison,

1995). In contrast to quantifying rates of dispersal (for examples and

discussion see Chapter 3), Ne is a notoriously challenging parameter to

measure and field estimates of Ne in animal populations have been

neglected, especially insect species (reviewed by Thompson et al., 2007).

This deficiency is alarming as insects form a dominant functional group in

many ecosystems, and some 800 species are in the IUCN (2006) red list

data book (excluding the least concern category).

The main reason for this deficiency is that there are manifest difficulties

associated with directly measuring the principal factors that determine Ne -

population fluctuations, uneven sex ratio and variance in mating success

(see Nunney & Elam, 1994; Falconer & MacKay, 1996; Wang & Caballero,

1999; Wang, 2005 for review of rnethodoloqy). Therefore, most estimates of

Ne are calculated from the population frequencies of genetic markers, since

these are a retrospective measure of all processes that determine the

successful breeding population, though the relative significance of each

demographic factor cannot be quantified. Of the numerous methods

formulated to estimate Ne from genetic data, such as the extent of temporal

variation in allele frequencies (Nei & Tajima, 1981; Waples, 1989 and

others), linkage disequilibrium (Hill, 1981) or heterozygote excess (Pudovkin

et al., 1996), the former is believed to have the greatest precision and is the

most frequently employed.

For species existing as a dynamic network of partially connected patches

(captured by the metapopulation paradigm, see Hanski, 2003 for review) one

issue in particular may complicate estimation of Ne: the original genetic

methods developed to calculate Ne assume that populations are closed (i.e.

they experience no immigration) is often invalid - certainly for a highly mobile

species such as E. viridulum that is rapidly expanding its range. Migration

alters the gene frequencies of a population and this will bias estimation of Ne
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if not taken into account. For this reason, new techniques have been derived

that are able to jointly estimate Ne and immigration rates (m) (Vitalis &
Couvet, 2001; Wang & Whitlock, 2003) and there are now several examples

of the application of these techniques to characterise vertebrate populations

(Wilson et al., 2004; Jehle et al., 2005), and, more recently, in odonates

(Watts et al., 2007b).

In this Chapter I (1) examine the level of genetic differentiation variation

among cohorts, and (2) quantify Ne of three populations of the invading small

red-eyed damselfly Erythromma viridulum.

4.2. Materials and Methods

4.2.1 Study sites
Samples used for analyses of temporal variation are provided in Table 4.1.

Briefly, adult E. viridulum samples, collected from 9 sites during the summers

of 2004, 2005 and 2006, were used to quantify the level of genetic

differentiation between cohorts. The final groups of samples examined as

cohorts were: cohort 1 (MAR from 2004, and PCP, WRP, ML2, SCV, MOR,

PPP, EAR and LWS from 2006) and cohort 2 (PCP, WRP, ML2, SCV, MAR,

MOR, PPP, EAR and LWS all from 2005).

Samples were taken from successive generations (2004 and 2006) at three

sites to estimate Ne, with genotype data from a range of potential source

populations pooled into a single source population used to estimate

immigration rates (see 4.2.4 below). Grid references and a map of locations

for these sites are given in Chapter 3, in Table 3.1 and Figure 3.1

respectively.

4.2.2 DNA Extraction and Polymerase Chain Reaction

Microsatellite loci and methods used for DNA extraction and genotyping are

provided in Chapter 3.2.2.
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4.2.3 Genetic differentiation among cohorts

Basic genetic analyses, genetic diversity, linkage among loci, agreement with

expected Hardy-Weinberg equilibrium conditions and level of differentiation

between pairs of populations, are provided in Chapter 3 and, therefore, are

not presented here because the main aim of this chapter is to determine the

pattern of temporal variation in genetic structure. The permutation procedure

implemented by FSTAT was used (2,000 permutations of samples among

groups) to test the significance of any differences in genetic diversity (AR, He,

Ho and f) between samples from different alternate-year cohorts.

Principal component analysis (PCA) aims to explain multivariate data by a

few linear combinations of the original variables while still retaining nearly as

much of the total variation between samples (Johnson & Wichern, 1992). A

plot of the sample scores (eigenvectors) of significant principal components

offers a convenient representation of the overall variation in data as long as

the principal components still account for a significant amount of the total

between-sample variation. Rather than attempt to describe the spatial

pattern of individual allele frequencies (56 variables) I reduced the multiallelic

variation between E. viridulum samples to two-dimensions by a peA of the

sample allele frequencies using PCA-GEN version 1.2.1 (Goudet, 1999). The

significance of each principal component was assessed from 5,000

randomisations of genotypes.

Next, hierarchical analysis of molecular variance (AMOVA} (Excoffier et al.,

1992) was used to separate the contribution to genetic diversity arising from

spatial variation with that occurring among cohorts. The significance of the

fixation indices were tested using the permutation procedure (10,000

permutations) that is implemented by ARLEQUIN software (Schneider et al.,

2000).

SPAGEDI v. 1.2 (Hardy & Vekemans, 2002) was used to calculate the

correlation in average kinship (Fij; Loiselle et al., 1995) relative to the whole

data set between pairs of E. viridulum separated by various spatial scales.

To avoid a bias in the correlation coefficient arising because of unequal
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sample sizes within each spatial category I allowed SPAGEDI v. 1.2 to assign

ten distance categories that contained a similar number of pairwise

comparisons (for further details see Hardy & Vekemans, 2002). Ninety-five

percent confidence intervals for Fij at each distance class were generated

from the distribution of 2,000 permutations of spatial group locations among

the spatial groups. Euclidian geographical distances between samples were

calculated from the GPS x and y coordinates. Correlograms were generated

for (1) odd- and even-year cohorts separately and (2) by restricting

comparisons between cohorts to determine whether there were any

substantial differences in pattern of spatial structure between cohorts.

Finally, the strength of any isolation by distance (IBD) was examined for both

cohorts by a regression of estimates of genetic differentiation among pairs of

samples, defined by FST 1(1-FsT), against the corresponding distances (In

km) separating them (Rousset, 1997); values of FST 1(1-FsT) were calculated

using SPAGEDI v. 1.2 software ..'

4.2.4 Effective population size

Temporal methods to estimate Ne are based on the premise that allele

frequencies drift apart more rapidly in smaller populations than in larger ones,

and hence the magnitude of fluctuations in allele frequencies is directly

related to Ne. Recent statistical improvements on the original temporal

methods overcome the restrictive assumption of no immigration into

populations (e.g. see Berthier et al., 2002; Wang & Whitlock, 2003), though a

recent comparison of Waples' (1989) original temporal method with the

moment and maximum-likelihood (ML) estimators derived by Wang &
Whitlock (2003) found relatively little difference in estimates of Ne between

various methods (Watts et al., 2007b). I calculated Ne using Waples' (1989)

original method as it is still widely used, even though it does assume that the

population is isolated. NeESTIMATOR ver. 1.3 (Peel et al., 2004) was used

to calculate Ne and ninety-five percent confidence intervals using methods

provided by Waples (1989).
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Better estimates of Ne should be obtained using more realistic estimators,

since E. viridulum is highly mobile and its populations likely experience

substantial immigration. Therefore, I employed the latter Wang & Whitlock's

moment and maximum-likelihood (ML) estimators that jointly estimate Ne and

an immigration rate (m), using MNE ver. 2.3 software (Wang & Whitlock,

2003). These methods estimate Ne and m of a focal population under the

assumption that immigrants are provided by an infinitely large source, but are

robust to deviations from this model and may be applied to a source

comprising one or more finite subpopulations. For this analysis, the focal

populations consisted of (1) Bedford, PCP, (2) Isle of Wight, MOR and (3)

Norfolk, EAR, with the pooled genotypes of E. viridulum samples from (1)

East Anglia and Bedfordshire or (2) Hampshire/lsle of White (excluding those

of the focal population) used as appropriate source populations (see Table

4.1). Finally, I used MNE to calculate Ne assuming that the sites are isolated

and experience no immigration. Ninety-five percent confidence intervals are

calculated for the ML method (see Wang & Whitlock, 2003 for details).
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Table 4.1. Summary of population used for (1) cohort analysis (highlighted

bold) and (2) the focal populations (underlined) and the samples pooled to

generate potential source populations to estimate effective population size

(Ne). Ne was estimated using Wang & Whitlock's (2003) moment and

maximum-likelihood estimators. N indicates sample sizes. Full details of

sample locations are provided in Table 3.1 and Figure 3.1 (Chapter 3).

County

N
Code Location '04 '05 '06 n
SVE Silver End 11 11
ML2 Maldon 2 10 59 44 113
SCV Salcott-cum-Virley 53 54 107
FGH Fingringhoe 9 9
TLS Thorpe-Le-Soken 17 17------------------~~---------------------------
LWS Lowestoft

Essex

17Suffolk

__ N_o_rf_o_lk__ --=E~~ __ .~.~~!_~~.~!~_~._. ?_~
PCP Priory Country Park 27

Bedfordshire -- - -
WRP Wrest Park

58
50
68
46

52 127

~.~__ .~.9.~_
54 149
75 121

"0
Cco Q)........r= .-C).r=._ Cl)
~a._ E
o co
Q):!:
en

BLH Beaulieu Heath
BUR
STL
MAR
EVC
PPP
MOR

Bursledon ...
4
38

4
38
45
37
33
30
32

49
68
33
69
98

4
31

Stag Lane
Marvel Farm ..
East View Cottage
Parsonage Peat Pond
Morton Pond 27

39
39
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4.3. Results

4.3.1 Genetic variation between cohorts

While some measures of genetic diversity (e.g. allelic richness and expected

heterozygosity) were slightly greater in the even-year cohort, there were no

significant differences between odd- and even-year cohorts in any measure

of genetic diversity (AR = 3.13, 3.24, P = 0.273; He = 0.398, 0.415, P = 0.075;

f = 0.061, 0.105, P = 0.321 for odd, even years respectively) or overall level

of population differentiation (FST = 0.038, 0.041, P = 0.850 for odd, even

years respectively).

Only the first principal component axis accounts for a significant amount of

the genetic variation among samples (FST = 0.0274, P = 0.0002, 59 % of the

total inertia) (Table 4.2). Nonetheless, the second axis accounts for a

substantial (approximately 14 %) amount of the variation in allele frequency

differences among samples, so the overall variation is visualised using a two-

dimensional scatterplot of population sample scores (eigenvectors) that

account for nearly three-quarters of the global FST (=0.0462) among samples.

Differences in the first two principal component scores reveal three distinct

clusters (Figure 4.2). As expected given the results from Chapter 3, the two

largest clusters are separated on the basis of geography - that is, samples

from southern (Isle of Wight and Hampshire) and eastern England (Suffolk,

Norfolk and Bedfordshire) - rather than between cohorts. Despite this strong

effect of sample location, two populations from eastern England, PCP and

EAR in 2006, form a small, third cluster that fall outside the main group of

samples from southern England.

AMOVA clearly demonstrates that the level of genetic differentiation among

cohorts is non-significant (P > 0.05), with more than 95 % of the variation

occurring between individuals within samples. A small (-4 %) but significant

(P < 0.001) amount of differentiation was present among samples within

each cohort (Table 4.3).
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Table 4.2. Summary statistics for principal component analysis of allele

frequency variation between samples of the small red-eyed damselfly

Erythromma viridulum from the UK.

Principal Per axis Percentage Cumulative
component inertia FST P

axis {eigenvalue} inertia percentage

1 0.1155 59.41 59.41 0.0270 0.0002
2 0.0264 13.56 72.97 0.0063 0.9972
3 0.0138 7.07 80.04 0.0033
4 0.0112 5.78 85.82 0.0027
5 0.0065 3.34 89.16 0.0015
6 0.0056 2.88 92.04 0.0013
7 0.0045 2.30 94.35 0.0011
8 0.0024 1.22 95.56 0.0006
9 0.0023 1.16 96.73 0.0005
10 0.0018 0.92 97.65 0.0004
11 0.0014 0.70 98.35 0.0003
12 0.0010 '0.52 98.86 0.0002
13 0.0008 0.42 99.28 0.0002
14 0.0005 0.28 99.56 0.0001
15 0.0005 0.23 99.79 0.0001
16 0.0003 0.13 99.92 0.0001
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Figure 4.2. Scatterplot of the first and second principal component scores

(based on variation in allele frequency) for samples of the small red-eyed

damselfly Erythromma viridulum within the UK representing odd- (black) and

even- (white) year cohorts. Only the first principal component axis accounts

for statistically significant (P < 0.001) variation in genetic differences between

samples, but together both axes represent -73 % of the total variation in

allele frequencies (see Table 4.2 for full details).
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Table 4.3. Analysis of molecular variance (AMOVA) of samples of the small

red eyed damselfly Erythromma viridulum from the UK collected between

2004 and 2006. Variation is quantified among two potentially discrete

cohorts (odd and even years from 2004, 2005 and 2006), among samples

within each cohort and within populations.

Source of variation df SS Variance % variance Fixation p
components index

Among cohorts 1 5.64 -0.00569 -0.27 -0.00274 0.664

Among populations
within temporal 16 158 0.08371 4.03 0.04016 <0.000
groups

Within populations 1690 3382 2.00099 96.25 0.03753 <0.000

Total 1707 3649 2.148 100.00
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Correlogram profiles for both cohorts show a similar pattern of decreasing

kinship (Fij) with increasing geographical separation (Figure 4.3a). Despite

this, there is no evidence for a general pattern of isolation by distance among

these samples (see also Chapter 3) as the decline in kinship with distance is

not linear. Rather, for both cohorts there is a sharp decline in kinship

between the first and second distance class (at approximately 50 km).

Thereafter, average kinship varies little, being low but positive for the odd

year cohort and effectively zero for the even-year cohort, over the next four

distance classes until at roughly 150 km average Fij drops sharply to become

negative. The same spatial variation in average kinship is observed when

pairwise estimates are restricted to comparisons between cohorts (Figure

4.3b) indicating that thee spatial pattern of population structure is broadly

similar over both cohorts.

Pairwise population differentiation shows a general increase in both the

average values of FsrI(1-FsT) and. the variance of these estimates with

increasing spatial scale; the overall relationship between differentiation and

distance is similar for both cohorts, odd-year cohort, Y = 0.02x - 0.046, R2 =
0.287 and even-year cohort, Y = 0.015x - 0.025, R2 = 0.297 (regression of

Fsrl(1-FsT) against In distance), with distance accounting for a relatively small

amount of the variation «30 %) in genetic differentiation among populations.

Indeed, within each cohort, values of FsrI(1-FsT) actually remain relatively

low over short distances « 150 km), are greatest, both in value and

variance, at moderate distances (150-200 km) and intermediate in value with

low variance among the most distantly (- 300 km) separated pairs of

samples (Figures 4.4a, b). Moreover, it is notable that there is some

variation to this pattern between cohorts, with the even-year cohort having

greater values of FsrI(1-FsT) at smaller distances than do many pairs of

samples from within the odd-year cohort (Figure 4.4b).

An almost identical pattern of genetic structure (y = 0.019x - 0.044, R2 =
0.341, for regression of FsrI(1-FsT) against In distance) to that described

above is obtained when pairwise comparisons are restricted to samples from

different cohorts (see Figures 4.5a, b).
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Figures 4.3a, b. Spatial variation in average (± SE) kinship (Fij) among pairs

of small red-eye damselflies, Erythromma viridulum, collected between 2004

and 2006 from populations in the UK. (a) estimates of Fij restricted to pairs of

individuals within distinct 2005 (black) and 2004, 2006 (open) cohorts; (b)

estimates of Fij restricted to pairs of individuals from separate cohorts only.
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Figures 4.4a, b. Comparison of the pattern of pairwise genetic differentiation

(FST / [1-FsTD and spatial separation for pairs of populations of odd- (black)

and even- (white) year cohorts of the small red-eyed damselfly Erythromma

viridulum collected from the UK between 2004 and 2006. Values of pairwise

differentiation plotted on (a) a log scale as appropriate for two-dimensional

array of populations and (b) a linear scale for simple visualisation.
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Figures 4.5a, b. Comparison of the pattern of pairwise genetic differentiation

(FST I (1-FsTD and spatial separation for pairs of populations from different

odd- and even-year cohorts of the small red-eyed damselfly Erythromma

viridulum collected from the UK between 2004 and 2006. Values of pairwise

differentiation plotted on (a) a log scale as appropriate for two-dimensional

array of populations and (b) a linear scale for simple visualisation.
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The magnitude of difference to the pattern of spatial variation between

cohorts is visualised in Figure 4.6 where values of identical pairwise

comparisons of population differentiation from the two cohorts are plotted

against each other. It is clear that the pattern of differentiation among

populations differs between cohorts, with two features apparent: (1) there is

considerable scatter (and thus a relatively low R2 = 0.61) from the expected

relationship that would occur (y = x) if all pairs of samples from both cohorts

had an identical level of genetic differentiation, and (2) there are quite high

levels of genetic differentiation in 2006 at smaller spatial scales (where

values in 2005 are low) and, conversely, higher values of genetic

differentiation at presumably large spatial scales in the odd-year cohort

compared with those observed in even-year cohort.

4.3.2 Effective population size and migration rates

Estimates of Ne and m made using the maximum-likelihood (ML) estimators

derived by Wang & Whitlock (2003) are presented graphically as likelihood

surface areas in Figures 4.7a, band c, and for all methods used in Table 4.4.

Joint estimation of Ne and m produced generally similar values of Ne to those

produced by the ML estimator assuming a single, closed population (Wang &
Whitlock 2003). By contrast, Waples' (1989) estimator and the moment

estimator of Wang & Whitlock (2003) always produced very low values of Ne

(-20 for the Isle of Wight and <10 for Norfolk and Bedfordshire). The

southern (Isle of Wight) population had the highest estimated value of Ne (Ne

> 40 for Wang & Whitlock's ML estimator) and the widest 95 % Cis, while

estimates of Ne at populations from eastern England were both lower (Ne -

20). However, all three estimates of Ne made using Wang & Whitlock's

(2003) ML estimator had overlapping 95% Cis (Table 4.4).

Similar to the trend described above for Ne, there was a contrast in estimated

immigration rate (m) between the southern and eastern populations (Figure

4.7c), which had low (m = 0.008) and high (m = 0.43 and 0.85) estimated

immigration rates respectively; these values of m have non-overlapping 95%

Cis (Table 4.4).
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red-eyed damselfly Erythromma viridulum from odd- (2005) and even- (2004.
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comparisons.
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Table 4.4. Effective population size (Ne)and migration rates (m) estimated

using the moment and maximum-likelihood (ML) estimators derived by Wang

& Whitlock (2003) and Waples' (1989) temporal method.

Maximum-Likelihood Moment

Method Population -95% Cl +95% Cl

Wang& Isle of Wight 45.40 20.80 >5,000 18.25

Whitlock Norfolk Ne 22.46 12.33 77.55 8.21

(closed) Bedfordshire 25.26 16.00 50.27 5.35

Ne 43.80 18.63 275.77 22.72
Isle of Wight

0.008 <0.001 0.022 0.015m
Wang&

Ne 28.94 16.71 58.76 4.64
Whitlock Norfolk

m 0.852 0.413 1.000 0.290
(open)

Ne 18.81 13.05 30.54 9.60
Bedfordshire

m 0.427 0.217 0.708 0.967--_._-_._--_._
Isle of Wight 20.2 6.2 248.6

Waples
Norfolk Ne 8.6 3.3 25.6

(closed)
Bedfordshire 4.0 1.8 7.8
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4.4. Discussion
The aim of this investigation was to investigate temporal differences in

genetic structure and also to determine effective population sizes and

migration rates of a highly mobile damselfly species. The main findings of

this study were: (1) there was generally little difference to the overall pattern

of spatial genetic structuring between cohorts, although (2) the cohorts at

some populations did genetically differ (3) and the level of genetic

differentiation among populations was slightly weaker in even-year cohort; in

addition (4) Ne was estimated to be very low for all populations and (5) m was

several orders of magnitude lower in the southern England population than in

populations from eastern England.

4.4.1 Genetic differentiation among cohorts
Overall there were apparently few major differences to the spatial pattern 'of

genetic structure between the different cohorts, both at an individual- (cf.

Figures 4.3a and b) and population level (cf. Figures 4.4a, band 4.5a, b);

indeed AMOVA uncovered no significant genetic differences between alternate

year-class cohorts (Table 4.2). These results are consistent with the overall

lack of significant temporal structure identified in Chapter 3 (see Table 3.4).

Therefore, at a broad level, analysing spatial genetic structure of E. viridulum

samples using samples from a mixture of cohorts would appear to have little

impact on the overall analysis of spatial genetic structure. Nonetheless, the

pattern of differentiation between pairs of samples is not identical across

cohorts (Figure 4.6), indicating that there are subtle genetic differences

between cohorts that can be identified using other methods. Thus, we are

faced with a picture of subtle genetic differences between cohorts underlying

broad genetic homogeneity; the former points at restricted gene flow between

cohorts (i.e. a tendency for most, if not all, E. viridulum in the UK to be

semivoltine) while the latter is indicative of developmental plasticity that

facilitates inter-cohort migration (i.e. a mixture of voltinism strategies).

Untangling the relative importance of these factors is not yet possible as the

observed pattern of genetiC divergence between cohorts continues to be

driven by the highly dynamic nature of gene flow for E. viridulum in the British

Isles, insufficient time required to reach genetic equilibrium conditions and
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the ongoing changes in voltinism as this species responds to new

environmental conditions (see discussion in Chapter 5).

