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Summary

A perennial herbaceous plant with a wide circumpolar distribution, Saxifraga 

hirculus L. has a highly fragmented distribution outside the northern Polar 

Regions. In Europe its range has been reduced dramatically with records from 

the 19'*’ century showing the loss o f habitats mainly due to habitat degradation 

and fragmentation, afforestation and drainage. Given its restricted distribution, 

Ireland has an international responsibility to protect this species through its 

designation under Annex II and Annex IV o f the EC Directive 92/43/EEC 

(Habitats Directive).

In Ireland, where it once occurred in many locations across the midlands, north 

and northwest, it is now found only in one site in the Garon Plateau and thirteen 

sites in northwest Mayo. Restricted to mineral flushes in what is otherwise 

ombrotrophic blanket bog, it is one o f the rarest flowering plants in Ireland.

Vegetation releves were taken in the flushes and surrounding bog at sites where 

the species occurs to record the vegetation composition and abundance and a 

range o f  other environmental variables. These tleld-collected data along with 

data derived from the software package MAVIS (Ellenberg and other indicator 

values) were used in ordination and correlation analysis to identify positive and 

negative indicators for the optimal growth o f  S.^hirculus and the health o f its 

flushes. Grazing levels and vegetation height were identified as important 

factors, as were the abundance or presence/absence o f certain other plant species. 

The vegetation was classified using the British NVC system and discussed in the 

Irish context.

The phenology o f S. hirculus in Ireland was measured over two years in three 

sites; Barroosky, Bellacorick and Sheean A. Weekly visits over the flowering 

season monitored the stage and fate o f each flowering stem in permanent 

monitoring plots. Density o f flowering stems was highest in Sheean which is 

considered a relatively pristine site. The high loss o f flowering stems would 

indicate grazing may be adversely affecting sexual reproduction. Pollination 

experiments were carried out looking at autogamy, agamospermy, geitonogamy, 

xenogamy (within sites), xenogamy (between sites) and pollen supplementation.



From these studies S. hirculus appears to be primarily outcrossed, seed set 

appears pollen limited and is not improved by bringing in pollen from outside 

sites. From, a conservation management point o f viev/ it is important that a 

balance o f grazing levels is obtained to optimally manage the ,S, hirculus 

populations.

Molecular studies using AFLP markers were used to gather genetic information 

about the species in Ireland. Three methods o f assessing genetic diversity within 

the populations were used; N ei’s genetic diversity, Shannon Diversity index and 

percentage polymorphic loci. S. hirculus in northwest Ireland was found to have 

moderately high levels o f genetic diversity when compared with other studies o f 

rare plants in Ireland with no genetic divergence by distance evident. Neighbour 

joining, UPGMA and ordination analysis o f AFLP fingerprints revealed two 

groups on a population level with a river system acting as an incomplete barrier 

to geneflow. Analysis o f molecular variance (AMOVA) was used to estimate 

the levels o f genetic diversity within and among the populations o f S. hirculus in 

northwest Mayo. Population differentiation was significant. The existence o f a 

large number o f genets in a relatively small area would indicate that sexual 

reproduction is occurring and the lack o f correlation between population size and 

genetic diversity emphasise the importance o f maintaining all known S', hirculus 

sites.

The habitat requirements, reproductive and genetic information gathered as a 

result o f this study have been integrated into a Species Action Plan to ensure the 

ongoing survival o f this species.
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1 General Introduction

1.1 Conservation Biology

Conservation biology, as a discipline, is over 30 years old, having first made its appearance 

as a title for a conference in California in 1978 organised by Bruce Wilcox and Michael E. 

Soule. The conference was as an attempt to bridge the gap between a range o f disciplines 

such as genetics, ecology, behavioural biology etc. in the face o f  rising concerns for the 

health o f the planet. Habitat, species and genetic loss were being observed at an 

unprecedented rate (Douglas, 1978). Man-made pressures arising from industrial and 

agricultural pressures, along with accompanying human population increases, were 

fragmenting and destroying habitats they encroached upon. The rise in pollutants entering 

the earth’s systems and their negative impacts were being monitored and the recognition of 

long lasting effects such as climate change brought scientists together. The Society for 

Conservation Biology was formed on May 8*^1985 by Michael Soule, Paul Ehrlich and 

Jared Diamond. The society adopted the following as its vision;

‘‘The Society fo r  Conservation Biology (SCB) envisions a world where people understand, 

value, and conserve the diversity oj life on Earth. We envision SCB. a global community o f  

conservation professionals, as a leading scientific voice fo r  the study and conservation o f  

Earth's biological diversity. ”

Volume 1 o f the journal Conservation Biology was printed in May 1987 and along with the 

society’s other publication. Conservation in Practice, continues to provide researchers with 

a platform to share ideas and present their research to the scientific community.

Conservation biology has been said to be a "crisis discipline” (Soule, 1985) or referred to 

as a “Discipline with a deadline” (Wilson, 2002). Numerous definitions have attempted to 

describe it, but perhaps it is more realistically explained as so much as a new science 

as a more comprehensive, better-integrated response to problem s that were themselves 

more extensive, more urgent, and more complicated than most had realized in 1970'' 

(Meine, 2004).