High dispersal rates and repeated immigration from continental Europe (over

the past eight years (Ketelaar, 2002; Cham, 2003; Parr, 2005) had lead to

numerous, independent colonisation events. The stochastic nature of the

colonisation process raises the possibility that sites contain individuals that

originated from several different continental sites, either directly of via other

colonisation routes in England, particularly during different years. Where this

occurs there will be some genetic differentiation between cohorts, however

strong genetic differences are not uncovered as generally weak genetic

differentiation was identified between many of the study sites, including those

from continental Europe and eastern England (see Chapter 3).

One exception to this is the strong differentiation at two of the eastern .

English sites - (PCP and EAR, Figure 4.2). One explanation could be that

these populations experienced a different wave of immigration in 2006

compared with migrants from 2005. Certainly, this view is reinforced by

records of the range expansion of E. viridulum in 2005 and 2006. There was

comparatively little range expansion in the British Isles in 2005, however .

2006 saw significant northerly and westerly movement with new colonies

appearing over 120 km from previously known sites (Parr, 2006), which may

account for changes in spatial genetic distribution between years. Of course,

other effects such as sampling families or strong drift cannot be excluded at

this time.

Very little gene flow, roughly one (effective) migrant every other generation

(Spieth, 1974; Kimura & Ohta 1971; Lewontin 1974), is required to mitigate

the effects of genetic drift and prevent population divergence in the absence

of strong selection. It is unclear what selective pressures could drive genetic

divergence between cohorts, so these data imply that E. viridulum is an

obligatory semivoltine species in the UK, or at least very nearly so, or that

reproduction between individuals from different cohorts has been

unsuccessful/not taken place. Data from Chapter 5, where a study of larval
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growth showed that E. viridulum is predominantly semivoltine in the British

Isles, supports this idea. Obligate levels of voltinism appear to be rare in

odonates (Corbet, 1999; Corbet et al., 2006), so the most plausible

explanation for divergence is that there has been insufficient time for the

cohorts to reach migration-drift equilibrium conditions; indeed, sampling of

cohorts in 2004-2006 represents a maximum 3 generation period after the

initial colonisation. The corollary is that genetic differences between cohorts

are not due to divergence arising from ongoing reproductive isolation as a

consequence of an obligate semivoltine life-history, but more likely because

of temporal variations in migration rate and discontinuities in the invasion

process. At present, it appears that the pattern of differentiation between

cohorts doe not depend on the level of voltinism, however further work to

characterise future levels of genetic divergence or convergence between

cohorts would be extremely interesting and assess the impact of

developmental plasticity.

The results for cohort differentiation of E. viridulum contrast strongly with the

stable pattern of temporal genetic structure found in the highly sedentary

endangered damselfly Coenagrion mercuriale (P.C. Watts, unpublished

data), which is also at the northern edge of its range and semivoltine in the

UK (Purse & Thompson, 2002). At one site in Dorset, no significant genetic

differences were detected between successive cohorts of C. mercuriale

(Watts et al., 2005), similar to the AMOVA results presented in this Chapter.

Further analyses of nine C. mercuriale populations, however revealed a

striking, identical pattern of differentiation among pairs of population in both

cohorts (regression of relationship between values of pairwise FST for odd

and even-year cohorts y ::=x, R2 = 0.985, P.C. Watts, unpublished data) that

could only have arisen if there is inter-cohort gene flow since this species is

liable to substantial genetic differentiation in the absence of dispersal (Watts

et al., 2004a, 2005, 2006, 2007b). The contrast reflects the longer period of

establishment of C. mercuriale populations that will be closer, or have

attained, genetiC equilibrium conditions.
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More generally, only a handful of studies have quantified genetic divergence

between distinct cohorts of insect species. For example, non-significant

genetic differentiation among successive cohorts that has been interpreted

as evidence for variation in larval developmental time (Schultheis et al., 2002,

stonefly Peltoperla tarlen) and an annual rather then biennial life cycle (Vila &

Bjorklund, 2004). Similar results to the previous examples may arise through

lack of evolutionary time for cohorts to diverge (Marcon et al., 1999; Bourget

et al., 2000, European corn borer Ostrinia nub/ialis) or insufficient marker

resolution (Kankare et al., 2002, noctuid moth Xestia tecta). Subsequent

work uncovered divergence among cohorts of O. nublialis at one study site

but not another (Coates et al., 2004), while significant genetic differences

between cohorts of the spruce sawfly Cephalcia arvensis are possibly

indicative of incipient speciation (Battisti et al., 2000). Beyond demonstrating

the range of possible evolutionary outcomes of possessing distinct cohorts, it

is hard to generalise further about the causes and consequences of life-

history plasticity because these studies were restricted to only one or two

sites. Together, the :results of these odonate studies emphasise the

importance of quantifying life-history traits and levels of gene flow of a

species before making conclusions about spatial genetic structure.

4.4.2 Effective population size

The estimates of Ne for all populations of E. viridulum were very low «46,

Table 4.4), irrespective of the method used, or whether the population was

assumed to be open or closed. Interestingly, the Isle of Wight population had

a larger Ne than those from eastern England (Table 4.4 and Figure 4.7a, b),

which is expected as it has been established for the longest time and is likely

either reflection of large N, or at least a greater number of successful

breeders, possibly because of more favourable conditions (see discussion

below). Few studies have quantified Ne in aquatic insects to make broad

comparisons (see Thompson et al., 2007 for review), with the notable

exception of Watts et al.'s (2007b) recent study of C. mercuriale. Estimates

of Ne in this odonate were also quite low (-40 - 400) but generally higher

than in E. viridulum which is surprising as C. mercuriale mainly exists as

fragmented, small populations in the UK. If these estimates of Ne for E.
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viridulum are correct they raise questions about the long-term persistence of

E. viridulum populations in the UK (in the absence of continued immigration),

since it has been suggested that Ne greater than 50 or 500 is required for to

prevent immediate detrimental effects of inbreeding and long-term

evolutionary potential respectively (Simberloff, 1988; Mack et al., 2000;

Frankham et al., 2002; Allendorf & Luikart, 2007). Accordingly, it is

somewhat counterintuitive that E. viridulum maintains apparently healthy

breeding populations in the UK (Cham, 2004) and is even expanding its

range at a rapid pace. Indeed, in other studies of successful invasive

species, levels of Ne have also been found to be highly variable (Holland,

2001; Tsutsui et al., 2001; Estoup et al., 2004), indicating that factors other

than Ne may be more critical in determining invasive success, at least in the

short-term; for example, Lande (1988) emphasised the importance of

demographic, rather than genetic, factors in ensuring population survival.

No accurate data exists on the total population sizes (N) of E. viridulum in

England, however, some sites on the Isle of Wight are documented to have

hundreds of adults (Cham,2002) and both Priory County Park and Wrest

Park contained hundreds, if not thousands of individuals, at peak densities

(S. Keat, pers. obs.). Thus, it is clear that total numbers of adults (N) at

these sites far exceed the estimates of Ne and thus the ratio of Ne/N will be

very low, almost certainly much lower than values observed for C. mercuriale

(which varies between 0.006 and 0.42). Since the Ne/N ratios for C.

mercuriale were lower than most values reported in a review of 17 studies of

insects, with the exception of the seaweed fly Coelopa frigida (Ne/N = 0.0047

and 0.0009) (Frankham, 1995), E. viridulum potentially has lowest reported

values of Ne/N for any insect so far studied. Ne/N ratios less than one are

typical of animal populations, largely because of fluctuations in population

size, but also through variance in mating success and uneven sex ratios (see

Frankham, 1995; Frankham et al., 2002; Allendorf & Luikart 2007 for

reviews). Further work to confirm the low Ne. quantify adult population sizes

and then determine the factors that drive this apparently low Ne/N ratio would

be extremely interesting.
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It is probable that variance in mating success is a principal factor in

generating the low Ne to N ratios for E. viridulum. Failure of eggs to hatch in

sub-optimal environments has been suggested as a reason for

disappearance of E. viridulum from British sites where in previous years they

have been observed ovipositing (Cham, 2003). Studies have suggested E.

viridulum is eurytolerant but breeding success is dependant on environmental

factors such as water phosphate levels and the species of aquatic

macrophytes present (Sternberg & Buchwald, 1999; Ketelaar, 2002).

Although speculative, it is likely that low values of Ne can be partially

assigned to high reproductive success of a very few migrants at sites where

environmental conditions were (partially) favourable. Highly variable

survivorship of offspring has been documented in a neotropical damselfly,

where typically less than half of parents realised any fitness from their

reproductive investment (Fincke & Hadrys, 2001).

Genetic estimates of Ne encompass all factors affecting reproductive success

and therefore should be more accurate than studies based on demographic

parameters, which typically can only quantify one or two factors at a time and

rarely determine the actual reproductive success of individuals. As E.

viridulum is rapidly expanding its range in the UK it may attempt to breed at

sub optimal sites that are encountered during the colonisation process.

Breeding at these sites may therefore be either very limited or not occur; if

the former, then the amount of genetic drift occurring between successive

generations may be confounded with genetic signal from recent immigration,

and given the latter then the genetic divergence between 'generations' is not

due to small Ne, but simply reflects separate invasion events. While I used

an estimator that was derived specifically to account for potential

confounding effects of migration (Wang & Whitlock, 2003), it is known to

perform poorly when populations are weakly differentiated (Hauser et al.,

2002; Richards & Leberg, 1996; Luikart et al., 1998; Watts et al., 2007b).

Further work is required to partition the contribution of drift and migration, and

especially to establish whether successful breeding occurs. Chapter 5

documents successful breeding at Priory Country Park (also recorded by

Cham, 2004), Maldon and Salcotl-cum-Virley, however the breeding status at
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other sites remains unknown. A clear source of imprecision for this and

many studies is the small sampling interval (here, a single generation), such

that there is a large sampling effect relative to the amount of drift; an

intermediate, rather than large or small, number of generations between

sampling has been suggested to provide the most accurate estimates (Wang

& Caballero, 1999). Clearly, further studies are essential before any general

conclusions can be made about whether low ratios of NJN calculated using

genetic methods are typical for damselflies.

There are a variety of techniques to calculate Ne, however in this

investigation Waples' (1989) original method was compared with Wang &

Whitlock's moment and maximum-likelihood (ML) methods. Waples' (1989)

method assumes that the population is closed to migration, a condition which

is not met in this study, whereas Wang & Whitlock's method incorporates the

role of migration. Nonetheless, Waples' (1989) method produced

consistently lower values, consistent with results presented by Watts et al.,

(2007b).

4.4.3 Migration rate

Discussion on migration rates is tentative as Wang & Whitlock's (2003).

estimator can produce inflated estimates of m when populations are poorly

differentiated, as appears to be typical of many E. viridulum populations

(Chapter 3). Nonetheless, a clear contrast in immigration rate was observed

between the Isle of Wight and the eastern UK populations (Table 4.4, Figure

4.7c). Migration rate was found to be low for the Isle of Wight, which may be

explained by the relative geographic isolation of this population. The Isle of

Wight is an island off the coast of the British Isles, the major source of

immigrants is currently most likely to come from continental Europe, which is

at least 160 km away over the English Channel. Distributional records fro the

British Dragonfly Recording Network indicate that the Isle of Wight and

Hampshire population is currently isolated from the Eastern UK population,

though if the rate of expansion, averaging 31.68 km per year (Chapter

1.3.3.), continues at this rate they will converge within 1-2 years. So
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presently the likelihood of migrants being exchanged between the Isle of

Wight and Eastern UK populations remains low.

The Bedfordshire population showed higher levels of migration than the other

two populations. Since its arrival in the British Isles in 1999, E. viridulum has

expanded its range inland in a predominantly north-westerly direction with the

largest expansions originating from north-Essex and Norfolk. It was first

recorded in Bedfordshire in 2003, where a large population became

established at Priory Country Park (Cham, 2004). Since then range

expansion has continued further in a north westerly direction and

Bedfordshire currently lies close to the centre of the inland expansion, giving

it a high likelihood of regularly receiving immigrants from the surrounding

network of E. viridulum populations.

A number of studies have attempted to quantify migration rates in odonates

using capture-mark-recapture' methods (e.g. Conrad et al. 1999, 2002;

Angelibert & Giani, 2003; Watts et al., 2004a, 2007; Rouquette & Thompson,

2007). The general relationship between the probability of dispersal and the

distance dispersed has been found to be a negative exponential, though this

relationship varies strongly depending on species. Watts et al. (2007a) is

currently the only study to compare ecological and genetic methods of

calculating migration rates and they found that ecological methods tended to

underestimate migration. In their study, genetic methods estimates of

migration in C. mercuriale varied from 0.006 up to 0.758, which were far too

large to be realistic this sedentary species and reinforce the need for caution

when interpreting the data presented in Table 4.4. Indeed, while Ne and m

calculated by genetic means can provide valuable insights into underlying

population processes, specific values must be interpreted with caution as

they can be severely biased by departure from underlying genetic model

assumptions (see Whitlock & McCauley, 1999 for review); particularly

relevant for E. viridulum is the certain departure from genetic equilibrium

conditions that leaves a characteristic signature of low levels of genetic

differentiation at large spatial scales (Slatkin, 1993; see e.g. Figures 4. 4a, b

and 4.5a, b). Obvious discrepancies between genetic and ecological
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estimates of these processes leave room for either improvements in the

models used, or empirical exploration of unquantified factors affecting these

processes.

In conclusion we found limited differences between cohorts and assigning

these small differences to particular process remains somewhat speculative.

Estimates of Ne were generally low and likely to have been affected by the

overall low levels of genetic differentiation between UK populations. Low

levels of m for the southern UK population compared to the Eastern UK were

attributed to the geographic isolation and the current lack of connectivity

between these populations. It is likely that the same factors that generated a

general lack of local spatial genetic structure (described in Chapter 3)

operated to drive the absence of significant temporal variation presented in

this chapter; these factors are: highly dynamic and high levels of gene flow in

UK E. viridulum populations, repeated immigrations from continental Europe

bringing about discontinuities in the invasion process and the lack of time

required to reach genetic equilibrium conditions.
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Chapter 5

Larval growth and voltinism in recently-founded populations of the

small red-eyeddamselfly Erythromma viridulum (Charpentier, 1840).

5.1. Introduction
Insects in seasonal environments often have alternative developmental

pathways allowing a flexible allocation of time to growth in favourable parts of

the season and dormancy in unfavourable parts (Danks, 1994). Odonates

are thought to have tropical origins, though have evolved life history

strategies that allow them to cope with temperate climates by having cold-

tolerant stages in their life cycle (Corbet, 1999). In temperate zones

odonates cope with seasonal temperature fluctuations typically by

overwintering in a cold-resistant larval stage, or in a state of obligate or

facultative diapause at the egg stage (Corbet, 1980, 1999; Norling, 1984).

There are also examples of species, such as some within the genus

Sympecma, which survive overwinter in a cold tolerant adult stage (Corbet,

1962). The period of developmental slowing that occurs during winter

increases life cycle length and often results in one, two or multi-year life

histories.

The term voltinism refers to the number of generations that are completed

within a year. A population completing one generation in a year is described

as univoltine, two generations a year as bivoltine. If a generation requires

two years to be completed it is referred to as semivoltine and more than two

years as partivoltine. Obligate univoltine species, such as many within the

genera Lestes and Sympetrum, have a set life cycle of one year are

characterised by diapause in the egg stage and rapid larval growth during the

spring (Corbet, 1999). Most odonate species however overwinter in the

larval stage, where a wide range of instars are cold tolerant. This strategy

gives greater flexibility to the life cycle and allows variation in adult phenology

in response to the environment. Knowledge of voltinism is required to
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understand how life cycles have become appropriate to environments in

different regions and how seasonal regulation is achieved (Corbet, 1999).

The time spent in the aquatic larval stage of development varies depending

on species and in some cases physical and biotic factors. Factors that have

been documented to correlate with changes in voltinism in odonates include;

presence of insectivorous fish (Macan, 1966), larval density (Banks &

Thompson, 1987; Martin et al., 1991), water temperature (Short et al., 1987;

Pritchard et al., 1991; Thielen, 1992), altitude (Rowe, 1987; Norling, 1984)

and latitude (Parr, 1970; Naraoka, 1976; Norling, 1984; Cordero-Rivera,

1988; Johansson, 2003). Most studies of voltinism in European Odonata

have been in northern-temperate latitudes and have revealed a relationship

between voltinism and latitude (e.g. Norling, 1984; Corbet, 1999; Corbet et

al., 2006). This occurs because at higher latitudes the period of the year

when growth can occur becomes shorter and thus developmental time

becomes longer. Generalisations about latitudinal patterns of voltinism are

sometimes confounded by exceptions such as the obligate univoltine species

of Lestes which are found north of the Arctic Circle in Canada (Cannings et

al., 1991).

Erythromma viridulum has recently expanded its range in Europe (Ketelaar,

2002) and in 1999 was the first recorded example of a migrant damselfly

establishing colonies in the British Isles (Dewick & Gerussi, 2000). Since its

initial arrival at three sites in Essex in 1999, there have been repeated

immigrations from continental Europe and it has rapidly expanded its range in

the British Isles as far north and west as East Yorkshire and Devon

respectively and centred on the Thames valley (source: British Dragonfly

Recording Network and the British Dragonfly SOCiety website

http://www.britishdragonflysoc.org.uk) (see Figure 5.1). The range expansion

in the British Isles is described in greater detail in section 1.3.2. Information

on the life history of this species is sparse. It is noted to be bivoltine toward

the southern margin of its range in Greece (Galetti & Pavesi, 1983) and

therefore assumed to be univoltine at higher latitudes. The flight period of

this species extends from the beginning of June until the beginning of
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September, peaking in mid August (source: British Dragonfly Recording

Network, courtesy G. French). Thus E. viridulum's pattern of emergence

would seem typical of a "summer species" (Corbet, 1954, 1964) that does not

overwinter in the last larval instar and shows an asynchronous emergence

later in the summer.

The aim of this chapter is to presents quantify the pattern of the larval growth

in E. viridulum and identify the pattern of voltinism at its north-west range

margin.

5.2. Methods

5.2.1. Study sites

The study sites used to quantify larval growth in the UK were: Salcott-Cum-

Virley and Maldon (both in Essex), Priory Country Park, Bedfordshire and a

small sample collected from Little Grays, Kent (for locations see Figure 5.1).

The pond at Salcott-Cum-Virley was small, shallow and contained large

amounts of the aquatic macrophyte Myriophyllum spicatum and no fish. The

Maldon site was medium sized, had abundant aquatic macrophytes including

Ceratophyllum demersum, Nymphaea alba and Lemna spp., indicating

probable eutrophic conditions, and a population of carp (Cyprinus carpio) and

dace (Leuciscus leuciseus). The Finger Lake at Priory Country Park was the

largest and deepest body of water and as with the other sites was dominated

by aquatic macrophytes such as M. spicatum and also Nuphar lutea. The

Finger Lakes at Priory Country Park are used for commercial coarse fishing

and support a population of carp (C. carpio), rudd (Scardinius

erythrophthalmus), dace (L. leueiseus) and tench (Tinea tinea). The site at

Little Grays was a disused waterway, supporting similar macrophyte species

to the other sites.

During the peak season at the end of July and beginning of August, E.

viridulum was the dominant odonate species at all sites. However, notably

Erythromma najas was present at all sites, along with other common UK

zygopteran species such as Coenagrion puella and Isehnura elegans.
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5.2.2 Sample collection, identification and measurement
Samples were collected on 20 August, 2005 and 6 June, 2006 from Maldon

and on 6 June, 5 July and 9 August, 2006 at Salcott-Cum-Virley and Priory

Country Park. Two individuals were also caught at Little Grays on 21 May in

an attempt to assess the size of overwintering larvae. Larvae were collected

using a square mouthed net with a 1 mm mesh size. The most effective

technique was to draw the net through aquatic macrophytes near the water

surface, then deposit the contents into a white plastic sorting tray, where

larvae were identified and removed by hand. Larvae were stored in a drum

containing pond water so they could be taken to the laboratory alive to be

positively identified and measured.

Larvae were identified initially by their unpigmented, rounded lamellae

(Brook, 2003) and definitively by the presence of setae on the ventral surface

of the posterior margin of the first abdominal segment, but absence of setae

on the mastesternum (Carchini, 1983). The head width (maximum distance

across the compound eyes) and body length of larvae were measured to the

nearest 0.1 mm using a light microscope and eyepiece micrometer.
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Figure 5.1. Map of the southern UK showing sites where E. viridulum larvae

were collected and the 2006 distribution of this species, indicated by the

contour lines.
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5.3. Results

The raw data in the form of plots of body length against head width for the

three main study sites, Salcott-Cum-Virley, Priory Country Park and Maldon,

together with a mini-plot showing two individuals collected from Little Grays in

Kent, are shown in Figures 5.3-5.6. Figures 5.3a-c show the data from

Salcott-cum-Virley for the three sampling visits in June, July and August 2006

respectively; Figures 5.4a-c show the equivalent data for Priory Country Park

and Figures 5.5a and 5.5b shows the data for Maldon in August 2005,

together with a June sample from 2006. Figure 5.6 shows head width and

body length for two individuals collected from Little Grays in May 2006.

The first point to note is that small larvae are absent from the sample for the

most part (see Discussion). The most obvious feature to emerge from these

data is that there were two generations present at the Salcott-cum-Virley and

Priory Country Park sites in 2006. Figure 5.3a, the June sample from

Salcott-cum-Virley, reveals five or six 'instar clouds' with the majority of

larvae being smaller than the penultimate instar (usually designated as F-1,

with F-Odesignated as the final instar). By July, Figure 5.3b, some of the

strong cohort of pre F-1 larvae has reached the last two instars, while those

in F-Oand F-1 in the June sample have emerged. By the time of the August

sample, Figure 1c, there is one individual in the final instar and the remaining

larvae are in F-2 and smaller. Clearly these larvae would not emerge in 2006

and would overwinter during 2006/7 to emerge in 2007.

The pattern is slightly different in the Priory Country Park samples. In the

June sample, Figure 5.4a, the largest larvae are in instar F-1, but there is a

wide range of instars present. By July, in a rather small sample (n=15), most

individuals (n=10) have reached in the final instar (F-O)while there are single

individuals in F-1 and F-2. Most of the June cohort would appear to have

emerged by July. In August the picture at Priory Country Park resembles that

at Salcott-cum-Virley with only larvae destined to overwinter present in the

sample.
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The situation at Maldon is confounded by the samples being collected in

different years. In late August 200S, there were final instar larvae present

(unlike Priory Country Park and Salcott-cum-Virley (except for 1 individual) in

2006). However, most larvae would have over-wintered. The June sample

contains a wide range of instars and includes larvae that would probably

have emerged in 2006 and just coming in to the sample, some that probably

would not have emerged. There is little robust information to be gained from

the two individuals collected at Little Grays in Kent on 21 May 2006 other

than to note that they were probably from two different cohorts.

A third feature of the data is that the sizes of individuals in particular instars

differ depending upon which cohort they are in. This is best illustrated by

looking in more detail at the most extensive data, the Salcott-cum-Virley

samples. Figures S.7a-c show the distribution of head widths of the June,

July and August samples from Salcott-cum-Virley. In June and July the .

groups with the largest head widths would each have emerged in 2006. This

was clear from the length of their wing buds (S. Keat, pers. obs.). However

the mean head widths of these two groups differed significantly (June:

3.71±0.20, July 3.3S±0.08 SO; t = 4.96, P = 0.002). The June sample

presumably involved a cohort whose eggs hatched in 2004 whereas the July

sample involved a cohort whose eggs hatched in 200S. At Priory Country

Park (Figures 5.8a-c), there appears to be just one cohort emerging in 2006,

whose eggs were laid in 2005. The mean size of the final instar at Priory

Country Park in July 2006 does not differ significantly from that of the final

instar of the Salcott-cum-Virley sample of July 2006 (Priory Country Park

3.44±0.11, Salcott-cum-Virley 3.35±0.08 SO; t = 2.18, P > 0.05). At Maldon

the situation is less clear because sample sizes are smaller and because the

two samples were collected in different years. The final instar larvae present

in the August sample were intermediate in size between the Salcott-cum-

Virley June and July samples and were not significantly different from the

larger (June) sample (3.61±0.03 SO; P> 0.05).
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Figures 5.3a-c. Relationship between head width and body length (mm) for

larvae of Erythromma viridulum collected from Salcott-cum-Virley, Essex in

2006 on (a) 6 June, (b) 5 July and (c) 9 August.
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Figures S.4a-c. Relationship between head width and body length (mm) for

larvae of Erythromma viridulum collected from Priory Country Park,

Bedfordshire in 2006 on (a) 6 June, (b) 5 July and (c) 9 August.
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Figure 5.5. The relationship between head width and body length (mm) for

larvae of Erythromma viridulum collected from Maldon, Essex on (a) 20

August 2005 and (b) 6 June, 2006.
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Figure 5.6. The relationship between head width and body (mm) length for

larvae of Erythromma viridulum collected from Little Grays, Kent on 21 May

2006.
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(a) Salcott-cum-Virley June 2006
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Figures 5.7a-c. The distribution of head widths in larval samples of

Erythromma viridulum from Salcott-cum-Virley in (a) June, (b) July and (c)

August, 2006.
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Figures 5.8a-c. The distribution of head widths in larval samples of

Erythromma viridulum from Priory Country Park in a) June, b) July and c)

August 2006.
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5.4. Discussion
Small larvae are missing from the data for a number of reasons. The most

significant reason is that sampling was undertaken with a 1 mm mesh net so

that larvae with head widths less than 1 mm would not be expected to be

well-represented in the samples. Second, larvae were sorted in the field and

small larvae are more difficult to find in trays containing vegetation and

sediment. They are more difficult for the obvious reason that they are small,

but also because they are highly thigmotactic, and are thus reluctant to leave

small particles of sediment or pieces of vegetation to which they are

attached. Some small larvae do remain in the net following sampling

(attached to vegetation) but the cost-benefit balance of trying to find them is

not favourable and in any case small zygopteran larvae are notoriously

difficult to identify. All published larval keys concentrate on final instar larvae

(including, for example, Gardner's key, reproduced with some modifications

in Hammond [1983]) and some of the main distinguishing features are not

well developed in earlier in,stars.

Although it was only possible to sample three sites it is clear that the larval

growth and development of Erythromma viridulum has not yet developed in

to a consistent pattern in the UK. At Priory Country Park near Bedford, a site

at which E. viridulum has been recorded since 2001, the population produced

one peak of emergence with a second cohort following behind that was

unlikely to emerge in 2006. In other words the population at this site was

entirely semi-voltine in 2006. At Salcott-cum-Virley, a site from which E.

viridulum has also been recorded since 2001, it is likely that two different

cohorts emerged, indicating that the population was composed of a

predominantly semivoltine cohort, the first one to emerge, and a univoltine

cohort. There was strong evidence that the cohort of larvae still present in

the August sample was another semi-voltine cohort. It is highly unlikely that

most of it would have emerged in 2006. At Maldon the population appears

(albeit from much reduced samples) to be semivoltine.

The voltinism trends for E. viridulum are not at present well defined because

this species is clearly still expanding and receiving migrants from continental
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Europe. Those individuals that reproduce at their natal site, where there is

high environmental quality may be tending towards univoltinism, but the

majority, especially those that disperse long distances, later in the season,

may be semi-voltine. In situations where there are natal populations and

dispersers, there may be a mixture of univoltinism and semivoltinism. This is

not surprising given that immigration at coastal sites has been recorded late

in the season (Parr, 2004, 2005), leading to semi-voltinism initially. E.

viridulum is thought to be univoltine on the continent and is likely to follow the

same trend as some other coenagrionids in the UK, by tending towards semi-

voltinism in the most northerly parts of their ranges (e.g. Coenagrion puella,

shows a mixture of univoltine and semi-voltine life cycles around Merseyside,

depending on pond quality (Banks & Thompson, 1987), but is entirely semi-

voltine at higher latitudes in Scotland (D.J. Thompson, pers. comm.).

Certainly almost any combination of life cycle patterns is possible once E.

viridulum populations become more stable and widespread in the British

Isles.

Though this study indicated a predominantly.semi-voltinism life cycle for E.

viridulum in the British Isles, the pattern of flight period is not what might be

expected if this were the case. Prior to emergence, semi-voltine species

typically overwinter in late instars and show synchronous emergence in the

beginning of the summer, unlike E. viridulum, which predominantly emerges

late in the summer (cf. Figure 1.10)). Also, if there was a mixture of

univoltine and semivoltine individuals, two peaks of adult emergence might

be expected. Current data does not suggest that this is the case (Figure

1.10), though further site specific information on emergence time would be

required to make firmer conclusions. It is tempting to hypothesise that being

a thermophilic, holomediterranean species, E. viridulum might respond to

ambient temperature as well as, or instead of, using photoperiod as a cue for

emergence, termed "unregulated development" by Corbet (1999). There is

anecdotal support for this idea in that final instar individuals were present at

Salcott-Cum-Virley in June, though no adults were observed (pers.obs.),

though it is possible that these final instar larvae were on the verge of

emergence.
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It is interesting to note that the semivoltine cohort at Salcott-cum-Virley were

larger in the final instar than the apparently univoltine cohort. It is possible

that there is variation in life history strategy here and animals that miss the

emergence window of univoltinism interpolate an extra instar in their second

spring making them larger at the time of emergence. If this is the case, it is

likely that larger individuals in the UK are those that show the greatest

dispersal tendency, as was found in the Netherlands (Wasscher, 1987).

Latitudinal variation in voltinism has been documented in many invasive and

range expanding insects (Glover et al., 1991; Ozaki & Ohbayashi, 2001;

Bryant et al., 2002; Musolin, 2007). Life history plasticity is often cited as an

important factor in the success of an invasive species (Sakai et al., 2001). It

is therefore of some interest to consider to what degree the changes in

voltinism might have facilitated the recent range expansion of E. viridulum

into higher latitudes in northern Europe. The questions raised could be best .

addressed with a study of voltinism in E. viridulum's recently colonised range

in northern Europe, compared with the historical core range in central

Europe, where it assumed to be univoltine. Indeed before the cause of range

expansion of E. viridulum is assigned to climate change the effect of life cycle

.changes should also be considered.

In conclusion it was found that E. viridulum is predominantly semivoltine in

the British Isles, though under favourable conditions may a complete a

generation within one year. As the British population has only recently

become established and is still receiving immigration from continental

Europe, the patterns of voltinism are not yet well defined. As such it is

difficult to make firm conclusions, though the current mixture of life cycles

implies that a gradient of voltinism may eventually form within the British Isles

dependent on latitude and environmental quality. This study also

emphasises the need to consider life history changes when making

predictions about distributional changes in response to global climate

change.
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Chapter 6

Discussion and conclusions

6.1. Introduction

Non-native species can alter ecosystem processes, act as vectors of

diseases, and diminish biological diversity (Vitousek et al., 1996; de Wit et

al., 2001; Walker, 2006), as well as having significant economic impacts

(Pimentel et al., 2000). The threat posed by non-native species is expected

to increase as a result of global climate change. Temperatures in the UK and

Europe are predicted to rise by 3 to 5°C in the next 50 years (Houghton et

al., 2001; Schiermeier, 2004; IPee, 2007), which will bring about rapid

distributional changes in highly mobile species. Climate change has been

linked to poleward shifts in range across wide a range of taxa (Allen &

Breshears, 1998; Parmesan, 1999; Thomas & Lennon, 1999; Hickling et al.,

2006; Mieszkowska et al., 2006; Parmesan, 2006). Global temperature rises

are also predicted increase the threat posed by non-native species as they

capitalise on the resultant ecological perturbations (Dukes & Mooney, 1999;

Walther et al., 2002). Though the processes of human mediated

introductions and range expansions may differ in mechanism, similar themes

pervade both and so literature from both areas can be considered relevant.

Odonates are thought to be warm adapted species with tropical origins

(Corbet, 1999) and are therefore likely to be highly sensitive to environmental

temperature changes in temperate latitudes. There is increasing evidence

that odonate range margins are shifting northwards, apparently in response

to climate change (Ott, 1996; Aoki 1997; Hickling et al., 2005). There has

been an increase in the abundance of non-breeding migratory odonates in

the British Isles that cannot be wholly attributed to increased recording effort

(Brooks, 2001). Non-migratory British odonates have shifted their range

margin northward over the last 40 years (Hickling et al., 2005). Northward
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range expansion has meant that successful colonisation of the British Isles

by formerly continental European odonates has been documented for two

species in the last 8 years; the southern emerald damselfly Lestes barbarus

(Fabricius, 1798) (Nobes, 2003) and the small red-eyed damselfly

Erythromma viridulum (Charpentier, 1840) (Cham, 2002).

6.2. Rate and range of expansion

E. viridulum has expanded its range in a north westerly direction at

remarkable rate over the last 30 years (Ketelaar, 2002). Over this time it has

colonised an area from northern France to Denmark, utilising the Rhine

valley as an arterial colonisation route. In 1999 E. viridulum became the first

recorded example of a migrant damselfly to colonise the British Isles (Dewick

& Gerussi, 2000). Since then it has expanded its range in the UK by and

average of 31.68km per year (source: British Dragonfly Recording Network,

courtesy G. French),

The westerly expansion from the Isle of Wight population occurred at a much

slower rate than the expansion on the mainland British Isles, taking at least 4

years to spread into nearby Hampshire. This may have been because of

lower population densities on the Isle of Wight leading to fewer migrants,

which is supported by estimates of migration rate (m) several orders of

magnitude lower than those for the mainland UK populations (see Table 4.4).

Also because the Isle of Wight is an island, the 3 km barrier of sea between it

and the mainland might have restricted expansion. In the 3 years since its

arrival in Hampshire E. viridulum has made little recorded expansion into the

surrounding areas.

The current range of E. viridulum in the UK extends as far north as Hull in

East Yorkshire and it seems probably that the range expansion will continue

further northwards still. The northernmost limit at which E. viridulum has

been recorded in continental Europe is scattered colonies from the northern

tip of Denmark (source: Birds and Wildlife in Denmark website, found at

http://www.fugleognatur.dklenglish/) at a latitude roughly equal to Aberdeen

in Scotland. Whether E. viridulum will successfully breed and switch to a
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three year life cycle at these northern range limits remains to be seen. It

seems probable that all suitable sites in southern England will over time

become occupied by E. viridulum, however areas connected by water

courses will become colonised first followed by the surrounding areas.

Barriers of unsuitable habitat, such as mountainous regions, are likely to

inhibit range expansion initially, but regular long distance dispersal events

mean they are likely to be overcome with time.

6.3. Genetic diversity
The rapid range expansion and the colonisation of an island such as the UK
by E. viridulum would be predicted to have profound impacts on its

population genetic structure. Populations at northern range limits have often

expanded into large areas of suitable territory. This leading edge expansion

would probably be by long-distance dispersers that set up colonies and

rapidly expand to fill the area before others arrive. This would be repeated

many times over a long colonizing route, and these founding events would :

lead to loss of alleles and homozygosity (Hewitt, 1993, 1999; Slatkin, 1993)..

This prediction was confirmed by the low levels of genetic diversity found in

all UK and European populations of E. viridulum. To fully confirm that this

was the case, samples would be needed from the centre of the range of E..

viridulum in central and southern Europe. The southern UK population,

including the Isle of Wight and Hampshire, was shown to have lower levels of

genetic diversity than both the eastern UK population and continental

European populations (Table 3.2). This was thought to be the result of a

smaller founding population and fewer immigration events.

A striking result of this investigation was the low levels of diversity in E.

viridulum microsatellites compared with those described for other odonates

(see Chapter 2). Microsatellites isolated from E. viridulum were found to

have short stretches of uninterrupted repeat units and low levels of expected

heterozygosity (He) compared with all six odonate species for which

reasonable numbers of loci have been characterised (Figures 2.5a, b).

These differences were interpreted as real rather than an artefact of sampling

effort and are thought to represent a signature of recent rapid range
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expansion. E. viridulum also showed a slight but clear trend of reduced

genetic diversity from east to west following its invasion path from continental

Europe into the UK (Figures 3.3a-c). E. viridulum does not seem to have

suffered any deleterious effects of low genetic diversity and maintains

healthy, expanding breeding populations in the UK.

6.4. Population genetic structure

Rapid range expansion is expected to produce genetically homogenous

populations because factors that create genetic structure, such as genetic

drift and local adaptation are counteracted by high migration rates and recent

founding of populations (Slatkin, 1993). Results from Chapter 3 showed

overall levels of genetic differentiation from the UK and Europe were

moderate or low given the distances between sample sites (FST = 0.038). No

significant pattern of genetic isolation by distance within more local areas (i.e.

populations from (1) the Isle of Wight and Hampshire, (2) East Anglia or

continental Europe) was detected. This lack of genetic structure concurs with

Slatkin's (1993) model where the time since a population radiates, or in this

case is founded, is proportional to the degree of isolation by distance

structure that will be observed. The other factor contributing to the observed

genetic homogeneity was high gene flow brought about by high rates of

dispersal and multiple waves of immigration, described in Chapter 1.3.3.

An apparent pattern of genetic isolation by distance was detected over a

broader spatial scale when the whole of the UK was analysed (see Chapter

3.3.4). This effect was generated by differences between the Isle of Wight

and Hampshire population and the eastern UK population. After its arrival in

1999, the main colonisation by E. viridulum occurred in north Essex and

headed in a north westerly direction running along the Thames valley. Other

significant invasions were documented along the south coast between Kent

and Norfolk including a colonisation of the Isle of Wight that is currently still

isolated from eastern UK populations. The Isle of Wight population likely

gave rise to a population in nearby Hampshire in 2004, which was confirmed

by analyses in STRUCTURE which grouped the Hampshire and Isle of Wight

populations together (see Table 3.7 and Figure 3.10). The genetic
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differentiation of the Isle of Wight is indicative of a different source population

to that of eastern UK, or the result of an extreme founder event, though no

significant evidence for a bottleneck was found. Figure 6.1 shows possible

French source regions for the Isle of Wight and Hampshire population

outside of the range sampled. Possible sources could have come from the

coast of Brittany and Lower Normandy, though population densities in this

area are relatively low (OJ Thompson, pers. com.). There is some support

for the idea that genetic differentiation of the Isle of Wight and Hampshire

population may have been the result of an extreme founder event because of

the differences in allelic frequencies. The allelic frequencies from Isle of

Wight and Hampshire population were mostly reductions in diversity

compared with samples from other areas (S. Keat unpublished data).

Further work using mtDNA markers might help to resolve the source of the

Isle of Wight population, though sequencing this in E. viridulum has so far

proved difficult.

6.5. Life cycle
It was revealed that E. viridulum is predominantly. semivoltine in the UK,

though 'some individuals may complete development in one year under

favourable conditions (see section 5.3). A strictly semivoltine life cycle might

be expected to result in reproductive isolation between cohorts causing

genetic differentiation through the action of genetic drift. Overall there were

apparently few major differences to the spatial pattern of genetic structure

between the different cohorts, both at an individual- (cf. Figures 4.3a and b)

and population level (cf. Figures 4.4a, band 4.5a, b). Nonetheless, the

pattern of differentiation between pairs of samples is not identical across

cohorts (Figure 4.6), indicating there were subtle genetic differences between

some of the cohorts. Although this could have been the signature of

temporal genetic differentiation, it was more likely to be a reflection of

discontinuities in the invasion process caused by different waves of

immigration moving across the UK. Also, if cohorts split and only a few

individuals completed a generation within one year, as was suggested by

Chapter 5, this would mitigate the effects of reproductive isolation between

cohorts (Spieth, 1974; Kimura & Ohta, 1971; Lewontin, 1974).
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Extended developmental time is a common tactic amongst odonates allowing

them to extend their range further north where the summer growth period is

shorter, resulting in a gradient of voltinism with latitude (Parr, 1970; Naraoka,

1976; Norling, 1984; Cordero-Rivera, 1988; Johansson, 2003). It is possible

that a switch to a semivoltine life cycle has been important in facilitating the

range expansion of E. viridulum across Europe. If this were the case with E.

viridulum it would be expected that it exhibits an at least partially semivoltine

life cycle in the parts of northern Europe where it has expanded it range in

recent years. No data exist on voltinism in northern Europe for this species

so quantifying this is a priority for understanding the factors that have

stimulated its range expansion.

The apparent paradox still exists that E. viridulum has been found to be

semivoltine in the UK but its phenology is typical of a univoltine "summer

species" (Corbet, 1999). In Chapter 5 it was hypothesised that this may be

because E. viridulum is a thermophillic species (Sternberg & Buchwald,

1999) and responds to temperature as well as, or instead of, photoperiod as' .

.a cue for emergence. I have successfully maintained E. viridulum larvae in .

the laboratory to the emergence stage, so an experimental manipulation of

temperature and photoperiod would seem the best way to answer this

question. Individuals were kept individually in mesh cages within a large tray,

to avoid cannibalism of smaller instars. Water was changed regularly using

RO water from the laboratory and larvae were fed Daphnia pulex.

6.6. Migratory behaviour

As well as changes in life cycle, it is possible that the recent expansion of E.

viridulum has been mediated by behavioural changes, in particular those that

result in long-distance dispersal. The most important of these is the

tendency to disperse when population densities become high, thereby

increasing the likelihood of successful colonisation (Corbet, 1999). There is

some evidence that these migration events are taking place at night (Jones,

2004), potentially utilising low level winds to cover large distances. These

behaviours have been critical in the rate of range expansion shown by E.
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viridulum and its ability to cross the English Channel to reach the UK.

6.7. Expansion in 2006-2007
The range expansion that occurred in 2006 was particularly notable because

of the large numbers of new colonies that were discovered some distance

from the core population (see Figure 1.8). Unusually in this year the

expansion appeared to spread predominantly in a south-westerly, rather than

north-westerly direction. It might have been that after spreading the length of

the Thames valley, E. viridulum was forced to expand in other directions by

means of long-distance, rather than stepping stone dispersal along water

courses. Long-distance migration oriented by water courses, rather than

wind borne dispersal has been documented in other species such as

Libellula quadrimaculata, Lindenia tetraphylla and Selysiothemis nigra

(Corbet, 1999). The new colonies in 2006 on the coast at Lower Bruckland,

Devon, Weymouth, Somerset and Hull, East Yorkshire seem most likely to be

the result of fresh immigration from the continent.· If this is the case, rather

than the result of expansion within the UK, these sites are the result of the

. longest migration over water yet recorded for E. viridulum. Figure 6.1 shows

that the coast of Lower Normandy is the closest to the Isle of Wight, .

Somerset and Devon populations and is still over 100km away.