1.2 Species extinctions

While up to five great mass extinctions may have occurred in the past (May and Lawton, 

1995, Erwin, 2001), many scientists today believe we may be currently living through “a 

profound spasm of extinction” (Wake and Vredenburg, 2008), where extinction rates are 

up to 1000 times higher than the fossil record (Millenium Ecosystem Assessment 2005), 

which is termed the sixth extinction (Leakey and Lewin, 1995, Novacek, 2007). Many 

causes have been identified; the main drivers being habitat change, invasive alien species, 

overexploitation, pollution and increasingly global climate change (Millennium Ecosystem 

Assessment, 2005), with estimates o f between 15 and 37% o f known plant and animal 

species being "committed to extinction" by 2050 (Thomas et al., 2004). To date, a total 1.9 

million species have been identified and scientifically named (Bisby et al., 2011) but 

estimates o f the numbers o f  species ranges widely ranging from 4 - 1 0  million (Soltis, 

2007), with some becoming extinct before they are recognised by science.

Increasing pressures as a result o f rapid human population increases and associated 

resource demands frequently pits biodiversity conservation against economic development 

(Wilhere, 2008). Other factors driving extinction rates, such as habitat destruction and 

fragmentation (Sevems and Moldenke, 2010), are also directly related to human activity 

and are likely to increase as world population size is likely to continue to grov*’ until at 

least 2050 (United Nations, 2007). The reasons to conserve biodiversity or the biological 

diversity o f the Earth are many fold. From an economic perspective, numerous attempts 

have been made to understand the value o f biodiversity to humanity in terms o f ecological 

goods and services. Ecosystems services research is a growing area o f science with a 

corresponding exponential growth in papers addressing this topic (Fisher et al., 2009), for 

instance: insect pollination (Potts et al., 2010a, Olschewski et al., 2010, Gallai et al., 2009), 

water regulation and purification (Harrison et al., 2008, Ostroumov, 2002) and carbon 

storage (De Jong et al., 2000).

One o f the milestones in this area is the M illennium Ecosystem Assessment (MA), a 

monumental piece work that involved over 1300 scientists. It assessed the condition o f  24 

o f the earth’s natural systems that it considers humanity’s “ life support systems” . It 

concluded that over the previous 50 years, four o f these systems have shown some 

improvement, fifteen are in serious decline, and five are in a stable state on a worldwide 

basis, but threatened in some parts o f the world (Millermium Ecosystem Assessment, 

2005). Since then this approach has gained momentum and at a meeting o f the
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environment ministers o f the G8 +5 in Potsdam in March 2007, a study on "T he economic 

significance o f the global loss o f biological diversity" was proposed by the German 

government. This was called the "Potsdam Initiative" for biodiversity and resulted in the 

establishment o f the TEEB (The Economics o f Ecosystems and Biodiversity) study 

(http://www.teebweb.org/). This is another initiative to highlight econom ic benefits of 

biodiversity, cost o f biodiversity loss and ecosystem degradation, and make practical 

management recommendations.

Yet other reasons to conserve biodiversity are equally valid and must not be lost in the rush 

to weigh up its economic value to humans. There is also our ethical responsibility to 

conserve biodiversity and facilitate a shift toward societal respect for nature (Angermeier, 

2000). In the words o f  Frankham (2009) "The ethical justifications fo r  conserving 

biodiversity are simply that one species on Earth does not have the right to drive others to 

extinction, analogous to abhorrence o f  genocide among human population ”

1.3 Species Conservation and rarity

So how is biodiversity best conserved? There are two principle schools o f  thought, habitat 

based conservation and species based conservation. In reality the two are often interlinked 

- without habitat conservation, species conservation is not always possible, and species 

conservation can provide a stimulus for habitat conservation. It is argued that for 

ecosystem conservation, detailed knowledge is required o f the taxonomy, genetic 

variability and natural history o f  the species which inhabit that ecosystem (Stuart et al., 

2010, Holsinger and Falk, 1991). Ideally once this knowledge is gained, a list o f species 

and their communities considered in need o f protection can be drawn up. However this 

level o f detailed information is rarely available, and so endangered species lists are drawn 

up by countries and/or organisations to define conservation targets, whilst acknowledging 

that the difficulty in determining which species are endangered can result in a bias in these 

lists (McIntyre, 1992). A number o f criteria can define endangered species but in general 

they have certain characteristics in common, restricted geographical ranges (either 

naturally or as a result o f habitat loss and fragmentation), specialised habitat requirements 

and/or small population sizes (Lomba et al., 2010). This “red lis f’ o f  species has been the 

method adopted to date by various organisations and countries. The best known global 

initiative is The Red List o f  Threatened Species (www.iucnredlist.org/) o f  the International 

Union for Conservation o f Nature (lUCN), which has published information on the status 

and trends o f species. The lUCN also developed the lUCN Regional Guidelines (lUCN,
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2003) for individual countries to compile their own Red Lists. The Irish Red Data Book I 

Vascular Plants (Curtis and Me Gough, 1988) contains a detailed assessment o f 142 plant 

species in Ireland and is currently being updated.