As records for 2007 of the distribution of E. viridulum are incomplete, latest

"Hot News" from the British Dragonfly Society website is reported. Most

notably E. viridulum was again reported from the new sites from 2006 in

Lower Bruckland, Devon and Hull, East Yorkshire. Daily counts at these

sites were higher than the previous year with 84 individuals at Hull and over

30 individuals at Lower Bruckland. This implies either fresh immigration, a

univoltine life cycle or failure to record the presence of this species in

previous years. E. viridulum was recorded at a new site in Somerset at

Westhay Moor Nature Reserve, near Glastonbury. This site was closer to

the expansion from central England toward Swindon and Bath that occurred

in 2006 than the coastal sites in Somerset from that year. Other significant

records from 2007 came from Strandford in the Vale, Oxfordshire and further

records from Hampshire.
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6.8. Community level effects
The community level effects of non-native species are well documented

including causing reductions in biodiversity, altering ecosystem processes

and reducing niche space of native species (Vitousek et al., 1996; de Wit et

al., 2001; Woodward & Hildrew, 2001; Walker, 2006). The high densities of

E. viridulum documented at some UK sites are likely to have important

ecological impacts. Though this species has particular habitat preferences it

seems to be relatively eurytolerant, though breeding success may be variable

depending on environmental quality. Therefore the impact of E. viridulum is

likely to be greatest at sites where environmental conditions are favourable

for breeding. This is dependent on the presence of aquatic macrophytes

such as Ceratophyllum demersum (Rigid Hornwort) and Myriophyllum

spicatum (Spiked Water-milfoil) and in terms of water chemistry, E. viridulum

is typically found at eutrophic ponds with high phosphate levels. Competition

with congeneric species is likely to be most intense in the larval stage, where

it has been shown that at, high densities competition for food can occur

(Corbet, 1999). The odonate species most likely to be affected by the arrival

of E. viridulum are those that share a similar niche space, such as E. najas.

6.9. Other range expanding odonate species
The range expansion of E. viridulum raises the question of whether other

odonate species will change their distributions in a similar manner. It is

surprising that other species of non-breeding migratory odonates found in the

British Isles have not established long term breeding populations, with the

exception of L. barbarus (Nobes, 2003). Sympetrum fonscolombii is usually

found in south-west England following strong prevailing winds which carry

individuals from their breeding grounds in south-west Europe. There are

currently several sites in England which have produced successive

generations of the species (Brooks, 2001). Other species of migrant

dragonfly that were reported as becoming more common included Anax

parthenope (recorded in 1996 and 1997), Sympetrum pedemontanum

(1995), Crocothemis erythraea (1995) and Anax junius (1998) (Brooks,

2001).
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In Belgium three species were documented to have significantly increased

their distributions in the period 1950-2000; Aeshna mixta, Crocothemis

erythraea and E. viridulum. In common with E. viridulum, C. erythraea is a

southern species that has expanded its range northwards in France,

Germany, the Netherlands since the mid-1970s (Ott, 1996; De Kniff, 2001).

This species was recorded for the first time in 1995 close to the

southernmost tip of the British mainland (Jones, 1996). As such it will be

interesting to see how far the expansion of C. erythraea will proceed. Other

Mediterranean and tropical species that have expanded their ranges in

recent decades include Aeshna affinis, Hemianax ephippiger and Orthetrum

brunneum (Ott, 1996)

6.10. Conclusion
In the face of increasing global change the threat posed by range expansions

and biological invasions is likely to increase (Dukes & Mooney, 1999; Walther

et al., 2002). Understanding the processes that underlie biological invasions

is critical in making predlctions about their future impacts. Greater

understanding will help future management of biological invasions, including

mitigating the effects of invasion and predicting potential invaders. Over the

course of this thesis important. insights into the causes and effects of the

range expansion of E. viridulum in Europe and the UK have been revealed.

Source populations from continental Europe have been identified and the

population genetic structure within the British Isles has been quantified. The

rapid rate of range expansion and recent arrival in the UK has been shown to

have a dramatic effect on patterns of population genetic structure. The

rapidity of the expansion of the British population has meant that genetic

homogeneity has prevailed, with the exception of the differentiation between

the southern and eastern UK populations. It has also demonstrated that low

levels of genetic diversity have apparently not prevented the rapid expansion

and success of this species. links have been drawn between temporal

changes in population genetic structure and the information gained about life

history patterns in the UK. This study has also emphaSised the importance

of understanding the distributional history of a species before a population

genetic study is carried out. Finally, this investigation has allowed predictions
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to be made about the future of this species including suggestions about its

ecological impact.

6.11. List of major conclusions
(1) The range expansion of E, viridulum into northern Europe has occurred a

rapid rate over the last 30 years
(2) E. viridulum is relatively eurytolerant but has specific habitat requirements

for breeding success, the most important of which is the presence of

aquatic macrophytes at the water surface
(3) E. viridulum shows extremely low levels of genetic diversity for the

microsatellite loci characterised compared with other odonates, which is

thought to represent the signature of rapid range expansion

(4) There was a lack of genetic structure even at regional spatial scales,

which were attributed to high levels of gene flow, brought about by high

migration rate and multiple colonisation events by large numbers of

individuals.
(5) There was differentiation between· the southern and eastern UK

populations ascribed to different putative source populations with eastern

populations originating from within the range sampled in northern Europe

(6) There was generally little difference to the overall pattern of spatial

genetic structuring between cohorts, although cohorts at some

populations did genetically differ
(7) Estimates of Ne and m were considered low and likely to have been

affected by the overall low levels of genetic differentiation between UK

populations
(8) E. viridulum is predominantly semivoltine in the British Isles, though under

favourable conditions maya complete a generation within one year
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Figure 6.1 The distribution of E. viridulum showing sites where samples

were collected from (black dots) and potential sources for the Isle of Wight

and Hampshire population from Brittany and Lower Normandy outside the

sampled range (redrawn from Askew, 1988)

151



References

References

Adams CE, Fraser 0, Wilson AJ, Alexander G, Ferguson MM, Skulason S

(2007) Patterns of phenotypic and genetic variability show hidden

diversity in Scottish Arctic charr. Ecology of Freshwater Fish, 16, 78-86.

Adkison, MD (1995) Population differentiation in Pacific salmon: local

adaptation, genetic drift, or the environment? Canadian Journal of

Fisheries and Aquatic Sciences, 52, 2762-2777.

Allen CD, Breshears DD (1998) Drought-induced shift of a forest-woodland

ecotone: Rapid landscape response to climate variation. Proceedings

of the National Academy of Sciences, USA, 95, 14839-14842.

Allendorf FW, Luikart G (2007) Conservation and the genetics of populations.

Blackwell Publishing, Oxford.

Amos W (1999) A comparative approach to the study of microsatellite

evolution. In: Microsatellites: Evolution and Applications (eds. Goldstein

DB, Schlotterer C), p. 66-79, Oxford University Press, Oxford.

Andres RA, Sanchez-Guillen RA, Cordero-Rivera A (2000) Molecular

evidence for selection on female color polymorphism in the damselfly

Ischnura grael/sii. Evolution, 54,2156-2161.

Andres RA, Sanchez-Guillen RA, Cordero-Rivera A (2002) Evolution of

female color polymorphism' in damselflies: testing the hypotheses.

Animal Behaviour, 63, 677-685.

Angelibert S, Giani N (2003) Dispersal characteristics of three odonate

species in a patchy habitat. Ecography, 26, 13-20.

Aoki T (1997) Northward expansion of Ictinogomphus pertinax (Selys) in

eastern Shikoku and western Kinki districts, Japan (Anisoptera:

Gomphidae). Odonatologica,26, 121-133.

Askew R (1988) Dragonflies of Europe. Harley Books, Martins, Essex, UK

Avise JC (1994) Molecular markers, natural history and evolution. New York.

Chapman and Hall.

Avise JC, Helfman GS, Saunders NC, Hales LS (1986) Mitochondrial DNA

differentiation in North Atlantic eels: population genetic consequences

of an unusual life history pattern. Proceedings of the National Academy

of Sciences, USA, 83, 4350-4354.

152



References

Bale JS, Masters GJ, Hodkinson ID, Awmack c. Bezemer MT, Brown VK,

Butterfield J, Buse A, Coulson JC, Farrar J, Good JEG, Harrington R,

Hartley S, Jones TH, lindroth RL, Press MC, Symrnioudis I, Watt AD,

Whittaker JB (2002) Herbivory in global climate change research: direct

effects of rising temperature on insect herbivores. Global Change

Biology, 8, 1-16.

Banks MJ, Thompson DJ (1985) lifetime mating success in the damselfly

Coenagrion puel/a. Animal Behaviour, 33, 1175-1183.

Banks MJ, Thompson DJ (1987) Regulation of damselfly populations: the

effects of larval density on larval survival, development rate and size in

the field. Freshwater Biology, 17, 357-365.

Batten K, Scow K; Davies K, Harrison S (2006) Two invasive plants alter soil

microbial community composition in serpentine grasslands. Biological

Invasions, 8, 217-230.

Battisti A, Boato A, Masutti L (2000) Influence of silvicultural practices and

population genetics on management of the spruce sawfly, Cephalcia

arvensis. Forest Ecology and Management, 128, 159-166.

Beebee T, Rowe G (2004) An introduction to molecular ecology. Oxford

University Press, Oxford.

Beerwinkle KR, Lopez JD, Witz JA, Schleider PG, Eyster RS, lingren PD

(1994) Seasonal radar and meteorological observations associated with

nocturnal insect flight at altitudes to 900 meters. Environmental

Entomology, 23, 676-683.

Beirinckx K, Van Gossum H, Lajeunesse MJ, Forbes MR (2006) Sex biases

in dispersal and philopatry: insights from a meta-analysis based on

capture-mark-recapture studies of damselflies. Dikos, 113, 539-547.

Berthier, P, Beaumont MA, Cornuet, J-M, Luikart, G (2002) likelihood-based

estimation of the effective population size using temporal changes in

allele frequencies: a genealogical approach. Genetics, 160,741-751.

Bloor PA, Barker FS, Watts PC, Noyes HA, Kemp SJ (2001) Microsatellite

libraries by enrichment. Protocol available at: http://www.genomics.

liv.ac.uklanimaI/ProtocoI1.html.

Bohonak AJ (1999) Dispersal, gene flow, and population structure. Quarlerly

Review of Biology, 74, 21-45.

153

http://www.genomics.


References

Boudot J-P, Jacquemin G (1988). A note on the variability of Erythromma

viridulum (Charp.) from Eastern France, with special reference to E.

viridulum orientale Schmidt (Zygoptera: Coenagrionidae). Notulae

Odonatologicae, 3,17-19.

Bowman N (2004) Reports from coastal stations-Eccles-on-Sea, Norfolk.

Atropos, 21,65.

Bradford MJ, Roff DA (1995) Genetic and phenotypic sources of life history

variation along a cline in voltinism in the cricket Allonemobius socius.

Oecologia, 103,319-326.

Brodin T, Mikolajewski OJ, Johansson F (2006) Behavioural and life history

effects of predator diet cues during ontogeny in damselfly larvae.

Oecologia, 148, 1432-1939.

Brook G (2003) Identification of the exuvia of the small red-eyed damselfly

Erythromma viridulum (Charpentier). Journal of the British Dragonfly

Society, 19,40-43.

Brooks SJ (2001) Dragonflies and damselflies. In: The Changing Wildlife of

Great Britain and Ireland (ed. Hawksworth DL.:),p. 340-354. Taylor &

Francis, london.

Bryant SR, Thomas CD, Bale JS (2002) The influence of thermal ecology on

the distribution of three nymphalid butterflies. Journal of Applied

Ecology, 39, 43-55.

Cannings SG, Cannings RA, Cannings RJ (1991) Distribution of the

dragonflies (Insecta: Odonata) of the Yukon Territory, Canada, with

notes on ecology and behaviour. Royal British Columbia Museum,

Contributions to Natural Sciences, 13, 1-26.

Carballa Ol, Giere S, Cordero A, Hadrys H (2007) Isolation and

characterization of microsatellite loci to study parthenogenesis in the

citrine forktail, Ischnura hastata (Odonata: Coenagrionidae). Molecular

Ecology Notes, 7, 839-841.

Carchini G (1983) A key to the Italian odonate larvae. Societas

Internationalis Odonatologica Rapid Communications (Supplements), 1.

Carroll A, Taylor S, Reqniere J, Safranyik l (2004) Effects of climate change

on range expansion by the mountain pine beetle in British Columbia. In:

Mountain Pine Beetle Symposium: Challenges and Solutions (2003)

154



References

(eds. TL Shore, JE Brooks, JE Stone), pp. 223-232, Kelowna, British

Columbia. Natural Resources Canada, Canadian Forest Service,

Pacific Forestry Centre, Information Report BC-X-399, Victoria, BC.

Cham S (2000) Red-eyed damselflies. British Wildlife, 11, 324-326.

Cham S (2001) The status of small red-eyed damselfly Erythromma viridulum

in The British Isles. Atropos, 12, 7-9.
Cham S (2002) Range expansion of the small red-eyed damselfly

Erythromma viridulum (Charp.) in the British Isles. Atropos, 15, 3-9.

Cham S (2003) Small red-eyed damselfly Erythromma viridulum

(Charpentier) Records in 2002. Atropos, 19, 19-24.

Cham S (2004a) Observations on an inland population of the small red-eyed

damselfly Erythromma viridulum (Charpentier) with notes on the

discovery of the first larvae in Britain. Journal of the British Dragonfly

Society, 20, 31-34.
Cham S (2004b) Oviposition behaviour of the two British species of red-eyed

damselflies Erythromma najas (Hansemann) and E. viridulum

(Charpentier). Journal of the British Dragonfly Society, 20, 37-41.

Charlesworth D, Charlesworth B (1987) Inbreeding depression and its

evolutionary consequences.

Systematics, 18, 237-268.
Charmantier A, Keyser AJ, Promislow DEL (2007) First evidence for heritable

variation in cooperative breeding behaviour. Proceedings of the Royal

Society B: Biological Sciences, 274,1757-1761.

Annual . Review of Ecology and

Clobert J, Danchin E, Dhondt AA, Nichols JD (2001) Dispersal. Oxford

University Press, New York.
Coates BS, Sumerford DV, Hellmich RL (2004) Geographic and voltinism

differentiation among North American Ostrinia nubilalis (European corn

borer) mitochondrial cytochrome c oxidase haplotypes. Journal of

Insect Science, 4, 35.
Conrad KF, Willson KH, Harvey IF, Thomas CJ, Sherratt TN (1999) Dispersal

characteristics of seven odonate species in an agricultural landscape.

Ecography, 22, 524-531.
Conrad KF, Willson KH, Whitfield K, Harvey IF, Thomas CJ, Sherratt TN

(2002) Characteristics of dispersing Ischnura elegans and Coenagrion

155



References

puel/a (Odonata): age, sex, size, morph and ectoparasitism.

Ecography, 25, 439-445.

Cooper GC, Miller PL, Holland PWH (1996) Molecular genetic analysis of

sperm competition in the damselfly Ischnura elegans (Van der Linden).

Proceedings of the Royal Society of London, B, 263, 1343-1349.

Corbet PS (1954) Seasonal regulation in British dragonflies. Nature, 174,

655 (erratum 777).

Corbet PS (1962) A Biology of Dragonflies. Witherby, London.

Corbet PS (1964) Temporal patterns of emergence in aquatic insects.

Canadian Entomologist, 96, 264-279.

Corbet, PS (1980) Biology of Odonata. Annual Review of Entomology, 25,

189-217.

Corbet PS (1999) Dragonflies: behaviour and ecology of Odonata. Harley

Books, Colchester.

Corbet PS, Harvey IF, Abisgold J, Morris F (1989) Seasonal regulation in

. Pyrrhosoma nymphula(Sulzer) (Zygoptera: Coenagrionidae). 2. Effect

of photoperiod on larval development in spring and summer.

:Odonatologica, 18, 333-348 .

.Corbet PS, Suhling F, Soendgerath, D (2006) Voltinism of Odonata: a review.

International Journal of Odonatology, 9, 1-44.

Cordero-Rivera A (1988) Ciclomorfosis y fenologia en Ischnura grael/sii

Rambur, 1842 (Odonata: Coenagrionidae). Actas del III Congreso

lbetico de Entomologia, 419-430.

Cox GW (2004) Alien Species and Evolution: The Evolutionary Ecology of

Exotic Plants, Animals, Microbes and Interacting Native Species. Island

Press, Washington DC.

Crandall KA, Bininda-Emonds ORP, Mace GM, Wayne R.K. (2000).

Considering evolutionary processes in conservation biology. Trends in

Ecology and Evolution, 15, 290-295.

Crozier L (2003) Winter warming facilitates range expansion: cold tolerance

of the butterfly Atalopedes campestris. Oecologia, 135, 648-56.

Cunha HA, Watts PC (2007) Twelve polymorphic microsatellite loci for

marine and riverine tucuxi dolphins (Sotalia f1uviatilis and S.

guayanensis). Molecular Ecology Notes, in press.

156



References

Danks HV (1994) Insect life-cycle polymorphism: theory, evolution and

ecological consequences for seasonality and diapause control.

Dordrecht: Kluwer Academic.
D'Aquilar J, Dommanget JL, Prehec R (1986) A field guide to the dragonflies

of Britain, Europe and North Africa. Harper Collins, London.

De Barro PJ, Sherratt TN, Brookes CP, David 0, Maclean N (1995) Spatial
and temporal genetic variation in British field populations of the grain

aphid Sitobion avenae (F.) (Hemiptera: Aphididae) studied using RAPD-

peR. Proceedings: Biological Sciences B, 262, 321-327.

De Block M, Geenen S, Jordaens K, Backeljau T, Stoks R (2005)

Spatiotemporal allozyme variation in the damselfly, Lestes viridis

(Odonata: Zygoptera): gene flow among permanent and temporary

ponds. Genetica, 124,137-44.
De Kniff G, Anselin A, Goffart P (2001) Trends in dragonfly occurrence in

Belgium (Odonata). Proceedings 13th International Colloquium

European Invertebrate Survey; Leiden.

de Wit'MP, Crookes DJ, van Wilgen BW (2001) Conflicts of interest in

environmental management: Estimating the costs and benefits of a tree

invasion. Biological Invasions, 3, 167-178.
Dewick S (2004) An update on the continued success of small red-eyed

damselfly Erythromma viridulum (Charp.) at its first known British sites.

Atropos, 21, 14-15.
Dewick S, Gerussi R (2000) Small red-eyed damselfly Erythromma viridulum

(Charpentier) found breeding in Essex - The first British Records.

Atropos, 9, 3-4.
DeWoody J, Nason JD, Hipkins VD (2006) Mitigating scoring errors in

microsatellite data from wild populations. Molecular Ecology Notes, 6,

951-957.
Di Rienzo A, Peterson AC, Garza Je, Valdes AM, Slatkin M, Freimer NB

(1994) Mutational processes of simple-sequence repeat loci in human

populations. Proceedings of the National Academy of Sciences, USA,

91,3166-3170.

157



References

Drake VA, Farrow RA (1988) The influence of atmospheric structure and

motions on insect migration. Annual Review of Entomology, 33, 183-

210.
Dukes JS, Mooney HA (1999) Does global change increase the success of

biological invaders? Trends in Ecology and Evolution, 14, 135-139.

Dunkle SW (1989) Dragonflies of the Florida peninsula, Bermuda, and the

Bahamas. Scientific Publishers Gainesville, Florida.

Easteal S (1985) The genetics of introduced populations of the giant toad

Bufo marinus: III. Geographical patterns of variation. Evolution, 39,

1065-1075.
Ellegren H, Moore S, Robinson N, Byrne K, Ward W, Sheldon BC (1997)

Microsatellite evolution - a reciprocal study of repeat lengths at

homologous loci in cattle and sheep. Molecular Biology and Evolution,

8,854-860.
Estoup A, Beaumont M, Sennedot F, Moritz C, Cornuet J-M (2004) Genetic

analysis of complex d.emographic scenarios: spatially expanding

populations of the cane toad; Bufo marinus. Evolution, 58, 2021-2036.

Evanno G, Regnaut S, Gaudet J (2005) Detecting the number of clusters of "

individuals using the software structure: a simulation study. Molecular

Ecology, 14,2611-2620.
Excoffier L, Heckel G (2006) Computer programs for population genetics

data analysis: a survival guide. Nature Reviews Genetics, 7, 745-758.

Falconer OS, Mackay TFC (1996) Introduction to quantitative genetics.

Longman, Harlow.
Feng H-Q, Wu K-M, Ni V-X, Cheng D-F, Guo Y-Y (2006) Nocturnal migration

of dragonflies over the Bohai Sea in northern China. Ecological

Entomology, 31, 511-520.

Fincke OM (1982) Lifetime mating success in a natural population of the

damselfly, Enal/agma hageni (Walsh) (Odonata: Coenagrionidae).

Behavioral Ecology and Sociobiology, 10,293-302.

Fincke OM, Hadrys H (2001) Unpredictable offspring survivorship in the
damselfly Megaloprepus coerulatus, shapes parental behaviour,

constrains sexual selection, and challenges traditional fitness estimates.

Evolution, 55, 762-772.

158



References

Fischer D, Bachmann K (1998) Microsatellite enrichment in organisms with

large genomes (Allium cepa L.). Biotechniques, 24, 796-802.

Fisher RA (1930) The genetical theory of natural selection. Clarendon Press,

Oxford.

Fournier D, Aron S, Milinkovitch MC (2002) Investigation of the population

genetic structure and mating system in the ant Pheidole pallidula.

Molecular Ecology, 11, 1805-1814.

Frankham R (1995) Effective population size/adult population size ratios in

wildlife: a review. Genetical Research, 66, 95-107.

Frankham R, Ballou JD, Briscoe DA (2002) Introduction to conservation

genetics. Cambridge University Press, Cambridge.

Franklin IR (1980) Evolutionary change in small populations. Conservation

Biology: An Evolutionary-Ecological Perspective (eds. M.E. Soule &

B.A. Wilcox), pp. 135-149, Sinauer, Sunderland, MA.

Gabbard B, Fowler N (2007) Wide ecological amplitude of a diversity-

reducing invasive grass. Biological Invasions, 9, 149-160.

'Galbusera P, van Dongen S, Matthysen E (2000) Cross-species amplification

of microsatellite primers, in passerine birds. Conservation Genetics, 1,

163-168.

Galletti PA, Pavesi M (1983) Su alcuni Odonati di Grecia., Giornale Italiano di

Entomologia, 1,247-260.