1.4 Conservation Genetics

Genetic diversity has long been recognised as one o f the most fundamental units o f 

biodiversity. While the identity o f the main drivers behind species survival is the subject of 

ongoing debate (Brook et al., 2008, Hoffmann et al., 2010) the importance o f  genetic 

diversity in contributing to the long term survival o f a species is recognised (Jump et al., 

2009, Frankham, 2010). Small and/or isolated populations will often experience decline in 

genetic diversity as heterozygosity is an inverse function o f population size, and an 

associated loss o f alleles due to genetic drift can be more pronounced in small populations 

(Van Geert et al., 2008). In addition, small and isolated populations can be subject to 

inbreeding because o f a reduction in the numbers o f potential mates (Gascoigne et al., 

2009) or poor pollinator service (Ghazoul, 2005). When inbreeding occurs there is a loss of 

genetic diversity through the redistribution o f alleles from the heterozygous to the 

homozygous state. This often results in inbred individuals which due to homozygous 

recombination o f deleterious recessive alleles become more likely to have lower fitness 

than outbred individuals (Edmands, 2007).

The evolutionary ability o f rare or threatened species with small population sizes to 

recover from stochastic disturbance events can be determined by the genetic diversity 

within a species. Rapid developments over the last few decades in the areas o f DNA 

extraction and analysis have led to an increase o f studies in population genetics. In 

particular the development o f Polymerase Chain Reaction (PCR) has made it easier to 

investigate genetic diversity within and among species, populations and individuals leading 

to increased application o f genetic studies in conservation. Thus conservation genetics has 

increasingly been applied over the last few decades to the conservation o f endangered 

species through the study o f genetic diversity within species and the preservation o f 

biological communities and habitats (Primack, 2002, Allnutt et al., 1999, Smith and 

Waldren, 2010, Holderegger et al., 2010). The scientific study o f endangered and/or rare 

species involves understanding the relevant ecological and evolutionary issues, as well as 

identifying populations o f conservation concern through measuring population size, levels 

o f genetic diversity and gene flow, and individual fitness.
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1.5 Plant Conservation in Ireland

The Governmental body responsible for the conservation o f Ireland’s wildlife is the 

National Parks and W ildlife Section (NPW S) o f the Department o f the Environment and 

Local Government.

Wildlife Acts and the Flora Protection Order

The principle national legislation for protecting wildlife is the Wildlife Act, 1976. The 

Wildlife Act was amended by the Wildlife Amendment Act 2000 which broadened the 

scope o f the original legislation. Rooted in the Wildlife Act is the Flora (Protection) Order, 

1999 (S.I. No. 94) which is the basis for plant conservation in Ireland. This outlines the 

protection afforded to the listed species and any activities that infringe on them or their 

habitats. It is prohibited to cut. uproot or damage any o f the listed species in any way, or to 

offer the species or their seed for sale. In relation to their habitat, it is illegal to alter, 

damage or interfere with them in any way. All members o f the listed species are awarded 

this protection whether or not they are found in sites designated for nature conservation.

EU Habitats Directive (92/43/EEC)

This Directive strengthened and expanded the conservation o f plant biodiversity in Ireland. 

Transposed into Irish law in 1997, the Habitats Directive requires, among other things, that 

member states designate Special Areas o f Conservation (SAC) for the protection o f certain 

habitats and species. Species listed in Annex II o f the EU’s Habitats Directive must be 

maintained in Favourable Conservation Status. The inclusion o f these sites within Special 

Areas o f  Conservation (SAC) contributes towards this goal. The boundaries o f existing 

SACs have been expanded to include any new sites when found.

According to the Habitats Directive the conservation status o f a species is perceived to be 

favourable when:

• population dynamics data on the species concerned indicate that it is maintaining 

itself on a long-term basis as a viable component o f its natural habitat, and
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• the natural range o f the species is not being reduced nor is likely to be reduced for 

the foreseeable future, and

• there is, and will probably continue to be, a sufficiently large habitat to maintain its 

populations on a long term basis.

Under Article 13 o f the Habitats Directive, which relates to Annex IV plants, member 

states are required to establish a system to strictly protect these species. This prohibits;

“(a) the deliberate picking, collecting, cutting, uprooting or destruction o f  such plants in 

their natural range in the wild; and

(b) the keeping, transport and sale or exchange and offering fo r  sale or exchange o f  

specimens o f  such species taken in the wild, except fo r  those taken legally before this 

Directive is implemented. ”

The Statutory Instrument 94 o f 1997, which was made under the European Communities 

Act 1972 and in accordance with the Council Directive 92/43/EEC (the Habitats 

Directive), lists the actions permissible on a such a site and for which a person must obtain 

the written consent from the Minister o f the Environment and Local Government.

1.6 Saxifraga hire ulus

Recent molecular analysis places S. hirculus in the clade Saxifragales within Superrosidae 

along with Rosidae (Soltis et al., 2011). A morphologically-diverse order, Saxifragales 

consists o f 12 families and around 2470 species o f dicotyledonous flowering herbs, shrubs 

and trees (Jian et al., 2008). The family Saxifragaceae contains 36 genera o f which 12 are 

found in Europe. 5’. hirculus is a member o f one o f those genera. Genus Saxifraga.

S. hirculus is a member o f the series Hiruloideae o f the section Ciliteae (Hedburg, 1992; 

Webb and Gomall 1989). Series Hircoloideae consists o f more than 60 species o f  which S. 

hirculus is the only one not confined to the high mountain areas o f Central Asia.

Four subspecies o f  5. hirculus have been identified (Hedberg, 1992)

1 S. hirculus ssp. hirculus

2 S. hirculus ssp. propinqua
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3 S. hirculus ssp. coloradensis

4 S. hirculus ssp. compacta

This division is not definite as recent molecular studies found little support for these four 

subspecies (Oliver et al., 2006).

1.6.1 Distribution o f S. hirculus.

S. hirculus L. is a perennial herbaceous plant with a wide circumpolar distribution (Figure 

1-1) (Hedberg, 1992, Hulten, 1937). Its distribution is highly fragmented outside the 

Northern Polar Regions, a trend evident in Europe where it exists as a post-glacial relict 

(Vittoz et al., 2006, Oliver et al., 2006). It belongs to the section Ciliateae o f Saxifraga 

(Webb and Gomall, 1989), most o f which are confined to the mountain areas o f Central 

Asia.

S a x i f r a g a  h i r c u l u s  

^  E x t i n c t

Figure 1-1. Worldwide distribution of S. hirculus taken from Hulten 1962.

Now declining and threatened throughout Europe (Vittoz et al., 2006), S. hirculus once had 

a relatively wide distribution (Figure 1-1). A serious decline in the 19'*’ century occurred 

due to a variety o f reasons including habitat degradation and fragmentation, afforestation,
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drainage and overgrazing (Vittoz et al., 2006, Wamcke, 2003, Lockhart, 1989, UK 

Biodiversity Report, 2010). This trend is well documented across the Continent with the 

species now extinct in Austria, the Czech Republic and the Netherlands (Jalas et al., 1999). 

Severe depletion has been documented in other countries such as Switzerland, where 27 

sites were reduced to 1 by the 1960’s (Christe et al., 1990, Kaesermann and Moser, 1999), 

and France, where 25 sites were reduced to 3 (Hallam et al., 2005). In the UK over 20 

sites containing S. hirculus were recorded from 13 vice-counties (Preston et al., 2002) but 

the plant is now restricted to around 20 sites in approximately ten 10km squares throughout 

Northern Ireland, Scotland and northern England. The northern Pennines, in England, hold 

the main concentration of sites with 80-90% of the UK population (www.ukbap.ora.uk). 

Scotland has six sites with only four sites recorded in the past 80 years (Welch, 1995).

In Ireland S. hirculus would have had a much broader altitudinal range when recorded by 

Praegar in 1937; however it is now considered (in common with most of Northern Europe) 

to be a montane species due to the loss of its lowland habitats. Previously, S. hirculus was 

more widespread throughout the country with sites in a number of midland counties 

including Tipperary, Westmeath, Offaly, Laois (Moore and Moore, 1886, Praeger, 1937) 

and Meath (Herbarium specimen, Manchester), as well being found in five sites in 

Northern Ireland in Counties Derry and Antrim (Moore and Moore, 1886). It is currently 

one of the rarest flowering plants in Ireland (Lockhart, 1989). The Irish Red Data book 

(Curtis and Me Gough, 1988), reported only two sites; one in Mayo and one in Antrim. 

The midlands sites have been lost due to drainage and peat removal (Lockhart, 1989). 

Since then additional sites have been located in Mayo by the National Parks and Wildlife 

Service staff (Lockhart, 1989; unpublished NPWS records). Today S. hirculus is only 

recorded from 13 sites in the Republic o f Ireland.

The sites on the Garron Plateau, Co. Antrim have been affected by similar threats resulting 

in two of the three sites identified by Praeger (1920) being lost. Extensive drainage, peat 

cutting and sheep grazing were recorded by the then Countryside and Wildlife Branch of 

the Department of the Environment for Northern Ireland, on the Plateau between 1920 and 

1949. In Northern Ireland S. hirculus is now recorded from only one location on the 

Garron Plateau in Co. Antrim (Praeger, 1920, Wolfe-Murphy, 1996, Kelly, 2000).
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1.62 Description o f S. hirculus.

In Ireland the flowering stem of S. hirculus can vary in height from 4 - 3 5  cm with up to 7 

flowers; although 2-3 are more common. The petals are bright yellow with orange spots 

near the base (Figure 1-2). The ovary is superior and sepals are turned downwards. Leaves 

are alternate and oblong in shape, with long stalks on the lowest leaves (Webb et al., 1996).

S. hirculus can reproduce sexually by insect pollination (Olesen and Warncke, 1989c) with 

gravity-dispersed seeds, or clonally by means o f runners from the parent rhizome 

(normally 1-5) (Olesen and Warncke, 1990). Moss often covers these runners which decay 

after one season thus separating both plants; the clone thus becomes an independent ramet 

forming new rhizomes (Welch, 1993).

A. S. hirculus rosette B. S. hirculus in bud

C. S. hirculus in flower D. S. hirculus in seed

Figure 1-2. Different stages o f  S. hirculus from  (a) rosette through the stages o f  the flowering stem, (b) bud, (c) flow er  
and (d) seedhead.
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Although easily identified when in flower, the small rosettes can often be overlooked in the 

vegetative state, and field training is required for the successful undertaking o f  surveys out 

o f  flowering season.