Gardner MG, Cooper SJB, Bull CM, Grant WN (1999) Isolation of

microsatellite loci from a social lizard, Egernia stokesii, using a modified

enrichment procedure. Journal of Heredity, 90, 301-304.

Garrison RW, Hafernik Jr. JE (1981) Population structure of the rare

damselfly, Ischnura gemina (Kennedy) (Odonata: Coenagrionidae).

Oecologia, 48, 377-384.

Gasperi G, Bonizzoni M, Gomulski LM, Murelli V, Torti C, Malacrida AR,

Guglielmino CR (2002) Genetic differentiation, gene flow and the origin

of infestations of the Medfly, Ceratitis Capitata. Genetica, 116, 125-

135.

Gatehouse AG (1997) Behaviour and ecological genetics of wind-borne

migration by insects. Annual Review of Entomology, 42,475-501.

159



References

Geenen S, Jordaens K, de Block M, Stoks R, de Bruyn L (2000) Genetic
differentiation and dispersal among populations of the damselfly Lestes

viridis (Odonata). Journal of the North American Benthological Society,

19,321-328.
Gerken B, Sternberg K (1999) Die Exuvien Europaischer Libellen, Insecta,

Odonata, Huxaria Druckerei GmbH, Verlag and Warbeagentur, Hoxter.

Giere S, Hadrys H (2006) Polymorphic microsatellite loci to study population

dynamics in a dragonfly, the libellulid Trithemis arteriosa (Burmeister,

1839). Molecular Ecology Notes, 6, 933-935.
Gilman SE, Wethey OS, Helmuth B (2006) Variation in the sensitivity of

organismal body temperature to climate change over local and

geographic scales. Proceedings of the National Academy of Sciences,

USA, 103, 9560-9565.
Glover TJ, Knodel JJ, Robbins PS, Eckenrode CJ, Roelofs WL (1991) Gene

.flow among three races of European corn borers (Lepidoptera:

Pyralidae) in New York State. Environmental Entomology, 20, 1356-

1362: .
Gomulski LM, Bourtzis K, Brogna S, Morandi PA, Bonvicini C, Sebastiani F,

Torti C, Guglielmino CR, Savakis C, Gasperi G, Malacrida, AR (1998)

Intron size polymorphism of the Adh1 gene' parallels the worldwide

colonization history of the Mediterranean fruit fly, Ceratitis capitata.

Molecular Ecology, 7, 1729-1741.
Goodisman MAD, Matthews RW, Crozier RH (2001) Hierarchical genetic

structure of the introduced wasp Vespula germanica in Australia.

Molecular Ecology, 10, 1423-1432.
Goudet J (1995) FSTAT (verso 1.2): a computer program to calculate F-

statistics. Journal of Heredity, 86, 485-486.
Goudet J (1999) PCA-GEN, Version 1.2. Institute of Ecology, Biology

Building, UNIL, Lausanne, Switzerland.
Grapputo A, Boman S, Lindstrom L, Lyytinen A, Mappes J (2005) The

voyage of an invasive species across continents: genetic diversity of

North American and European Colorado potato beetle populations.

Molecular Ecology, 14,4207-4219.

160



References

Gurevitch J, Padilla OK (2004) Are invasive species a major cause of

extinctions? Trends in Ecology and Evolution, 19,470-474.

Hadrys H, Timm J, Streit B, Giere S (2007a) A panel of microsatellite

markers to study sperm precedence patterns in the emperor dragonfly

Anax imperator (Odonata : Anisoptera). Molecular Ecology Notes, 7,

296-298.

Hadrys H, Wargel A, Giere S, Kraus B, Streit B (2007b) A panel of

microsatellite markers to detect and monitor demographic bottlenecks in

the riverine dragonfly Orlhetrum coerulescens F. Molecular Ecology

Notes, 7, 287-289.

Hamilton MB, Pincus EL, Di Fiore A, Fleischer RC (1999) Universal linker

and ligation procedures for construction of genomiC DNA libraries

enriched for microsatellites. Biotechniques, 27, 500-507.

Hammond CO (1983) The dragonflies of Great Britain and Ireland. Harley

Books, Colchester.

Hanski I. (2003) Metapopulation Ecology. Oxford University Press, Oxford.

Hardy OJ, Vekemans X (2002) SPAGeDi: a versatile computer program to

analyse spatial :genetic structure at the individual or population levels.

Molecular Ecology Notes, 2, 618-620.

Harr B, Todorova J, Schlotterer C (2002) Mismatch repair driven mutational

bias in D. melanogaster. Molecular Cell, 10, 199-205.

Hassall C, Thompson OJ, French GC, Harvey IF (2007) Historical changes in

the phenology of British Odonata are related to climate. Global Change

Biology, 13, 933-941.

Hassan M, Harmelin-Vivien M, Bonhomme F (2003) Lessepsian invasion

without bottleneck: example of two rabbitfish species (Siganus rivulatus

and Siganus luridus). Journal of Experimental Marine Biology and

Ecology, 291, 219-232.

Hauge XV, Litt M (1993) A study of the origin of 'shadow bands' seen when

typing dinucleotide repeat polymorphisms by PCR. Human Molecular

Genetics, 2, 411-415.

Hauser L, Adcock GJ, Smith PJ, Bernal-Ramirez JH, Carvalho GR (2002)

Loss of microsatellite diversity and low effective population size in an

overexploited population of New Zealand snapper (Pagrus auratus).

161



References

Proceedings of the National Academy of Sciences of the United States

of America, 99, 11742-11747.

Hawley OM, Hanley 0, Dhondt AA, Lovette IJ (2006) Molecular evidence for

a founder effect in invasive house finch (Carpodacus mexicanus)

populations experiencing an emergent disease epidemic. Molecular

Ecology, 15, 263-275.
Hewitt GM (1999) Post-glacial re-colonization of European biota. Biological

Journal of the Linnean Society, 68, 87-112.

Hewitt, GM (1993) Hybrid zones and evolutionary process. In: Hybrid zones

and the evolutionary process (ed. Harrison, RG), pp. 140-164, Oxford

University Press, Oxford.

Hickling R, Roy DB, Hill JK, Fox R, Thomas CD (2006) The distributions of a

wide range of taxonomic groups are expanding polewards. Global

Change Biology, 12, 1-6.

Hickling R, Roy DB, Hill JK, Thomas CD (2005) A northward shift of range

margins in British Odonata. Global Change Biology, 11, 502-506.
Hill JK, Thomas CD, Huntley B (1999) Climate and habitat availability

determine 20th century changes in a butterfly's range margin.

Proceedings of the Royal Society of London B, 266, 1197-1206.

Hill WG (1981) Estimation of effective population size from data on linkage

disequilibrium. Genetical Research, 38, 209-216.

Hobbs RJ, Arico S, Aronson J, Baron JS, Bridgewater P, Cramer VA, Epstein

PR, Ewel JJ, Klink CA, Lugo AE, Norton 0, Ojima 0, Richardson OM,

Sanderson EW, Valladares F, Vila M, Zamora R, Zobel M (2006) Novel

ecosystems: theoretical and management aspects of the new ecological

world order. Global Ecology and Biogeography, 15, 1-7.

Hockham LR, Graves JA, Ritchie MG (2001) Variable maternal control of

facultative egg diapause in the bushcricket Ephippiger ephippiger.

Ecological Entomology, 26,143-147.

Holland BS (2001) Invasion without a bottleneck: microsatellite variation in

natural and invasive populations of the brown mussel Perna perna (L).

Marine Biotechnology, 3, 407-415.

Houghton JT, Ding Y, Griggs OJ, Noguer M, van der Linden PJ, Dai X,

Maskell K, Johnson CA, (eds.) (2001) Climate Change 2001: The

162



References

Scientific Basis. Contribution of Working Group I to the Third

Assessment Report of the Intergovernmental Panel on Climate Change.

Cambridge University Press, Cambridge, United Kingdom and New

York.
Huang Q, Xu F, Shen H, Deng Q, Liu Y (2002) Mutation patterns at

dinucleotide microsatellite loci in humans. American Journal of Human

Genetics, 70, 625-634.
Hughes JM, Mather PB, Sheldon AL, Allendorf FW (1999) Genetic structure

of the stonefly, Yoraperla brevis, populations: the extent of gene flow

among adjacent montane streams. Freshwater Biology, 41,63-72.
Hulme M, Jenkins GJ, Lu X, Turnpenny JR, Mitchell TO, Jones RG, Lowe J,

Murphey JM, Hassell 0, Boorman P, McDonald R, Hill S, (eds.) (2002)

Climate Change Scenarios for the United Kingdom: The UKCIP02

Scientific Report, Vol. Tyndall Centre for Climate Change Research,

School of Environmental Sciences, University of East Anglia., Norwich.

UK.
Hunger H (1998) Biozonologische Untersuchungen zum Habitatschema des

Kleinen Granatauges (Erythromma viridulum Charpentier 1840) in der

sOdlichen Oberrheinebene. Fachschaft fOr Ornithologie SOdlicher

Oberrhein im Naturschutzbund Deutschland e.V, 2, 149-158.

Hunter MD, McNeil JN (1997) Host-plant quality influences diapause and

voltinism in a polyphagous insect herbivore. Ecology, 78, 977-986.

Ibrahim KM, Nichols RA, Hewitt GM (1996) Spatial patterns of genetic

variation generated by different forms of dispersal during range

expansion. Heredity, 77, 282-291.

IPCC (2007) Climate Change 2007: The physical science basis - summary

for policymakers, which is available on http://ipcc-wg1.ucar.edu!.

Jacquemin G, Baudot J-P (1987) Quelques odonates lnteressants observes

en Lorraine, France. Notulae Odontalogicae, 2,137-156.

Jarne P, Stadler T (2005) Population genetiC structure and mating system

evolution in freshwater pulmonates. Experientia, 51, 482-497.

Jehle R, Wilson GA, Arntzen JW, Burke T (2005) Contemporary gene flow

and the spatia-temporal genetic structure of subdivided newt opulations

163

http://ipcc-wg1.ucar.edu!.


References

(Triturus cristatus, T. marmoratus). Journal of Evolutionary Biology, 18,

619-628.
Johansson F (2003) Latitudinal shifts in body size of Enal/agma cyathigerum

(Odonata). Journal of Biogeography, 30, 29-34.
Johnson RA, Wichern OW (1992) Applied multivariate statistical analysis 3rd

edition. Prentice Hall, Engelwood Cliffs, New Jersey.

Johnson RN, Starks PT (2004) A Surprising Level of Genetic Diversity in an

Invasive Wasp: Polistes dominulus in the Northeastern United States.

Annals of the Entomological Society of America, 97, 732-737.

Jones PJ (1996) The first British record of the scarlet dragonfly Crocothemis

erythraeal (Brulle). Journal of the British Dragonfly Society, 12, 11-12.

Jones PJ (2004) Small red-eyed damselfly Erythromma viridulum caught at

light. At~opos, 21,81.
Kankare M, Varkonyi G, Saccheri IJ (2002) Genetic differentiation between

alternate-year cohorts of Xestia tecta (Lepidoptera, Noctuidae) in

Finnish Lapland. Hereditas, 136,169-176.

Keat S, Thompson OJ, Kemp SJ, Watts PC (2005) Ten microsatellite loci for

the small red-eyed damselfly Erythromma viridulum (Charpentier).

Molecular Ecology Notes, 5, 788-790.
Kemp SJ, Hishida 0, Wambugu J, Rink A, Longeri M, Ma RZ, Da Y, Lewin

HA, Barendse W, Teale AJ (1995). A panel of polymorphic bovine,

ovine and caprine microsatellite markers. Animal Genetics, 26, 299-

306.
Ketelaar R (2002) The recent expansion of the Small Red-eyed Damselfly

Erythromma viridulum (Charpentier) in The Netherlands. The Journal of

the British Dragonfly Society, 18,1-9.

Kiauta B (1969) Sex chromosomes and sex determining mechanisms in

Odonata, with a review of the cytological conditions in the family

Gomphidae, and references to the karyotypic evolution in the order.

Genetica, 40,127-157.
Kimura M, Ohta T (1971) Theoretical aspects of population genetics.

Princeton University Press, Princeton, New Jersey.

Korman AK, Pashley DP, Haverty MI, La Fage JP (1991) Allozymic

relationships among cuticular hydrocarbon phenotypes of Zootermopsis

164



References

species (Isoptera: Termopsidae). Annals of the Entomological Society

of America, 84, 1-9.

Kourti A (2002) Estimates of heterozygosity and patterns of geographic

differentiation in natural populations of the medfly (Ceratitis capitata).

Hereditas, 137,173-179.

Lande R (1988) Genetics and demography in biological conservation.

Science, 241,1455-1460.
Leblois R, Rousset F, Tikel 0, Moritz C, Estoup A (2000) Absence of

evidence for isolation by distance in an expanding cane toad (Bufo

marinus) population: an individual-based analysis of microsatellite

genotypes. Molecular Ecology, 9, 1905-1909.
Lee CE (2002) Evolutionary genetics of invasive species. Trends in Ecology

and Evolution, 17,386-391.
Lehmann T, Hawley WA, Grebert H, Collins FH (1998) Effective population

size of Anopheles gambiae in Kenya: implications for population

structure. Molecular Biology and Evolution, 15, 264-276.

Lenoir JC, Schrempf A, Lenoir .-A, Heinze J, Mercier JL (2007) Genetic

structure and reproductive strategy of the' ant Cardiocondyla elegans:

strictly monogynous nests invaded' by unrelated sexuals. Molecular

Ecology, 16, 345-354.
Lewontin RC (1974) The genetic basis of evolutionary change. Columbia

University Press, New York.

Li YC, Korol AB, Fahima T, Beiles A, Neva E (2002). Microsatellites: genomic

distribution, putative functions, and mutational mechanisms: a review.

Molecular Ecology, 11, 2453-2465.

Liebherr JK, Zimmerman EC (1998) Cladistic analysis, phylogeny and

biogeography of the Hawaiian Platynini (Coleoptera: Carabidae)

Systematic Entomology, 23, 137-172.

Lowe CD, Kemp SJ, Harvey IF, Thompson OJ, Watts PC (2007) Variable

microsatellite loci isolated from the azure damselfly, Coenagrion puella

(L.) (Zygoptera; Coenagrionidae). Molecular Ecology Notes, in press.

Luikart G, Sherwin WB, Steele BM, Allendorf FW (1998) Usefulness of

molecular markers for detecting population bottlenecks via monitoring

genetic change. Molecular Ecology, 7, 963-974.

165



References

Macan TT (1966) The influence of predation on the fauna of moorland

fishponds. Archiv tilr Hydrobiologie, 61, 432-452.

Mack RN, Simberloff D, Lonsdale WM, Evans H, Clout M, Bazzaz FA (2000)

Biotic invasions: causes, epidemiology, global consequences, and

control. Ecological Applications, 10,689-710.

Malacrida AR, Marinoni F, Torti C, Gomulski LM, Sebastiani F, Bonvicini C,

Gasperi G, Guglielmino CR (1998) Genetic aspects of the worldwide

colonization process of Ceratitis capitata. The Journal of Heredity, 89,

501-507.
Mathews JH, Boles S, Parmesan C, Juenger T (2007) Isolation and

characterization of nuclear microsatellite loci for the common green

darner dragonfly Anax junius (Odonata: Aeshnidae) to constrain

patterns of phenotypic and spatial diversity. Molecular Ecology Notes,

7,845-847.
Martin TH, Johnson DM, Moore RD (1991) Fish-mediated alternative life-

history strategies in the dragonfly Epitheca cynosura. Journal of the

North American Benthological Society, 10,' 271-279.

Mergeay J, Verschuren D,' De Meester L (2006) Invasion of an asexual

.American water flea clone throughout Africa and rapid displacement of

a native sibling species. Proceedings of the Royal Society of London B,

273, 2839-2844.

Michiels NK, Dhondt AA (1991) Characteristics of dispersal in sexually

mature dragonfiies. Ecological Entomology, 16, 449-459.

Mieszkowska N, Kendall MA, Hawkins SJ, Leaper R, Williamson P,

Hardman-Mountford NJ, Southward AJ (2006) Changes in the range of

some common rocky shore species in Britain - a response to climate

change? Hydrobiologia, 555, 241-251.

Mikolajewski DJ, Joop G, Wohlfahrt B (2007) Coping with predators and food

limitation: testing life history theory for sex-specific larval development.

Oikos, 116, 642-649.

Mills SL, Allendorf FW (1996) The one-migrant-per-generation rule in

conservation and management. Conservation Biology, 10, 1509-1518.

166



References

Musolin DL (2007) Insects in a warmer world: ecological, physiological and

life-history responses of true bugs (Heteroptera) to climate change.

Global Change Biology, 13, 1565-1585.

Nagylaki T, Lucier B (1980) Numerical analysis of random drift in a cline.

Genetics, 94, 497-517.

Naraoka H (1976) Size variations of some species of Agrionidae (Odonata)

of Japan. New Entomology, 25,1-12.

Nei M, Tajima F. (1981) Genetic drift and estimation of effective population

size. Genetics, 98, 625-640.
Nichols RA, Bruford MW, Groombridge JJ (2001) Sustaining genetic variation

in a small population: evidence from the Mauritius kestrel. Molecular

Ecology, 10, 593-602.
Nobes G (2003) Southern emerald damselfly Lestes barbarus (Fabr.)-the first

British record. Atropos, 18, 3-6.

Nogales M, Rodriguez-Luenga, Marrero' P (2006) Ecological effects and

distribution of invasive non-native mammals on the Canary Islands.

Mammal Review, 36, 49-65.
Norling U (1984) Life history patterns in the northern expansion 'of

dragonflies. Advances in Odonatology, 2,127-156 ..

Nunney L, Elam DR (1994) Estimating' the effective population size of:

conserved populations. Conservation Biology, 8,175-184.

Ohta T, Kimura M (1973) A model of mutation appropriate to estimate the

number of electrophoretically detectable alleles in a finite population.

Genetical Research, 22, 201-204.
Ott J (1996) Zeigt die Ausbreitung der Feuerlibelle in Deutschland eine

Klimaveranderung an? Mediterrane Libellen als Indikatoren fur

Anderungen in Biozonsen. Naturschutz und Landschaftsplanung, 28,

53-61.
Ozaki K, Ohbayashi T (2001) DNA comparison of Japanese populations of

Hyphantria cunea with divergent life cycles. Entomological Science, 4,

47-52.
Parker 1M, Simberloff D, Lonsdale WM, Goodell K, Wonham M, Kareiva PM,

Williamson MH, Von Holle B, Moyle PB, Byers JE, Goldwasser L {1999}

167



References

Impact: toward a framework for understanding the ecological effects of

invaders. Journal Biological Invasions, 1,3-19.

Parker JD, Burkepile DE, Hay ME (2006) Opposing effects of native and

exotic herbivores on plant invasions. Science, 311, 1459-1461.

Parmesan C (2006) Ecological and evolutionary responses to recent climate

change. Annual Review of Ecology, Evolution and Systematics, 37,

637-669.
Parmesan C, Ryrholm N, Stefanescu C, Hill, JK, Thomas CD, Descimon H,

Huntley S, Kaila L, Kullberg J, Tammaru T, Tennent, WJ, Thomas, JA,

Warren M (1999) Poleward shifts in geographical ranges of butterfly

species associated with regional warming. Nature, 399, 579-583.

Parmesan C, Yohe G (2003) A globally coherent fingerprint of climate

change impacts across natural systems. Nature, 421,37-42.

Parr AJ (2004) Migrant damselflies in 2003. Atropos, 21, 29-34.

Parr AJ (2005) Migrant and dispersive dragonflies in Britain during 2004.

Journal of The British Dragonfly Society, 21, 14-20.

Parr, MJ (1970) The life histories of Ischnura elegans (Vander Linden) and,

Coenagrion puel/a (L.) (Odonataiinsouth Lancashire. Proceedings of

the Royal Entomological Society of London,' 45, 172-181.

Peakall R, Ruibal M, Lindenmayer DB (2003) Spatial autocorrelation analysis

offers new insights into gene flow in the Australian bush rat, Rattus

fuscipes. Evolution, 57, 1182-1195.
Pearson RG (2006) Climate change and the migration capacity of species.

Trends in Ecology and Evolution, 21, 111-113.

Pearson RG, Dawson TP (2003) Predicting the impacts of climate change on

the distribution of species: are bioclimate envelope models useful?

Global Ecology and Biogeography, 12,361-371.

Pearson RG, Dawson TP, Liu C (2004) Modelling species distributions in

Britain: a hierarchical integration of climate and land-cover data.

EcographY,27,285-298.

Peel 0, Ovenden JR, Peel SL (2004) NEESTIMATOR: Software for Estimating

Effective Population Size, Version 1.3. Queensland Government:

Department of Primary Industries and Fisheries, Brisbane, Queensland.

Pimentel 0, Lach L, Zuniga R & Morrison 0 (2000) Environmental and

168



References

economic costs of non-indigenous species in the United States.

Bioscience, 50, 53-65.
Pritchard G, Williams DD, Danks HV (1991) Insects in thermal springs.

Memoirs of the Entomological Society of Canada, 155, 89-106.

Pritchard JK, Stephens M, Donnelly P (2000) Inference of population

structure using multilocus genotype data. Genetics, 155, 945-959.

Pritchard JK, Wen W (2003) Documentation for STRUCTURE software: version

2. http://pritch.bsd.uchicago.edu.
Pudovkin AI, Zaykin DV, Hedgecock 0 (1996) On the potential for estimating

the effective number of breeders from heterozygote-excess in progeny.