1.7 Origin and aims of the study

S. hirculus is one o f a suite o f  species we do not have sufficient knowledge o f to properly 

conserve in Ireland. The aim o f this project is to investigate the conservation biology o f  S. 

hirculus and to build on current knowledge both in Ireland and abroad. This study 

recognises Ireland's responsibility under the under Annex II and Annex IV o f  the EC 

Directive 92/43/EEC (Habitats Directive) to protect and preserve S. hirculus which has 

been the main driver o f  this study funded by the National Parks and Wildlife Service. This 

study therefore aims to investigate the conservation biology o f  S. hirculus and to build on 

current knowledge both in Ireland and abroad. In so doing it will;

• provide baseline information on the plants current status and habitat requirements 

in Ireland. As a result o f these investigations and review o f work previously carried 

out elsewhere, suitable monitoring methods will be developed.

•  establish the habitat preferences (physical and biological) o f S. hirculus in order to 

understand its growth limitations and to evaluate the species’ stability in the face of 

stochastic events.

•  gain understanding into the breeding biology o f S. hirculus in an Irish context.

•  examine the population genetics and clonal spread using the AFLP o f S. hirculus. 

which in Ireland is restricted to flushes in blanket bogs in Co. Mayo and in Antrim 

(Northern Ireland).

A natural outcome based on the work carried out during this project, when coupled with a 

review o f work previously carried out elsewhere, is an Irish Species Action plan for S. 

hirculus. Species action plans are being prepared by NPW S in the judgem ent o f  the 

European Court o f  Justice in case C -183/05, and the requirement to establish strict 

protection for all species listed in Annex IV o f  the Habitats Directive. These plans provide
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detailed information on range, distribution and habitat of each species listed. They identify 

the particular threats facing each species and outline the measures required to adequately 

address these threats. In addition the plans identify the persons/organisations responsible 

for implementing the measures and providing a time frame for their completion.

1 1



"From North to East o f Achill lies the Barony o f Erris, 

the wildest, loneliest stretch o f country to be found in Ireland. 

From Mullranny you may walk fo r  th irty  miles 

to the great cliffs o f North Mayo, 

and your fee t never leave the heather, 

save tha t twice you cross a road, fenceless, 

winding, 

like a narrow white ribbon 

through 

the

endless brown bog. "

Robert Lloyd Praeger
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Chapter 2
Habitat requirements of Saxifraga hirculus



2 Habitat requirements of Saxifraga hirculus

2.1 Introduction

iS. hirculus has experienced a sharp decline in the past century throughout Europe. Given 

its restricted distribution, Ireland has an international responsibility to protect this species 

through its designation under Annex II and Annex IV of the EC Directive 92/43/EEC 

(Habitats Directive). To do this a detailed knowledge of the species habitat requirements, 

optimal environmental conditions and the current status in its different populations should 

be gained (Harding et al., 2001).

In the Republic of Ireland, S. hirculus is currently found only in County Mayo with ten 

sites documented (one perhaps forming a metapopulation) (Table 2-1). A number of 

additional sites adjacent to an existing documented site were observed in May 2004. All 

known sites lie within 20km distance o f each other Figure 2 -land Figure 2-2.

T ab le  2-1. E x ta n t sites in M ayo.

Site SAC Site code Grid references Altitude Aspect

Sheean 534 091972 320034 170m East
Uggool 534 F92546 18935 120m East
Largan Mor A 476 F89371 22564 120m West
Largan Mor B 476 F89922 24056 160m West
Sheskin A 1922 F98134 29147 150m South East
Sheskin B 1922 F98457 28809 130m South East
Bellacorick 466 G00613 24707 90m West
Formoyle 1922 G05400 22300 80m South
Barroosky 476 F93575 28595 200m North East
Aghoo 500 G08312 35099 190m South
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Figure 2-1. Current distribution of 5. hirculus in the Republic of Ireland.
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Saxifraga h ircu lus s ite s

Figure 2-2. Current distribution of S. hirculus in County Mayo.

In Ireland S. hirculus appears to be restricted to mineral flushes in what is otherwise 

ombrotrophic blanket bog. In the Republic these occur in Co. Mayo in an extensive area of 

Atlantic blanket bog with peat depth ranging from 0.5m to 5m in depth (Beltman et al., 

1996). While this habitat can be found close to sea level (Welch, 1993), it is now largely 

restricted to montane locations as a result o f agriculture, afforestation, etc. In the Republic 

the sites overlie the Dalradian quartzite rocks o f the Nephin Beg range (Lockart, 1989). In 

Northern Ireland the only recorded site is also in a mineral flush surrounded by extensive 

blanket bog, but in this instance on underlying basalt country rock (Prior et al., 1968). 

Commonly associated herbaceous species with S. hirculus in Ireland include: 

Anthoxanthum odoratum, Anagallis tenella, Epilobium palustre, Potamogeton 

polygonifolius, Galium palustre, Holcus lanatus, Lychnis flos-cuculi, Molinia caerulea. 

Potentilla palustris, Vaccinium oxycoccos. Juncus bulbosus, Cardamine pratensis. 

Equisetum palustre and Ranunculus flam m ula. Bryophyte cover is extensive and includes 

such species as Calliergon cuspidatum, Aulacomnium palustre, Homalothecium nitens.
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Hylocomium splendens and various Sphagnum spp. (Lockhart, 1989, NPWS). The species 

composition in Antrim is slightly different to that in the Mayo flushes, with mosses 

frequent but not as dominant, while grasses particularly H. lanatus and A. odoratum are 

dominant (Wolfe-Murphy, 1996). The surrounds of the sites in both the Republic and 

Northern Ireland support sheep grazing in large areas of commonage.

2.1.1 Flushes

Flushes are areas of rising groundwater seepage found in bog and generally on sloping 

ground. The ground water, seeping up from the underlying substrate, forms small streams 

which are the principle source of electrolytes and other minerals to the flushes (Lockhart, 

1999). These electrolytes and other minerals are in considerably higher concentration in 

the flush than the surrounding bog (Kelly, 2005) and as a result allows plants not normally 

found in an ombrotrophic bog to flourish, giving the flushes their characteristic green 

appearance. The peats are iron-stained with a rusty red ferric iron precipitate and the 

flushes are generally small and are often linear. These flushes are visible to the naked eye 

in aerial photographs or on the ground for some distances due to the contrasting 

brown/purple of the bog and the green colour o f the various herbs, grasses and sedges 

abundant in the flushes (Figure 2-3).

Figure 2-3: Example of a flush in Co. Mayo containing S .hirculus
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An inventory o f fens has been carried out by National Parks and Wildlife (Foss 2007) 

which divides fens into six categories. S. hirculus has been found in two o f these 

categories; poor fens and non-calcareous springs. This could therefore, raise the area o f 

potential habitat to >10,000 (ha). However, it is known that S. hirculus does not inhabit all 

o f  these flushes. As gravity dispersed seed spread appears to be restricted to no more than 

one metre (Olesen 1989) and the clonal spread is restricted to within the flushes, it appears 

that S. hirculus is unlikely to extend its range outside its current distribution, without 

assistance from either herbivores (Olesen and Wamcke, 1990) or humans.

2.12 Aims

The flushes are potentially influenced by different intensities o f various activities e.g. 

grazing and drainage. Within and among the different flushes S. hirculus is observed to 

occur at different densities. What influences these densities and what would be the 

optimum scenario for the conservation o f  the species is a high concern o f this study.

In this chapter the following research questions are addressed;

•  What is the vegetation composition o f  flushes with S. hirculus"?

•  What environmental variables are likely to determine the structure o f this 

vegetation?

•  What environmental variables are likely to influence the abundance o f S. hirculus?

•  What if  any differences exist between the putative metapopulation Sheean on a 

large tract o f relatively undisturbed bog and the populations at the sites Bellacorick 

and Barroosky which are disturbed?

•  How can an understanding o f  these differences contribute to the conservation 

management o f such sites?

The results o f this chapter will set the context for the following two chapters. These deal 

with the flowering phenology, pollination experiments and genetics diversity within and 

between populations o f S. hirculus in Ireland.
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2.2 M ethods

2.2.1 Field work and sample sites.

Vegetation data were recorded for 55 releves during the summer field seasons (June to 

September) o f 2004 and 2005 from all known S. hirculus sites. Each releve consisted of a 

1x1 m quadrat located randomly within the habitat under investigation. All vascular plants 

and bryophytes present were recorded along with an estimation of their percentage cover to 

the nearest 5%. Species occurring below 5% were recorded to the nearest percentage (1- 

4%), with 1% being the minimum.

To evaluate the differences between the flush area and the surrounding bog a number of 

releves were recorded from both habitats. This was carried out for the three main sites 

under investigation, Sheean (A, B C and D), Bellacorick and Barroosky. These sites were 

examined in more detail for a number of reasons;

1. Access to all sites was problematic due to the dangerous nature of the terrain. 

Treacherous ground conditions dictated that a minimum of two people had to be on 

fieldwork at all times thus restricting the time available.

2. Additional experiments were to be carried out in Barroosky, Bellacorick and 

Sheean (see Chapter 3) necessitating more frequent visits to the sites but

consequently reducing the time available to visit other sites.

3. An important aspect of this study was the investigation into the different histories 

of the sites, e.g. those considered pristine vs. those damaged (caused by peat 

extraction in the vicinity and/or degradation due to agricultural practises) with a 

view to developing conservation policies.

Where possible the numbers of S. hirculus flowering heads and rosettes were counted for 

each site. In practice, though, this was rarely feasible due to the high numbers present and

an estimate was then made. In each site the area covered by S. hirculus was measured
* * 2usmg a Trimble GeoXT GPS with 50cm post-processed accuracy. 50cm quadrats were

then randomly located within the area. The results of the quadrats were averaged and a 

coverage of S. hirculus estimated. Flowers were then recorded in orders o f magnitude i.e. 

100s 1000s.
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Vegetation height was recorded in each releve. This was estimated by taking four 

measurements with a ruler at 25cm intervals across the Im quadrat and averaging them. In 

each case the highest vegetation at each point was recorded.

A grazing level was assigned to one of four categories; 0-25%, 26-50%, 51-75% and 76- 

100%. Each quadrat was assigned to a category based on visual examination of the 

vegetation in each quadrat and an estimation of the percentage vegetation grazed. For 

individual flushes the median of each category was calculated and these averaged to 

reassign the grazing levels to one of the four categories above.

The species richness is a direct count of the number of species in each quadrat. Altitude 

based on map readings and aspect based on compass directions was also recorded.

Vascular plants were named according to Webb et al (1996). Bryophytes were named 

according to Atherton et al (2010).