Genetics, 144,383-387.
Purse BV (2001) The ecology and conservation of the Southern Damselfly

(Coenagrion mercuriale). PhD thesis, University of Liverpool, Liverpool.

Purse BV, Hopkins GW, Day KJ, Thompson OJ (2003) Dispersal

characteristics and management of a rare damselfly. Journal of Applied

Ecology, 40, 716-728.
Purse BV,"Thompson DJ (2002) Voltinism and larval growth pattern in

Coenagrion mercuriale (Odonata: Coenagrionidae) at its northern range

margin. European Journal of Entomology, 99,11-18.

Raab R, Chovanec A, Wiener AK (1996) Aspects of habitat selection by adult

dragonflies at a newly created pond in Vienna, Austria. Odonatologica,

25,387-390.
Raymond M, Rousset F (1995) GENEPOP (version 1.2): population genetics

software for exact tests and ecumenicism. Journal of Heredity, 86, 248-

249.
Refseth UH, Fangan BM, Jakobsen KS (1997) Hybridization capture of

microsatellites directly from genomic DNA. Electrophoresis. 18, 1519-

1523.
RiceWR (1989) Analyzing tables of statistical tests. Evolution, 43, 223-225.

Richards C, Leberg PL (1996) Temporal changes in allele frequencies and a

population's history of severe bottlenecks. Conservation Biology, 10,

832-839.
Robinson CT, Reed LM, Minshall WG (1992) Influence of flow regime on life

history, production, and genetic structure of Baetis tricaudatus

169

http://pritch.bsd.uchicago.edu.


References

(Ephemeroptera) and Hesperoperla pacifica (Plecoptera). Journal of

the North American Benthologica/ Society, 11, 278-289.

Rodriguez LF (2006) Can invasive species facilitate native species?

Evidence of how, when and why these impacts occur. Biological

Invasions, 8, 927-939

Rouquette JR, Thompson OJ (2007) Patterns of movement and dispersal in

an endangered damselfly and the consequences for its management.

Journal of Applied Ecology, 44,692-701.

Rousset F (1997) Genetic differentiation and estimation of gene flow from F-

statistics under isolation by distance. Genetics, 145, 1219-1228.

Rowe RJ (1987) The Dragonflies of New Zealand. Auckland University

Press, New Zealand.

Saccheri, I., Kuussaari, M., Kankare, M., Vikman, P., Fortelius, W. & Hanski,

I. (1998) Inbreeding and extinction in a butterfly metapopulation. Nature,

392,491-494 ..

Sakai AK, Allendorf FW, Holt JS, Lodge OM, Molofsky J, With KA, Baughman

S, Cabin RJ, Cohen JE, Ellstrand NC, McCauley DE, O'Neil P, Parker

1M,ThompsonJN, Weller SG (2001) The population biology of invasive

species. Annual Review of Ecology and Systematics, 32, 305-332.

Scher 0, Alain T (2005) Odonata, Amphibia and environmental

characteristics in motorway stormwater retention ponds (southern

France). Hydrobiologia, 551,237-251.

Schiermeier Q (2004) Modellers deplore 'short-termism' on climate. Nature,

428,593-593.

Schindler M, Fesl C, Chovanec A (2003) Dragonfly associations (Insecta:

Odonata) in relation to habitat variables: a multivariate approach.

Hydrobiologia, 497, 169-180.

Schl6tterer C (2000) Evolutionary dynamics of microsatellite DNA.

Chromosoma, 109, 365-371.

Schl6tterer C (2004) The evolution of molecular markers - just a matter of

fashion? Nature Reviews Genetics, 5, 63-68.

Schmidt E (1991) Horizontales SchlUpfen Bei Mitteleuropaischen Zygopteren

(Coenagrionidae). Odonat%gica, 20,85-90.

170



References

Schoorl P, Verdonk M (1978) New Records of Erythromma viridulum (Charp.)

In The Netherlands (Zygoptera: Coenagrionidae). No tulae

Odontologicae, 1, 48.
Schultheis AS, Hendricks AC, Weigt LA (2002) Genetic evidence for 'leaky'

cohorts in the semivoltine stonefly Peltoperla tarteri (Plecoptera:

Peltoperlidae). Freshwater Biology, 47, 367-376.

Selkoe KA, Toonen RJ (2006) Microsatellites for ecologists: a practical guide

to using and evaluating microsatellite markers. Ecology Letters, 9, 615-

629.
Short RA, Stanley EH, Harrison JW, Epperson CR (1987) Production of

Corydalus cornutus (Megaloptera) in four streams differing in size, flow,

and temperature. Journal of the North American Benthological Society,

6,105-114.
Simberloff 0 (1988) The contribution of population and community biology to

conservation science. Annual Review of Ecology and Systematics, 19,

473-511.
Slatkin M (1973) Gene flow and selection in a cline. Genetics, 75, 733-756 .

.Slatkin M (1985) Gene flow in natural populations. Annual Review of

Ecology and Systematics, 16, 393-430.

Slatkin M (1993) Isolation by distance in equilibrium and non-equilibrium

populations. Evolution, 47, 264-279.
Smouse PE, Peakall R (1999) Spatial autocorrelation analysis of individual

multiallele and multilocus genetic structure. Heredity, 82, 561-573.

Solimini AG, Ruggiero A, Bernardini V, Carchini G (2003) Temporal pattern

of macroinvertebrate diversity and production in a new man made

shallow lake. Hydrobiologia, 506-509,373-379.

Spielman 0, Brook SW, Frankham R (2004) Most species are not driven to

extinction before genetic factors impact them. Proceedings of the

National Academy of Sciences, USA, 101, 15261-15264.

Spieth PT (1974) Gene flow and genetic differentiation. Genetics, 78, 961-

965.
Sternberg K, Buchwald R, (1999) Die Libel/en Baden-Warttembergs - Band

1: Allgemeiner Teil, Kleinlibel/en (Zygoptera). Verlag Eugen Ulmer,

Stuttart.
171



References

Stockwell CA, Hendry AP, Kinnison MT (2003) Contemporary evolution

meets conservation biology. Trends in Ecology and Evolution, 18, 94-

101.

Stoks R (2001 a) Male-biased sex ratios in mature damselfly populations: real

or artefact? Ecological Entomology, 26, 181-187.

Stoks R (2001 b) What causes male-biased sex ratios in mature damselfly

populations? Ecological Entomology, 26,188-197.

Suarez AV, Bolger DT, Case TJ (1998) Effects of fragmentation and invasion

on native ant communities in coastal southern California. Ecology, 79,

2041-2056.

Sunnucks P (2000) Efficient genetic markers for population biology. Trends

in Ecology and Evolution, 15, 199-202.

Sunnucks P, Hales OF (1996) Numerous transposed sequences of

mitochondrial cytochrome oxidase I-II in aphids of the genus Sitobion

(Hemiptera: Aphididae). Molecular Biology and Evolution, 13, 510-524.

Svensson El, Kristoffersen L, Oskarsson K, Bensch S (2004) Molecular.

population divergence and sexual selection on morphology in the

banded demoiselle (Ca/opteryx splendens) .. Heredity, 93, 423-433.

Tallmon DA, Luikart G,·Beaumont MA (2004) Comparative evaluation of a

new effective population size estimator based on approximate Bayesian

computation. Genetics, 167, 977-988.

Thielen C (1992) Untersuchung zum Larvenhabitat und zum

Entwixklungszyklus der Helmazurjungfer (Coenagrion mercuriale,

Zygoptera, Odonata) an zwei verchiedenen Gewassem der Freiburger

Bucht. Thesis, Unlversitat Freiburg, Freiburg, Germany.

Thomas CD, Lennon J (1999) Birds extend their range northwards. Nature,

399,213-234.

Thompson OJ, Watts PC, Saccheri IJ (2007). Conservation genetics for

insects. In A.J.A. Stewart, T.R. New & O.T. Lewis (eds.) Insect

Conservation Biology, p. 280-300. CABI Publishing, Wallingford.

Toth G, Gaspari Z, Jurka J (2000) Microsatellites in different eukaryotic

genomes: survey and analysis. Genome Research, 10,967-981.

172



References

Tsutsui ND, Case TJ (2001) Population genetics and colony structure of the

argentine ant (Linepithema humile) in its native and introduced ranges.

Evolution, 55, 976-985.

Tsutsui ND, Suarez AV, Holway DA, Case TJ (2000) Reduced genetic

variation and the success of an invasive species. Proceedings of the

National Academy of Sciences USA, 97, 5948-5953.

Utzeri C, Carchini G, Falchetti E, Belfiore C (1984) Philopatry, homing and

dispersal in Lestes barbarus (Fabricius) (Zygoptera: Lestidae).

Odonatologica, 13, 573- 584.

van Oosterhout C, Hutchinson W.F, Willis, DPM, Shipley, PF (2004) Micro-

checker : software for identifying and correcting genotyping errors in

microsatellite data. Molecular Ecology Notes, 4, 535-538.

Vila M, Bjorklund M (2004) Testing biennialism in the butterfly Erebia pa/arica

(Nymphalidae: Satyrinae) by mtDNA sequencing. Insect Molecular

Biology, 13,213-217.

Vitalis R, Couvet D (2001) Estimation of effective population size and

migration rate from' one- and two-locus identity measures. Genetics,

157,911-925.
Vitousek PM, D'Antonio CM, Loope LL, Westbrooks R (1996) Biological

invasions as global environmental change. ' American Scientist, 84,

468-478.

Walker KL (2006) Impact of the Little Fire Ant, Wasmannia auropunctata, on

Native Forest Ants in Gabon. Biotropica, 38, 666-673.

Walther G-R, Post E, Convey P, Menzel A, Parmesan C, Beebee TJC,

Fromentin J-M, Hoegh-Guldberg 0, Bairlein, F (2002) Ecological

responses to recent climate change. Nature, 416, 389-395.

Wang JL (2005) Estimation of effective population sizes from data on genetic

markers. Philosophical Transactions of the Royal Society of London, B,

360,1395-1409.

Wang JL, Caballero A (1999) Developments in predicting the effective size of

subdivided populations. Heredity, 82, 212-226.

Wang JL, Whitlock MC (2003) Estimating effective population size and

migration rates from genetic samples over space and time. Genetics,

163, 429-446.

173



References

Waples RS (1989) A generalised approach for estimating effective population

size from temporal changes in allele frequency. Genetics, 121, 379-

391.

Waples RS (2002) Definition and estimation of effective population size in the

conservation of endangered species. Population Viability Analysis (eds.

S.R. Beissinger & D.R. McCullough), 147-168, University of Chicago

Press, Chicago, IL.

Warren MS, Hill JK, Thomas JA, Asher J, Fox R, Huntley B, Roy DB, Telfer

MG, Jeffcoate S, Harding P, Jeffcoate G, Willis SG, Greatorex-Davies

JN, Moss 0, Thomas CD (2001) Rapid responses of British butterflies

to opposing forces of climate and habitat change. Nature, 414, 65-69.

Wasscher M (1999) Identification of Small Red-eyed Damselfly Erythromma

viridulum (Charp.). Atropos, 7, 7-9.

Wasscher MT (1987) De invloed van de temperatuur in de laaste larvale

stadia op het drooggewicht van borststuk en achterliff van imago's van

Erythromma viridulum Charp. en Ischnura elegans VanderL. (Odonata:

Coenagrionidae), en de mogelijke invloed hiervan op het gaan zwerven.

MsT, University of Amsterdam.

Watts PC,' Nash ROM, Kemp SJ (2001) Polymorphic microsatellite loci in the

European plaice, Pleuronectes platessa L., and their utility in flounder,

lemon sole and Dover sole. Journal of the Marine Biological

Association, UK, 81,367-368.

Watts PC, Rouquette JR, Saccheri IJ, Kemp SJ, Thompson OJ (2004a)

Molecular and ecological evidence for small-scale isolation by distance

in an endangered damselfly, Coenagrion mercuriale. Molecular

Ecology, 13,2931-2945.

Watts PC, Thompson OJ, Kemp SJ (2004b) Cross-species amplification of

microsatellite loci in some European zygopteran species (Odonata:

Coenagrionidae). International Journal of Odonatology, 7, 87-96.

Watts PC, Wu JH, Westgarth C, Thompson OJ, Kemp SJ (2004c) A panel of

microsatellite loci for the southern damselfly, Coenagrion mercuriale

(Odonata: Coenagrionidae). Conservation Genetics, 5, 117-119.

Watts PC, Kemp SJ, Saccheri IJ, Thompson OJ (2005) Conservation

implications of genetic variation between spatially and temporally

174



References

distinct colonies of the damselfly Coenagrion mercuriale. Ecological

Entomology, 30, 541-547.
Watts PC, Saccheri IJ, Kemp SJ, Thompson DJ (2006) Population structure

and the impact of regional and local habitat isolation upon levels of

genetic diversity of the endangered damselfly Coenagrion mercuriale

(Odonata: Zygoptera). Freshwater Biology, 51, 193-205.

Watts PC, Rousset, F, Saccheri IJ, Leblois, R, Kemp SJ, Thompson DJ

(2007a) Compatible genetic and ecological estimates of dispersal rates

in insect (Coenagrion mercuriale: Odonata: Zygoptera) populations:

analysis of 'neighbourhood size' using a more precise estimator.

Molecular Ecology, 16, 737-751.
Watts PC, Saccheri IJ, Kemp SJ, Thompson DJ (2007b) Effective population

sizes and migration rates in fragmented populations of an endangered

insect (Coenagrion mercuriale: Odonata). Journal of Animal Ecology,

76, 790-800.
WeirBS; Cockerham CC (1984) Estimating F-Statistics for the Analysis of

Population Structure. Evolution, 38, 1358-1370.

Whitlock MC, Barton NH (1997) The effective size of a subdivided population.

Genetics, 163, 1177-1191.
Whitlock MC, McCauley DE (1999) Indirect measures of gene flow and

migration: FST ~1/(4Nm + 1). Heredity, 82,117-125.
Wong A, Smith ML, Forbes MR (2003) Differentiation between

subpopulations of a polychromatic damselfly with respect to morph

frequencies, but not neutral genetic markers. Molecular Ecology, 12,

3505-3513.
Woodward G, Hildrew AG (2001) Invasion of a stream food web by a new top

predator. Journal of Animal Ecology, 70, 273-288.

Wright S (1931) Evolution in mendelian populations. Genetics, 16,97-159.

Wright S (1943) Isolation by distance. Genetics, 2, 114-38.

Wright S (1951) The genetical structure of populations. Annals of Eugenics,

15, 323-354.
Wright S (1978) Evolution and Genetics of Populations, Vol. 4, University of

Chicago Press, Chicago. IL.

175



References

Xu X, Peng M, Fang Z, Xu X (2000) The direction of microsatellite mutation is

dependent upon allele length. Nature Genetics, 24, 396-399.

Yan D, Pawson TW (1997) Changes in the crustacean zooplankton

community of Harp Lake, Canada, following invasion by Bythotrephes

cederstroemi. Freshwater Biology, 37, 409-425.

Yukawa J, Kiritani K, Gyoutoku N, Uechi N, Yamaguchi D and Kamitani S

(2007) Distribution range shift of two allied species, Nezara viridula and

N. antennata (Hemiptera: Pentatomidae), in Japan, possibly due to

global warming. Applied Entomology and Zoology, 42, 205-215.

Zane L, Bargelloni L, Patarnello T (2002) Strategies for microsatellite

isolation: a review. Molecular Ecology, ii, 1-16.

176



Appendix

Appendix 2.1. Primer note describing ten polymorphic microsatellite loci

isolated from the small red-eyed damselfly Erythromma viridulum.

Mok...;ular Ecology Notes (2005) 5,7SS-790 doi: 10.1111/j.1471.Jl2862005.0H)(>3.x

PRIMER NOTE

Ten microsatellite loci for the small red-eyed damselfly
Eruthromma oiridulum (Charpentier)

SIMOI KEAT,DAVlD J. THOMPSO .5TEPHE I]. KEMl'andPH1LLlP C. WATTS
School of Biological Sciences, The BiosciclICI.'s Bllildill,,?, Crowl! Street. Ulliwlsity of Liverpool, UV<71!Ool,L69 72B, UK

Abstract

The small red-eyed damselfly, Eryt1lrollllflfl uiridulum (Charpentier), is the first recorded
example of it migrant damselfly establishing colonies in the British 1 II's. To examine the
population genetic structure of E. »iridulum, a partial genomic library enriched for CA
rnicrosatcl.Iite loci was constructed. Of the 4210ci tested,19 amplified spurious bands and
13 were monomorphic, leaving 10 polymorphic loci that resolved distinct alleles within the
expected size range. he number o.f alleles ranged between two (LIS 14·021, UST1440)
and eight (L1SI14-002). Observed and expected heterozygosities varied between 0.000-0.698
and 0.045-0.688, respectively.

Keywords; Erylirmmllm virilillilllll,microsatellite,Odonata, rangeexpaos ion. mall red-eyed damselfly

Receitc« 01 April 2005; rel'isi{}llllccepteli 28 April 2005

In recent years. there 11.1';been much debate on the effelt:>
that global temperature increase may have on , pecles
distributions, In particular, the northward range expan~iol1
at many European species has been associated with
regional warming (Parmesan el Ill. '1<.)<)9). The small red-
eyed damselfly, Erylhmllllllililirililllullt (Charpentier). has
seen significant north-westerly rangp expansion in Europe
in the last 3Dyears (Ketelaar ~(02) and is the first recorded
example of a migrant damselfly esteblishtng colonies in
the British Isles (Dewick & Ceruasi 2(00). Its range in t11\!
British Isles currently extends from orfolk to the Isle
of Wight and as far inland as Rugby in warwickshtre.
£rytllTfJlll11lG t'iridlllllllI is now a common species in the
core of its British range, in [~'>SCx,and looks set to further
continue its spread across the British Isles (Cham 20(4).
Ra pid range expansion is expected to prod lice popul ali ons
with red uced genetic variability because the series of
founder events th~t occur 1\!<ld to loss of <llleles and in-
erea d homozygosity. The reduction in aUeli diversity
and hetrozygosity is expected to be proportional 10 the
severityofthepoplilation bottleneck (He\vitt 1999). As such

Correspondence: S. Keat, PopuLltion ~nd Evolutionary Uiology
Group, The BiosClt·l1Cf"lBuildmg, Schonl of Bi()l()gi.;~1$dcl1re',
University of Liverpool. Crown StTe('t, LIverpool, Ui9 nB, UK,
F.1X: +44 to) 151795 4512; E-mail: s.kcat®hv~lCuk

E. tnriduium represents a model writh which to investigate
the effects of rapid range expansion 011 genetic varia bility
and 10 test the central-peripheral theory of population
genetic differenttation.

Cenomic Dl\_A was isolated (rom the body tissue 01 two
adults for the COI1!truction of the microsatellite library and
(rom hind tibia when t ting (or 0 'A polymorphlsms;
D;';A was extracted using the high salt protocol OfSUn1lUCks
& Hales (1996), but with reduced volumes when leg
samples were used, :1.1icrosatellite loci w re isolilte\.l in
£. viridllTulII using an enrichment technique described in
detail by Bloor et al. (20Dl).

Microsatellite alleles were amplified by polymerase chain
reaction (PCR)in lllQ-llLrefl lion volume llsingRe\.idyMix
PCR mix (AUgene) on a Dyad D A Engine (:\-lJ Research
Inc). PCR condltions were 9r. QCfor 1 min, followed by 5
cyclesat95 (or3{)s, T. for45M\l1d72 .for45s,t11 J1
25 cycles at 95 f ()f 30 s. Ta cC for 30 S ilnd 72 '"C for 55 s
and nl1<llly, 72 QC for 10 min, where Ta is the dnl1(!.\!ing
temperature (Table U. Each reJction COJ1taiJled 75 mM
Tris-HCI (pH .8). 20mM ( H~)~ 4,0.01% (v/v) 1\\'eell
20,02 mM each dl'-YT'P,3,0 mM Mg 12.5-50ng template
o A. 10 pmol each primer and 0.25 U Taq polymerase
(Al.Jgene). Fmward primers were labelled ,-vilh either 6-
FAM. NED, PET or VIC fluorescent dyes (Applied Bios)'s-
lems), peR prpclucl<; were pooled with a 500 bp (LIZ) size
standard (Applied BJosyslems) and separated by capillary

~ 2005 lllnckwell Publishing Lki
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Appendix

Appendix 2.1 continued. Primer note describing ten polymorphic

microsatellite loci isolated from the small red-eyed damselfly Erythromma

viridulum.

PRIMER OTE 789

Table 1 Level'>of variability at 10 polymorphic mjcrosatellite loci in adult small red-eyed damselflies (Erytilrtmmm viridllllll1l) from
Yarbridge, Isle o{Wight (II '" 2.3; and EMt Ruston, Norfolk (" ~ 20), both in UK. Dye,S' fluorescent l.'bel(Applied Biosystems): T.",annealing

temperature ('Cl; N., number or alleles observed; HO'observed heterozygosity; HI!' expected heterozygosity

Locus
Genlln"k
Accession no. Primer sequence (5'-3') Repeat motif Dye

LlSTl4-002 F: TT'ImI'CTCAACCACa::c (llC)S(AC)4(AC}1O NED

8\1448262 R:GAGAGTOGTTTTTGCTTCG

L1STl4-0OS P:CCATACCCATGGATAATAGC (llC)a 6-PAM

BV448263 R: AAGCTTCGGATCATTT'l'CG:;
UST14.()(l6 F:~CATTTCC (AC),o 6·FAM

BV448264 Rc CAAAOOlICCTA'ICCCAACG
LlSfl4'()14 F: CTTAACCCACCTCACGACCJ!CC (AC>,. PET

BV448265 R: Tn::o:::GCCCATTCTCACTCTCG
UST14'()19 F: ACCTCCTCA'I'GCTOCATTCGC (Qr),O 6-FAM

BV44 266 1(: =CTCCTGGTTA'l'G'IX:C.TCC

LlSTI4-021 F: r:xJJ>CATAAO=GGATGACIJ (Qr~(GT)s PET
BV44S26i R: ACCCCACTTTTAGGAGG'ICC

USr1W25 F: ATCTCAC'CCCA'D:TTG'IO:: ('IG~(GT)) I\'ED

IlV41821i8 R: GrTCTCGGAAAACTGACCG
L1Sf14-035 F: =~GCTGAATOOC ton, VIC

[lV448269 R: TACA~GAmACTACC
USTl4-040 F:TATGCGACARGTTAGCCG (OC'I'),(GCT)'l VIC

8V448270 R, ATCCCAA?>TTN'..AACCC
USrl4-O·12 F: CAa::GGTATCAMCT1I:G ren, VIC

8\1448271 R: AAAAOXGAr..AAATCCCG

Sil'c
range Ibp) N.