2.2.2 Data Analysis

Non m etric M ultidim ensional Scaling (NMS) and cluster analysis

The vegetation data were analysed using NMS and cluster analysis in PC0RD5 (McCune, 

2006). Cluster analysis is a method of assigning individual values or objects into groups 

based on a similarity. Cluster analysis was carried out using Sorensen’s (Bray Curtis) 

distance measure with the Flexible Beta linking method parameter p set at -0.25. NMS is 

an ordination technique that differs from others in that the numbers of axes are chosen 

prior to analysis and the data fitted to that number. With other ordination techniques, such 

as Principle Coordinates Analysis, many axes are calculated but only those accounting for 

the majority of the variation are presented. NMS also differs from other ordination 

techniques in that its solutions are not unique, with each subsequent analysis showing some 

variation to the previous one. As a numerical technique, it will seek a result until a 

predetermined number of attempts have been completed or until the computation of a 

successful result. For this reason each analysis was run with a maximum of 250 iterations, 

with a stability criteria of 0.0001 and repeated 5 times to ensure the selected solution was 

robust. 250 randomised runs were carried out in a Monte Carlo test to ascertain the 

probability that the stress value was reached by chance. A third important difference 

between NMS and other ordination techniques lies in its distribution of variance. As NMS 

is not an eigen analysis technique like Principle Coordinates Analysis, its axes therefore do
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not display a decreasing amount o f variance in each consecutive axis; therefore the axes o f 

NMS can be rotated and inverted as desired.

Individual releves, with similar species combinations and consequently similar vegetation 

types are grouped closer together in ordination space than those with different species 

combinations. All data were screened using outlier analysis prior to full analysis. The 

Quantitative Sorenson (Bray and Curtis) distance measure was selected. Environmental 

variables and species data collected in the releves were included in the second matrix and 

overlain on the original NMS analysis. Spearm an’s rank correlation coefficients were 

calculated between the variables and the ordinations axes scores using SPSS (PASW 

Statistics (SPSS) version 18.0.0, 2009).

Modular Analysis o f  Vegetative Information System (MA VIS) Plot Analysis V.l (Smart, 

2000)

In addition to the environmental variables collected during field work, a number o f derived 

variables were obtained using MAVIS, a free software package used to make links 

between vegetation classification systems and the actual vegetation data collected in the 

field. M avis calculates Ellenberg indicator values, values according to the CSR triangle 

theory and attempts to assign the quadrats to their relevant NVC Classification; see below 

for a description o f each. As the species present within a community can carry information 

about the environmental conditions in which they grow, this use o f plants as indicators o f 

key environmental factors was employed. These values, if  significant, were also plotted on 

the NMS ordination graphs. Table 2-3 outlines the abbreviations used in the NMS analysis.

Ellenberg indicator values

MAVIS was also used to calculate the average Ellenberg values for light, wetness, pH and 

fertility. Each plant species is assigned a score which characterizes that species’ habitat 

preference as an indicator o f certain environmental factors. However rather than looking at 

each plant’s individual score, the full data list obtained from each releve is used to give a 

final overall score for the releve. This approach tends to give a more accurate 

approximation o f the actual conditions found in the field. This system was first compiled 

for central European plants by Ellenberg (1979, 1988) and Ellenberg et al (1991) but has 

since been adapted to plants for Britain by Hill et al (1999). An advantage o f the Ellenberg 

values is that they present an integration o f plant species behaviour over years rather than
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at one specific point in time (Schaffers and Sykora, 2000). For these values a score is 

assigned as shown in Table 2-2. All four were calculated for the releve data.

Tab le  2-2. E llenberg  Values an d  the ir  scale

Value From To

Light 1 (deep shade) 9 (Full light)

Wetness 1 (extreme dryness) 12 (submerged)

pH 1 (extreme acidity) 9 (extremely calcareous)

Fertility 1 (extremely unfertile) 9 (extremely fertile)

CSR triangle theory

The CSR model is based on a theory put forward and developed by Grime (1974, 1977 and 

1979). It is based on three "strategies” employed by plants;

• competitor (C) -  vigorous growing tall plants which thrive in conditions o f low 

stress and low disturbance

• stress tolerator (S) - species which thrive in areas o f low disturbance but high 

stress, and

• ruderal (R) plants which can thrive in disturbance but not with high stress.

Stress can be factors such as shortages in light, nutrients etc. Disturbances can include 

pathogens, wind damage, trampling etc.
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T able 2-3. A bbreviations used in overlays in NM S ordinations for significant species and factors obtained from  
both the field and M AVIS softw are

Full name Abbreviation

pH pH

Fertility Fert

Grazing level Graz le

Species richness Sp rich

Vegetation height Veg hei

Competitive Comp

Ruderals Ruderals

Carex rostrata Care ros

Eleocharis palustris Eleo pal

Hylocomiim splendens Hylo spl

Molina caerulea Moli coe

Sagina nodosa Saginod

Saxifraga hirculus Saxi hir

The British National Vegetation Classification (NVC)

This is a system used to classify habitats according to their vegetation composition. 

Developed for the UK, it was not designed for Ireland but serves as a useful comparison in 

the absence of a specific system for this country. With a total of 286 communities, the 

classification was published in five books addressing different major communities; 

Volume 2: Mires and Heaths was used for this study (Rodwell, 1991).
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2.3 Results

2.3.1 Study sites

The following sections outline the general information for each site, Table 2-4 pg 30 

summarises this information.