45 147-186 s 0512'
O. 7
(WOO'
0,126
0.48
0(1)5
0.419
0.408
0.442
0.424
0.000
0,04:-
0.419
O. Il
0.698
0.662
0, 0
0.045
0,16'1
0.225

55 206-220 3

5

3

2

6

5

1

55 297-30

194-198

HiS-l72

48 196-200

246-2'i6

55 333-343

384-386

223-230

"indscates significant departure IP <O.Q,))lTomexpected (witlun site) H1rdy-Wemberg equihbrium (:onditions

electrophoresis through a denaturing acrylamide gel 011 an
A 61 Jloo automated sequencer (Applied Biosysten 5),

Levels or genetic diversity were assess cl from 4J adult
damselflies collected from Yarbridge (/I = 23) on the Isle of
Wight and East Ruston in orfolk (II = 20), both in UK,
GENEI'OP (Haymond & Rousset 1995) was used to calculate
bask measu r s of genetic diversity (oyer all sample ),
the significance of allY devia lions from expected Hardy-
Weinberg conditions (within each site) and also for linkage
disequihbrium between all pain; of loci.
or the 42 microsatellite sequences that we were able to

design primer around, 19 loci amplified spurious band"
and "l3!od were monomorphic, leaving 10polymorphic loci
that resolved distinct a Ileles within the expected size range,
The number of alleles ranged between two (LISfI4-D21,
LlSTl4·40) and eight (L1ST14-002) (Tablel ): observed and
expected heterozygosities varied between 0,000 and 0.698
and 0.045-D,688, respectively (Table I).Lt Tl4-00s proved
10be monomorphic in the Isle of Wight population but
alternate alleles were found in Ih orfolk population.
Two loci (LlSTl4-002 a.nd USTl~-OO5) showed significant
(P < 0,05) deviations from expected Hardy-Weinberg
conditions, although all heterozygote deficit were non-
Significant (P > 0.05) after correction for multiple testing
(Rice 1989). Only I"IITO of the ,.15 10CllQ comparisonssi1owed
significant (P < 0,05) linkage di<;equilibriu1l1 (USTI4-002

© 2005 UlilCkwell Publ;.hing Ltd, MDfecuL1T frowSY Not/!S. S. 788-7<Xl

to UST14·Q Iq, P '" 0.022; LlST14-002 to usn,l-o l4, P =
0.02-1) but given the la rge number of I Is involved, these
1,)c1 are probably not significantly linked, although an
analysis based on further samples is required to confirm this,
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Appendix

Appendix 2.1 continued. Primer note describing ten polymorphic

microsatellite loci isolated from the small red-eyed damselfly Erythromma

viridulum.

790 PRIMER OTE
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Appendix

Appendix 2.2. Raw sequence data for microsatellite-containing regions of

the genome of E. viridulum for which primers could be designed. Primer

binding sites are underlined and microsatellite motifs are highlighted bold.

Values of N within the data indicate sequencing was ambiguous at that base.

LIST14-001
TTAGTGGCACACACTGCGTGAAAAAACACACACACACACACAAAAACTATTGCAAAAAATGTTAAGCA
AAAAAACTGTCAGTTGTAAGATTTGCTGTATCCTCAAAGAGC

LIST14-002
TTTCGTCTCAAGGACCGCTCAGACTCCTAATGTTGTCCTCAGACGCTAANTCACTTCCNTACTCCCAC
CACTTCAAGTCTCCCCACCCCCCAAAGTCGCACAATAACACACACACCAACACACACGAGCTAGCACA
CTCGCCGAACACACACACACACACACACAGACGAAGCAAAAACCACTCTC

LIST14-003
TCTCCCACATCGCTTTCCTCCCCAATTCTTTCATTCCTCCCCAATTCTTTCATTCCTCCTCCTTCCTC
ACTCCCTCTCTGTCCTCTCCCACATCTCAAAGGCATCCTTCCCAACCTTCTCCCTCAATAATCAACGT
CACCCACAACACAACACAACACTACTCCACACACAACATTTCTCCAGCCTGTTCCTCTGCCCTAAATC
CGCACTTATGCGTGTNACATTTCTCCTCTAGTTAAAAGCTGTCCCATAGCGCATTGGGATAGCGTAC

LIST14-004
TCTTACAGAGCTTTCCAGCTTATTTATCTCTTGAGTGAAATTATTTTTATTCAGTTGTTGTTGTTGTT
GCTTCAATTTGCAATTCATTCAGAAAATAAGAGTTTATTGTTGGAACCGAGTATCAAGAAC

LIST14-00S
CCATACCCATGGATAATAGCAAAAACTATCTGCACTTATAGTCATTTGACACAGATATTGAATTTCCA'
ACTCTAAATGGACCAATCAATTTTTCCTTATATTTCAGTTTCGAAAGTTTGGCCTCCNCACTTACACA
CACACACACACAAGTACTGAAAAGGGAAAAATAATTATACTACTAGCCTCATCACTTAAGTATCCCGA
AAATGATCCGAAGCTT

LIST14-006
GGCTCAGTCTCACATTTCCATGGGCCGGGGATAATGAGCGTGCCGGATGGTCCAGTGTGGGAAGGGTG
CGTGTATACATATTATTTTATAACCATGAAAAGGGTTCTCTCTGCAGGAATATTTACACACACACACA
CACACACGTGCATATAAAAAGGAGTAGGGGTGCAGTCGTATCCCGGGGGTTGGGTAATAAAATAAAAT
GAAGGGTAAAAGATGTTTATGGGATGAGATAAAAAAAACGTAATGAGGGAGGAAATATTGGAGGGCCA
TGAGAAACTCGTTGGGATAGGTCCTTTG

LIST14-007
AAAACAGGCAAGCAATCTGGTGGTGTGTGTGTGTGTGTGTGTGAGGTGCGGGTGGCTTGGTGACGGTT
TGGGTGGGTGGGGTTTTAAAAAGGGTTCCACCCTCCCCGGCCCTTCAGCTCCCCTCTCATTGGTTCAT
CTCCGTAGGCAAAGGGGTTGAAAAGGGGTTGTTTTTTTAGGCTGTGGGAGGGGTCCTGACTGGCTACT
GGGAAAGGGGTTGGTTCCGCGAGGGTACAGCAACAAAAAAAAACGAGAGAAAAGAAGGGGGAGATGGT
GTTTGGGAA

LIST14-008
CGAGTGATATTTCGATGTTAGGTTTAGTGATTCATGATGTATGAATGCGAAGTGTGGTGTGTGTGTTA
TTCTTTCCTCCCCCCATTAGTCCCTTTCCCGATATGCCGTGACTCGCCGGAGGACGGAATTCCCCAAG
ACAGTGGCCTTCCCCCCCCCCCCAAAGTGAATAATGGCTCGCTTTATGCAGCGGCGAAGCGGTCAAAG
GTATGCAAGTGAGCTTCCCACCCCCCAAAATGGACCCCCTACATTCCCCTTTCCCCGTCCCCGCCAGT
GGAGGGGCTAACATTTAAATAGCCGCGACAACCCAGGTTTTGGGTTGGTTTTCTATTGTTCCCGATTG
ATGCCGGAAGTACGGACGAGAGAGGCAGTACGCGAAGTGGCAAGACAGAGGACGAGACTAGAAGGGCA
GAGGAGCTGGAGCTGGANAGTGTCGGGAAGGANAGGCTGAAAGGACTTAANAGATTGAACGGAAAAAA
GTCGTCGCCGCA
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LIST14-009
GAGGTGGACAACTGACAACGAAACTATTATCCAACCACATACAAACACACACACACCGCGGGAGAAAA
AGGTGCGCACGGNAAAGAGGAGGCTAAGGTNGTGGGGATTCCCGAAGCAAGAATGGGAGGGAGAACGG
GGCCAAAAGGGGGATGACGGGGTGGAGCCCACCGGTTAGGCGGGCGAAGCGACGTAGTAGAA

LIST14-010
TGATTGATACATACAGCACCGCAGTTTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTG
TGTGTGTGTGTGTGTGTGTGTGCAGTACACACATTAGAATTAGAAATNTAGAAATTGTANGAGGCATT
CACTACGACCTGCGGTAGTGTCAGACTTT

LIST14-011
ACACCTTTTGTATCAGCCGCCTGTGTCTCTGGGCTAATCGATCAACATTCACTTTATTCGATAGTTTC
AGGCTTCACTTTGTGAAAATCCATTCTAATAACTGAAAGATATGGTTTTTTTTCAACTATTTTCACAC
ACACACACACACACCGGTCGACTTGAATAAATAGTGTGAAAAAAGTACCATATCTTTCAGTTATTATT
TACTTTATTTTCTGCTTCGTATAGTTTCGTACCGGGAGGTACGAAAATATCCGTTGGGTTAAAGGCTG
GCGCCGTCCAGGACAGCCCTCTGTTCGCGGCAATT

LIST14-012A
GCCCTCTAATGCTTTTGCTGGAGTGTGTGTGTTCTTTGTGGCGATGGTTGGGTGCGAGTGGTGACTGA
T

LIST14-012B
AATAGGCGAGGACTTCCCGGGACTCATGAGCGACCAGGAGAGTGAGGACGAAGAGGAGGAGGAGGAAG
AGGAGGGTGAGTACTGCACGCCTTCCTTTTTGACTGCAGTGGCTGGAGTGATTGG

LIST14-013A
AATTTCATTTGCCGACCGAACGAACACAATCGCAATCTCACACACATACACACACGCAGGAGGGGAGA
GACGGAGACTTGAAAAACAAAAGCAAAACCGCGGGCGGACTCACACGTACACACACACACACACAAAA
CTTCTTTTTCCCGATTGGTTATTCGATCCGAAGCTTGGGGTCTCTGGCCAAT

LIST14-013B
AATTTCATTTGCCGACCGAACGAACACAATCGCAATCTCACACACATACACACACGCAGGAGGGGAGA
GACGGAGACTTGAAAAACAA

LIST14-014A
CAAGCCCAATAGCAGTCGGCACCCTTCCACGCATTTCCTTTTTCTCTCTTGCTCGCGCAATTCCTGCC
ATTTGAAGTGTACGGGATGAGGAGCGAAAGGGGAGGAGGAGTTTTCGGAGTGGACTAGTAGGGAAACT
TGAGGTGGGGAG
AAGCAAAACCGCGGGCGGACTCACACGTACACAC

LIST14-014B
CTTAACCCACCTCACGACCACCACATACACACACACACACATTCTAACCCTTTTCCTTCGCAGNACNC
TCGCGGCTAACAGGCAGCAGCGGAGATGGAGAGAGAGGAANTTGAATAAAACGGCCAGGAGTCCACCG
ATTCCCGCCGGCGAACACAATTTTCTGTGGCCTCCCGCGCGCGCGAGAGTGAGAATGGGCGCGAA

LIST14-01S
CCGCTCACTGACTGACAAGCTGGGTCGGCTCCTTCCTTCACCGCTGATTGGTCGTCGTTGGTCGTCGT
CGGCCGTAGCAGAAAACTACAGGTAGAAGTCGCTAGTTCCTTACTTTCGCTTATATTATCCGGTGAGA
ATCGCCTTTGAAC

LIST14-016
CATCTGGACCTGCTCTGTCGAGCTTATTCTCCCGGCNATTTTTAGCCTGTGTGTGTGTCTTTGTGTGT
GTGTGTTGTGTGAGTGTACGAGTGATCAACNNNNCNNNNAAGNNNNTNNTCCTTGAATGGACGTTTTT
TCAATNNGTNCANTTCATNACCAACNTNTTNNTAAGACACCNNNAAAGTNNGTNNTGGCATAAGTTNC
AANAAATNNNNNATTCCGTTCTTCCGCGAATTTCTTA

LIST14-017A
ACTGTGTGCTGGTGTTCCCGCGAGCGGCGCTGGCGTCGCGTCACGGCAGGAGAGAGAGAGAGAGAGAG
TGAGTGTGTGAGAGAGAGAGAGCGAGAGAAGAGAAAGAGAGAGAGAGGAGAGAGGAATTTGTCGACGT
GGCAGCGGAATGCGCCGCCGCCATATTCCCTCGCCGTCTCCTTATCGGCGGTCACGTGACAGCGGCGG
AGACACAACACGACA -----
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LIST14-017B
ATCCCCCAGACAGTGGAAGCCTCAACAACAACATCAACAACAACAACAGCAGCACGGGAAGAGAGAGA
GGGAGGGGGGGAGAGAGAGAGCGGGNTTCGCCCCCAATCCGCGCAAGGGCGCCTCCTCNNCCCGTGCC
GCGGACCTTCTCCCGCCGTTTCCTTTCGCAATCGA

LIST14-018
AGCTGTGAGCATTTTACCTAGGGCTCATACACACACACACACACACACACATAATTTACATTTCTCTT
GAACCTTTCTAGGGTTTCCGATCACTGGGCTCGCGCTTTAAATTCGGTGTCCATAGGGATCCGAAGCT
TTGGGGTCTCTGGCCAA

LIST14-019
ACGTCCTCATGCTGCATTCGCCAGCGCAACGGATTGGGGAAAAAACGCAGAAAAAACGTCGTGGGTTG
GCACGCCGAGCCGCGATTCGTTTTTTTCTTGGCCGAGAGCCGACGAGGAGGACAGACGAGAAGTGTGT
GTGTGTGTAGTGTATGACAGGAGGACATAACCAGGAGTCG

LIST14-020
TGGATTGGCTGAGGAACGGAATATTTGCAAAATTCTGCGACTAATGTTCCCTTGCACCGTTGGCACAT
TCTAGTGGAACCGTCACACACACACACACACAAACAGTGCAGAATCCCTCAAACCCTT

LIST14-021
GGAGATAAGCGAGGATGAGGAGAGGATAGCACGGAGCGGGGAGGGAGATATGAGGAGTGGACGGGGTC
ACGGATGGTTGGAGACTTATGCATGANCGAGTGGTGTGGGTGTGTGTGTCTGGGTGCGGGGATTAAAC
GTTAAAGGGTGTGGGGGGGTACGTGTTTTGAATGAGGACCTCCTAAAAGTGGGGT

LIST14-022
TAAAAGTGGGGTTTGAGGGGGAGAGGAGGGAGGAGAATTCTGGAGGAGGGAAGAAAGAGGAGGAGAGC
TGAGGCGGACGAACGCGCAGGGTTTTGCTCCCAGGCTCTTTTCATTTCCACCTCACCCAACCCTTCCC
CTAACTCCCACTCTACTCACTCCTCACTCCATACCCATACTCCCTCCTCTCTCACTCCCTCCCCCGCC
AGGGAAGAAGCCAAATT

LIST14-023
AAAAGGTCTCCAATGGCCGTAACGTGGGGGGTACCGTCCAAGTACAAGACGAGACACTGTGTGGTATA
CTGGAACGGGAGGATTCACAGCAGTGACCAACCCCAGCCTCTCAACCGGAAACCCTTCACAATCACAC
GCTAAACACGAAGGAAACTTTGCAAGGGTTGAAGGGGCCTCGCTAAGTTTTCTCCGGTTTAGATACCA
CTCACACACACACACACACTAGAGACTTCGTCGAGAGCGGACGTCTTTTGCTGAGCTCCTCGCCGTTG
CTGCTTCGTGTGTT

LIST14-024
TGTAAACAGACCAGTCGGGTCGCAGAGTCAAAACGTGAGCAGCTGTAAGCAGCACAGCAACAACAGCA
AACAGCCAAGGAGGAAGGCAACAACAACAACAACAAAGACTGCTAAAATTATGGCAGGTCTCTGCGCA
CACCTTCTTGGAATG

LIST14-025
ATCTCACCCCATCTTGTGCAGTCTTAAACCGACGGAGATAAAAATGCCGGGAATCCTAACCCTCCCTC
TGGAAAGAAGAAAAAGTCTTTGCCGTCGTATTCATGGAAAGGGGATGGTCGGCCTTTGGAGACTGGCT
TTTTGTGTGTGTGCGTGTGTGGAAGGACCTTTTTCACCCATTTCCCCCATCCACCTTTCGACTCCCTT
CCCAGCGTCCTTTGCACCCCAGCCGGTCAGTTTTCCGAGAAC

LIST14-026
AAGCGTCACAGAAACCACGCCTTAACACACCAAAACAACGAAAACAAGACCAGCAATTGACANCNNGN
AATCGAGCAGCGAGTTCACGGACCCAGCCGAGTATCGCCCATGAACGTGAACGTTTCCCAGAATGCCC
CACGGCGCTGAGAGCTGGATAGACTTTCGACGAGCACACACACACTTGAAGAGAATAGGGAAGGAAGG
AGACTTTGGTAAGAAGCTTCGCAGCATCGGGAGTTGCACCACACAGACAGACTGAGTTAATGGGAGCC
CAAAATGGACTCTGGTGG

LIST14-027
ACACGCTAAACACGAAGGAAACTTTGCAAGGGTTGAAGGGGCCTCGCTAAGTTTTCTCCGGTTTAGAT
ACCACTCACACACACACACACACTAGAGACTTCGTCGAGAGCGGACGTCTTTTGCTGAGCTCCTCGCC
GTTGCTGCTTCGTGTGTTCTT
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LIST14-028
TTTCAGCATAACAGAGTCGGTCAAATATCAGGACAAGGTTTTTTGTGCCATTAAAGTTATGGAAAATA
ACCGGTTTTTTTTCGTCATCCCTGTATTCATATGATTTTCCATCGTCCAAGTACAGCATACCAGAGGC
TTCATTCTGCAAAGATTGAATGCAATGAAAACCCAACAAGGCCCACACACACACACACACGTTTTCCA
ACAATTAAACAGAGATTTATTGTGTATAGTAATATATTGACAAATTCACTCACCTTGGCATCAAGAGC
AATGACTAAGGTGAATGG

LIST14-029
TTGTCTCTCAGCACGGTTTTCCCTTTCAAATCCAAGTTTCTCTTTCTGAATAACCTGGAAAATGCTCA
GTTTTAGAGCAATGTCCGTTCCCATTCCATACCCATGGATAATAGCAAAAACTATCTGCACTTATAGT
CATTTGACACAGATATTGAATTTCCAACTCTAATGGACCAATTTACACACACACACACACAAGTACTG
AAAAGGGAAAAATAATTATACTACTAGCCTCATCACTTAAGTATCCCGAAAATGATCCGAAGCTTG

LIST14-030
AAATGATGACTTCCCAGGGCCTTCGTAATGTTTGCTAAAATGACGGGAAGCTACCAAGTAGGAAGGAA
GAGAGGCGTGGTGGAAATACATGTGTGTGTGTGTGTGTGTGTCTGTGGTGCCTCAATTTATCTGCCCT
CCAATCAGCCAAATAATTTTCGCTTTCTAGCGTCGATCCTAAAATTTTCACAGTTATTGCTCATCAAT
AAAAGCCGCG

LIST14-031
TGACTTTTCCCTGTTCACCCCCTCGCCGCGGTGAGGCTGCAGTTCGGATTTGAGGGGGAGGGAAGGGT
TGGGGGAGTGGGAATTTCTAGGAAAAGGTAGGTTAGTGTTAATAGTTCTACTCTCAACTAACTACTAC
TACCAGTACTACTACTACTACTACCACTCGCTCAGTCAAACCAAATC

LIST14-032
GTGTGTGTGATTGAGACCTACGTGGAAATTTGTTCGTAAAACAAATCCCCAAGGTGCGTGCGTGTGAN
CGTGANTTTTCCAGTTNATTTTTTTGGTCTTTTCTTGGGGTGAGTGGGTCACCGTCGTAAGCGAAAGC
TTCACAAACCTGTGTGTGTGTGTGTGTGTGATTGAGACCTACGCGGAATTTGTTCCTCAGAACAAATC
TGCTAGGTGAGTGAGTGAGCCTGCGTGATTGTTTTTCATAGTGTTTGAGCCTTAACCTATGACGTACA
GCCACTAAAACAAACTTAAAGGGAAAAATAACCACACCAATTATACAATATGGATATATCATGAAAAC
ATTCTCTAATCATAAAGTCATCGACCTCAGCACCATTTA

LIST14-033
TTCCCATCAATCAAGCCCACGGGAGCGTCATGCTGCCTAGAAAGGCTGAGGTTCCGAAGAGGGCTTCC
CTTTTATACCCTTAATGATTTTTTCTTATCATCCTGAGAGGCAAAGTTTTTTTCCTTTACTTCGACGG
GATTAATTTTGAGAACCGCCTCCATATCATTTATTTTTCTTGACGTCACTTTTAATCGACAACTCCAA
GAACACACACACACACAAGCACAGGTGAATCTCTTTTTCCCTCACAAGCCCTTCTCATCACCCGACTA
CCCCGCAGTACCCATCTTAACCCCGAAAGTTCCCCGAGGATGCAGAGAATA

LIST14-034
AAAGGTGGTGTGGGTTAGGACAGGTAACNCCGGCGGGGGGGGGGGAGGGAAAAACTTTCCCCTTCGTC
GAGACTCGCTTTGTGTGTGTGTGTGTGTGTCGTAAGGCCTTCTCTCTCTCTCTTTCTTTCTCCCTCTC
TCTCTTTCTCTTCGTCTCGTCGTTCAAGCAGTCCGGCCGAGTCAGTCCATCGCGTGCTGGTTTCGCGT
CGACAAGTCAGGTCTTCCGGGAGTGGTGCTCTGGTGGCTACTGCCGACCCTAAGTGGATCCCAAATGT
TTTCCGCATATTCGGAATGCGGTCTTATCAG

LIST14-035
GTGTTGTCTGCTGAATGGCGGAAGGTGTGTGGAGGGATTGAAGGGTGGAGGGGGGTTGGAGGAGGAGA
TGATGGGGTGGTGTGAGGCCGCCTGGTTATTCCCCGGTCGAGCGGAGTGAGGGACTGGGGAGGGGAAA
GACTGGGCGGTTCGGAACAATCTTTCTCAGTGAGATGGATATCGTGCTGGGTGTGGGGTGGGAGGAAT
ACATGAATGTGTAATCGGTGCTTAACTTACAACCTGATACGTGCCTGGACGCGGTGTGTGTGTGTGTG
TGTGCTTTTGCGTGTGAATGCATGTGTATTTGTGCCCTAAGGTAGGTAGTCCTCTTCCCTGTA

LIST14-036
TGAAATCGCTTGCGTTGCCCTCGTGCGATTACAAAAATCCTCCTCGTCGGGTGGAGAAGGGTCGCCTT
GGCAACTACACTTGTGTGTGTGTGTTTGTGTGTGTGTGTGGGTGGGTGGGTGGGTGGTCCCCAAATTA
TGTTACGGACTGAAGCAGGAGAAAAATTGGCCCAACCCTACCCTTCATT
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LIST14-037
GACCCAATCACACTAAGGAACAGGCAATTTATGAACTAGAAAAATCACGCTCACACGCACGCACCTCG
CGGATTTGCTCTTACGAACAAATTTCCACGTAGGTCTCAATCACACACACACACACACACAGGTTTGT
GAAGCTTTCGCTTACGACAGT

LIST14-038
CATCGGGTGGACATTTTGGTATTATTCGAGGAGACTCCGGANGTGTGTGTGTGTGTGTTGGAGGAATT
GATGTGGGGTGGGGAGGGGTGAAGGTGAGGGGGTGACCCACAAACCCAGGGGAACCCTCCGAAAAGTG
T

LIST14-039
TTTGTCGTGAGAGACTCGGCCGGAGTTCGGAGGGGGGGTAAGGAGTGGAGGAGGACGCCGTGAAGTAC
ATGCTACAAGGGGGACTTCCTGCTGAGGAGGGAGTGGCCTTCANGAATCATCCCTTCCACACACACAC
ACACACACACCATCAACCAGCCGCCCCTCTGCGCCCATAGATCCGAAGCTTG

LIST14-040
TATGCGACAAGTTAGCCGTCTGCTGTGGACTCATGCCCGCCATGGGCTGCTGACTATGGTTCATGTAC
GCTGAGGACTGATTCGCCGCCTGAGCTTGTTGTTGCTGAGCCGCGGCCATCATTTGCTGCTGTTGTTG
ATTCGCCAGCTGTTGTTGGTATTGTTGCTGCTGCTGCTGTTGCTGCTGTTGTTGTTGGTACTGCTGTT
GCTGCTGTTGTTGGTATTGCTGCTGTTGGTACTGTTGCTGCTGCTGTAACTGCTGGCTCTGCTGGTAT
TGCTGGGGTTGTTGGTACTGCGAGGCCGCCGCCGCCACCTTGTTCTGCATGCCCGCTTCGTTGTCTGC
GGCCGATATACTCCCCCTCGCCGTCGCGTTGTAACCTTGGGAT

LIST14-041
TCTCACCGCAAAATAACGGCGAAAATCCTCCTAGAACAGACAGAAAGGCAGCCAAAGGTGAAGCACAG
GAGAGCACGTCCTCACTCGATGACTGTCAGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGAGTGAGGG
AGTGAGTGTCAAGGCTTGCCAGTTGAGAGGCTGTATT

LIST14-042
CAGCGGTATCAAACTTCGATCAAGCCATTGATGCTGGTTTTAAACGGCTTTATAAACGGTGTGTGTGT
GTGTGTGTGGAAGATACGTGCTCGTCACGCGACTTTCGATTCTTTTTCTTTTCGCTCTCCTTAATTTT
TTTTCTTTTTGGTAATCTAGACACGCANTCGGATAAAGCTCAGGCTGGCGCTTTTCTTTTATGTCGAC
TTGACGGGATTTCTCGCCTTTT

LIST14-043
AAATGGTTTCCGAGGTCATGGAGTAAAACCTCCATGGAATGAGTGTGTGTGTGTGTGTCGAAACGTCG
GCTGAATGGTTATAGAGACCCGGTGTACCCCCTGAAAACCTACTGAGGCTCCAGATTCAGGATTTTG
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Appendix 2.3. Primer sequences, summary characteristics and PCR

conditions for 13 microsatellite loci isolated from Erythromma viridulum that

proved to be monomorphic in the British population; MgCb, optimal

magnesium chloride concentration; Ta, annealing temperature.

Locus Core motifPrimer sequence (5' -> 3')

L1ST14-004 {GTT)s 1.5 56

L1ST14-012

L1ST14-013

L1ST14-015

L1ST14-022

L1ST14-023

L1ST14-024

L1ST14-026

L1ST14-027

LlST14-031

L1ST14-032

LlST14-033

LlST14-034

F:TCTTACAGAGCTTTCCAGC
R:GTTCTTGATACTCGGTTCC
F:GCCCTCTAATGCTTTTGCTGG
R:ATCAGCCACCACTGCCACCC
F:AATTTCATTTGCCGAAACG
R:ATTGGCCAGAGACCCCAAGC
F:CCGCTCACTGACTGACAAGC
R:GTTCAAAGGCGATTCTCACCG
F:TAAAAGTGGGGTTTGAGGGG
R:AATTTGGCTTCTTCCCTGGC
F:AAAAGGTCTCCAATGGCCG
R:AACACACGAAGCAGCAACG
F:TGTAAACAGACCAGTCGGG
R:CATTCCAAGAAGGTGTGCG
F:AAGCGTCACAGAAACCACG
R:CCACCAGAGTCCATTTTGG
F:ACACGCTAAACACGAAGG
R:AAGAACACACGAAGCAGC
F:TGACTTTTCCCTGTTCACC
R:GATTTGGTTTGACTGAGCG
F:GTGTGTGTGATTGAGACC
R:TAAATGGTGCTGAGGTCG
F:TTCCCATCAATCAAGCCC
R:TATTCTCTGCATCCTCGG
F:AAAGGTGGTGTGGGTI AGG
R:CTGATAAGACCGCATICCG

{GT)s 3.0 55

{CAMAC)4 3.0 55

{GCTh(GCTh 3.0 55

{GAGh 3.0 57

{CA)8 3.0 53

{CAA)s 3.0 55

{CA)s 1.5 50

{CA)s 1.5 51

{CTAh{CTA)s 1.5 50

{TG)1O 3.0 44

{CAh 3.0 55

{TC)s 3.0 45
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Appendix 3.1. Summary of test for null alleles at microsatellite loci; shaded

boxes highlight significant (P < 0.05) tests.

Locus
N It) co v 0) T"" It) It) 0 N

Sample 0 0 0 T"" T"" N N C') v v
0 0 0 0 0 0 0 0 0 0, , , , , , , , , ,
v v v v v v v v v V
T"" T"" T"" ...- ".- T"" ..... ...- ..... ...-

HOL
EVC
SFR
MOR ~'W gMAR
MRH
PPP ~

~~

CLP
STL ~
BLH
BUR ~
BFP
ML3
ML2
TLS
FGH
COL

~~~
~

SCV ~~ g'SVE ~ ~
SCP
LWC
LWS ~ ~
THM
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CAR
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WEV
WGV
HET
CRT ~ ~
BVS
BLT ~
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Appendix 3.2. Probability of linkage disequilibrium among pairs of loci (data

pooled over all populations) calculated using GENEPOP (Raymond & Rousset,

1995). "1..2, chi-squared value; df, degrees of freedom; P, significance level.

*indicates significant (P < 0.05) linkage disequilibrium, with tests that remain

significant after correction for k = 45 multiple tests highlighted bold.

Locus pair Z2 df P

L1ST14-002 L1ST14-005 38.771 44 0.695
L1ST14-002 L1ST14-006 84.858 66 0.059
L1ST14-005 L1ST14-006 29.071 46 0.976
L1ST14-002 L1ST14-014 77.563 66 0.156
L1ST14-005 L1ST14-014 33.238 44 0.882
L1ST14-006 L1ST14-014 57.147 76 0.948

L1ST14-002 L1ST14-019 42.884 68 0.993

L1ST14-005 L1ST14-019 56.204 42 0.070

LlST14-006 LlST14-019 66.017 74 0.734

L1ST14-014 L1ST14-019 49.502 76 0.992

L1ST14-002 L1ST14-021 16.263 18 0.574

L1ST14-005 L1ST14-021 5.376 10 0.865

L1ST14-006 L1ST14-021 17.774 18 0.471
L1ST14-014 L1ST14-021 14.443 16 0.566

L1ST14-019 L1ST14-021 13.828 18 0.740

L1ST14-002 L1ST14-025 65.562 68 0.561

L1ST14-005 L1ST14-025 24.616 44 0.992
L1ST14-006 L1ST14-025 58.778 76 0.928

L1ST14-014 LlST14-025 63.195 78 0.888
L1ST14-019 LlST14-025 64.448 76 0.825
L1ST14-021 LlST14-025 23.641 16 0.098
L1ST14-002 L1ST14-035 51.717 70 0.950
L1ST14-005 LlST14-035 43.518 44 0.492
LlST14-006 L1ST14-035 68.617 74 0.655
LlST14-014 LlST14-035 40.057 76 1.000
LlST14-019 L1ST14-035 44.607 74 0.997
L1ST14-021 L1ST14-035 15.051 16 0.521
LlST14-025 L1ST14-035 55.610 76 0.962
L1ST14-002 LlST14-040 11.222 36 1.000
LlST14-005 LlST14-040 6.009 22 1.000
LlST14-006 L1ST14-040 27.395 36 0.848
LlST14-014 LlST14-040 18.429 34 0.986
LlST14-019 LlST14-040 29.439 36 0.772
LlST14-021 L1ST14-040 4.331 14 0.993
LlST14-025 L1ST14-040 12.693 34 1.000
L1ST14-035 L1ST14-040 26.278 38 0.924

L1ST14-002 LlST14-042 50.962 56 0.666

L1ST14-005 L1ST14-042 15.202 38 1.000

LlST14-006 L1ST14-042 44.080 56 0.876

L1ST14-014 L1ST14-042 51.444 62 0.828
L1ST14-019 L1ST14-042 49.044 56 0.733
LlST14-021 L1ST14-042 42.648 12 0.000*

LlST14-025 L1ST14-042 50.485 60 0.804
L1ST14-035 LlST14-042 64.063 62 0.404
L1ST14-040 L1ST14-042 4.109 28 1.000
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Appendix 3.3. Deviations from expected Hardy-Weinberg equilibrium

conditions. *indicates significant deviation (P < 0.05), with those tests

remaining significant after correction for multiple testing (k = 62) highlighted

bold.

No

"v
~
:J

....
No
~
~en
:J

HOL
2002 0.3875
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EVC 2005 0.5554

SFR 2002 0.2175

2004 0.5885
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1.0000 0.2743

·0.0350 1.0000 ·0.0012
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0.5354 1.0000
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0.5937
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0.6192
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0.3552

*0.0008
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0.5633 0.3375 0.0794

0.3793 ·0.0023
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0.4956
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MAR 2005

2002
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2005
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PPP 2005
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2005
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STL
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BUR

BFP
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ML2 2005
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TLS 2005

FGH 2005

COL 2004

2005scv

0.5548

0.1041
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0.0508

0.9791
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0.47
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*0.0004
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Appendix 3.3 continued. Deviations from expected Hardy-Weinberg

equilibrium conditions. *indicates significant deviation (P < 0.05), with those

tests remaining significant after correction for multiple testing (k = 62)

highlighted bold.

c: N L{) <0 '<t 0'1 N L{) L{) 0 N
0 0 0 .....

0 N M '<t '<t
0 0 9 9 0 9 0 0 9 0

~ ... ..t- O ..t- o 0 0

ro '<t '<t ..t- '<t '<t '<t '<t '<t
"S Cl) ..... ~ ~ ..... ..... ..... ..... ..... ~c. >- I-- ~ I-- I-- I-- I-- I--
0 (J) (J) (J) (J)

(J) (J) (J) (J) (J) (J)

a. :J :J :J :J :J :J :J :J :J :J

THM 2003 0.6021 1.0000 1.0000 1.0000 0.5995 1.0000 1.0000

2004 "0.0000 "0.0000 "0.0003 1.0000 0.2943 ·0.0005 ·0.0057 0.5511

EAR 2005 0.6383 "0.0003 0.2860 0.9709 0.5558 0.5983 0.7319 0.4547

2006 0.5009 ·0.0029 0.6868 ·0.0330 0.8353 ·0.0008 "0.0165 0.1060

CAR 2002 0.7731 0.6482 1.0000 0.8689 0.9785 "0.0180

SSF 2005 1.0000 1.0000 0.7746 0.4284 1.0000 1.0000 0.0863

2003

2004 "0.0003 0.2492 ·0.0348 0.0894 0.5234 0.9460 ·0.0002 1.0000 0.6407
PCP

2005 ·0.0238 "0.0000 0.2157 0.2931 0.9112 ·0.0072 0.1422 ·0.0124 1.0000 "0.0284

2006 0.7491 ·0.0000 0.9911 "0.0082 "0.0097 ·0.0012 0.2956 1.0000 0.6218

2005 0.8576 ·0.0001 0.1313 0.4753 0.757 0.0629 0.5669 0.8797
WRP

2006 0.7770 0.0660 ·0.0026 0.6132 0.0843 0.3604 0.5534 1.0000 0.9975

BRN 2005 0.5717 ·0.0000 0.0895 ·0.0013 0.4685 . 0.7245 0.3099 1.0000 0.3474

KDK 2006 0.4481 ·0.0020 ·0.0072 ·0.0010 ·0.0029 ·0.0087 ·0.0033 ·0.0000

2005 0.4404 ·0.0001 0.4328 0.9534 0.6267 0.0670 0.2291 0.6075
UAD

2006 0.2034 ·0.0002 0.8535 0.8727 0.3485 0.3792 0.8239 0.9595

WEV 2006 0.3352 0.9763 0.9222 0.5518 ·0.0260 0.6579 ·0.0395 1.0000

WGV 2006 0.8746 0.1119 0.8773 1.0000 0.3335 1.0000 0.0790

HET 2006 0.9811 0.1580 0.9525 1.0000 0.6601 0.5360 0.7715 0.6917

CRT 2006 ·0.0068 0.0542 0.0876 1.0000 0.4785 0.4014 ·0.0046 0.0711

BVS 2006 1.0000 0.7590 0.7561 1.0000 0.9307 0.8874 1.0000

BLT 2006 0.8721 ·0.0011 0.2366 0.3134 0.3581 0.8072 0.2312 0.6482

LMD 2006 0.6009 0.5950 0.2007 0.5988 1.0000

MGG 2006 0.4816 0.0797 1.0000 1.0000 1.0000 1.0000 1.0000 0.2120
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Appendix 3.4. Basic measures of genetic diversity (n, sample size; N».

number of alleles; AR. allelic richness; Ho. observed heterozygosity; He.
expected heterozygosity; f Wright's (1951) inbreeding coefficient) in samples

of Erythromma viridulum from the UK and continental Europe.
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Appendix 3.4 continued.
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Appendix 3.4 continued.
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Appendix 3.4 continued .
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• _________ H ____ •• ______________ • ___________ •••• __ • __
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Appendix 3.5. Values of kinship (Fij) (Loiselle et al., 1995) for pairs of E.

viridiulum separated by mean distance (km) categories. -95 %CI, lower 95 %

confidence interval; +95 % Cl, upper 95 % Cl; P (o<e), probability that the

observed value of Fij is less than zero; P (o>e) probability that the observed

value of Fij is greater than zero.

Distance 2.56 10.26 116.77 259.70 279.11 285.05 286.704.52 5.77 8.11

F, 0.0082 -0.0081 -0.0043 0.0081 -0.0099 -0.0052 -0.0134 -0.0170 -0.0172 0.0232
-95%CI -0.0237 -0.0542 -0.0338 -0.0247 -0.0478 -0.0210 -0.0451 -0.0616 -0.0569 -0.0905
+95%CI 0.0028 -0.0075 -0.0131 0.0003 -0.0164 -0.0153 -0.0225 -0.0148 -0.0289 0.0475
P(o<e) 0.4998 0.6727 0.2089 0.3843 0.7711 0.4553 0.8591 0.4223 0.1074 0.9440
P(o>e) 0.5007 0.3298 0.7926 0.6162 0.2304 0.5452 0.1429 0.5802 0.8956 0.0890

Distance 4.20 17.40 97.01 141.78 169.27 171.68 178.66 228.36 290.98 300.76
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cso
N

-95%CI
+95%CI
P(o<e)
P(o>e)

Distance 7.42

0.0111
0.0576
0.9985
0.0065

-0.0073 -0.0122 -0.0256 -0.1012 -0.1148 -0.0684 -0.0676 -0.0865 -0.0822
0.0253
0.9820
0.0185

0.0113

0.9895
0.0110

0.0002
0.8951
0.1054

-0.0604 -0.0394
0.0285 0.0640
0.9760 0.9735

-0.0450 -0.0388 -0.0458 -0.0499
0.1254 0.1759 0.1404 0.0940
0.8756 0.8246 0.8641 0.9090

20.70 78.35 110.74 146.21 160.78 173.47 184.17 240.80 294.54

F, 0.0422 0.0376 0.0195 0.0130 -0.0013 -0.0188 -0.0349 -0.0333 -0.0312 -0.0237
-0.0284 -0.0448 -0.0631 -0.0537 -0.0505 -0.0482LOoo

N

-95%CI 0.0252
+95%CI 0.0448
P(o<e) 0.9980

0.0192

0.0325
1.0000

-0.0087 -0.0111
-0.0056 -0.0207
0.5472 0.0990

-0.0419 -0.0402 -0.0412 -0.0316
0.0060 0.0010 0.0025 0.0280

0.0129

0.9665

0.0057
0.9590

P(o>e) 0.0025 0.0000 0.0340 0.0415 0.4533 0.9015 0.9945 0.9995 0.9980 0.9725

Distance 8.35 42.23 89.42 101.71 134.28 155.99 156.52 164.14 202.14 293.26

cooo
N

F,

-95%CI

+95%CI
P(o<e)
P(o>e)

Distance

F,
-95%CI
+95%CI
P(o<e)

P(o>e)

Distance

F,
-95%CI
+95%CI
P(o<e)
P(o>e)

0.0332 -0.0021 -0.0048 0.0096

0.0087 -0.0238 -0.0270 -0.0201

0.0364 -0.0069 -0.0116 0.0399
0.9765 0.2699 0.7301 0.3943

0.0270 0.7311 0.2719 0.6397

7.10

0.0017 -0.0212 0.0081

-0.0176 -0.0452 -0.0216

-0.0096 -0.0251 0.0384
0.7526 0.0505 0.8186

0.2479 0.9540 0.2169

-0.0156 -0.0176 -0.0051

-0.0369 -0.0366 -0.0272

-0.0216 -0.0282 -0.0119
0.1719 0.3893 0.1534

0.8306 0.6112 0.8486

22.58 83.72 110.27 146.04 159.00 170.94 181.26 235.29 293.90
0.0373 0.0236 0.0092 0.0089 0.0032 -0.0172 -0.0310 -0.0244 -0.0196 -0.0226
-0.Q168 -0.0156 -0.0166 -0.0212 -0.0167 -0.0256 -0.0258 -0.0203 -0.0168 -0.0229
0.0212 0.0138 0.0122 0.0168 0.0106 0.0264 0.0284 0.0145 0.0077 0.0214
0.9995 0.9980 0.9500 0.9215 0.8406 0.1259 0.0060 0.0065 0.0130 0.0270
0.0010 0.0025 0.0505 0.0790 0.1599 0.8746 0.9945 0.9940 0.9875 0.9735

14.28 45.47 92.18 113.31 145.27 154.87 156.09 162.90 235.64 295.93

0.0259 -0.0027 0.0165 -0.0031 -0.0085 -0.0326 -0.0147 -0.0215 -0.0057 -0.0160

-0.0199 -0.0169 -0.0266 -0.0233 -0.0203 -0.0564 -0.0715 -0.0235 -0.0160 -0.0280

0.0152 0.0098 0.0229 0.0184 0.0148 0.0692 0.1036 0.0207 0.0088 0.0277
0.9960 0.5807 0.9500 0.5227 0.2984 0.1384 0.3403 0.0370 0.4018 0.1354

0.0045 0.4198 0.0505 0.4778 0.7021 0.8621 0.6602 0.9635 0.5987 0.8651

198