Bellacorick

Bellacorick is a small flush surrounded by cut-over bog which was previously worked for 

peat extraction by Bord na Mona. Bord na Mona was established by the Irish State in 1933 

as the Turf Development Board to develop lreland‘s peat resources. The peat was extracted 

by machinery and used to fuel the Bellacorick peat-fired electricity generating station 

located approximately 7km north-west of the flush. The electricity plant was 

decommissioned in 2005 and the chimney destroyed in October 2007. The first 

commercial wind farm in Ireland was built just west of the site and has been in operation 

since 1992. Once peat extraction ceased, the drains in the cutaway bog were blocked and 

the bog has since been allowed to regenerate. The flush is within the catchment area of the 

Snuffaunnamuingabia, a small stream which is a tributary of the Owinniny River, and was 

discovered to contain S. hirculus in 1956 by T. A. Barry who was working with Bord na 

Mona. It was then fenced to ensure its survival. The rare moss Meesia triquetra was also 

recorded at the site but now appears to be extinct, possibly due to drying conditions as the 

surrounding bog was cutaway (King 1958, King and Scannell 1960).

The flush is approximately 9ha and is surrounded by fencing which has broken down in 

some areas allowing occasional light grazing to occur. Sheep were observed within the 

fencing on just two occasions during field work on this project. Flower heads were 

recorded in the lOOO’s, with approximately 700 rosettes over an area of 950 m . Willow 

trees, Salix cinerea, are found in the flush and surrounding the area containing S. hirculus. 

A photograph of the site is given in Figure 2-4.
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Figure 2-4. Photograph of the flush in Bellacorick facing west with Salix cinerea in the background.

Sheean

Sheean has a large metapopulation of S. hirculus located in a series o f adjacent flushes 

located in a large area of undamaged blanket bog. The Sheean A, B and C were first 

located by Neil Lockhart in 1998 while Sheean D and other small areas o f flush considered 

associated with Sheean B were located during the course of this study in 2004 - 2006. All 

flushes are within the catchment area of the Owenmore River. Four large populations o f S. 

hirculus are contained in separate flushes, Sheean A, Sheean B, Sheean C and Sheean D, 

and with up to 20 scattered small populations of less than 20 rosettes in small flushed areas 

throughout the surrounding bog.

When visited during project work the flushes were being grazed by sheep with sheep 

droppings observed throughout. Photographs of each site are given in Figure 2-5.
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Figure 2-5. Photogrdphs of the four main flushes at Sheean. Clockwise from the top left are Sheean A, Sheean B 
Sheean C and Sheean D.

Barroosky

Barroosky is a large flush of up to 45ha extending over a Glenamoy River. S. hirculus was 

first recorded by Neil Lockhart in 2003. I'o the north is an area of Coillte-planted forestry. 

To the west (uphill) and east (downhill) is an extensively damaged bog whilst to the south 

lies heavily grazed/poached peatland. The remaining bog has been reclaimed for low grade 

agricultural use. The flush is privately owned and it has recently been designated as a SAC. 

When visited during project work it was being heavily grazed with many sheep observed 

on site and abundant sheep droppings.

S. hirculus covers an area of approximately 2250 m^ with the numbers o f rosettes 

estimated at 65,000 with 10000s of flowering heads. A photograph o f the site is given in



Figure 2-6. Photograph o f the flush at Barroosky facing east with the Coillte plantation visible to the north.

Uggool

This flush is situated just over 1km south o f  the Sheean sites and was first recorded by Neil 

Lockhart and Denis Strong in 1998. The flush is within the catchment area the Owenmore 

River. It is situated in a large tract o f largely undisturbed bog although the flush is grazed 

by some sheep. Two areas o f S. hire ulus are found in the flush. One is in the head o f the

flush, in extremely quaking vegetation, and is 290m^. The other lower area, while wet, is
2 • •not as quaking as its higher neighbour and is approximately 25m . Flowermg heads are m

their thousands and there is coverage o f approximately 30,000 rosettes. The flush itself 

runs in a west to east direction. A photograph o f the site is given in Figure 2-7.

Figure 2-7. Photograph of the Flush at Uggool facing west with Nephin Beg mountain in the back ground.
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Largan Mor A

This flush is found in the Largan bog complex and was first recorded by Cross in 1989.The 

flush is within the catchment area of the Owenmore River. It is situated in a large tract of 

largely undisturbed bog with minimal grazing observed. A relatively small flush, it
'y

contains a large area of 5. hirculus o f approximately 89m and a smaller area of 

approximately 4m . Rosette numbers are approximately 3500 and flowering heads number 

in their thousands. A photograph o f the site is given in Figure 2-8.

Figure 2-8. Photograph of Largan Mor A flush facing east looking towards the top of the flush.

Largan Mor B

This flush is found in the Largan bog complex and was first recorded by Neil Lockhart in 

1999. It is situated in a large tract of largely undisturbed bog with minimal grazing 

observed. A Coillte forest is approximately 200m northwest of the site. The flush is within 

the catchment area of Owenmore River. This is the smallest area of S. hirculus at 

approximately 5m^ with up to 550 rosettes. Even though the site was visited during the 

flowering season no flowering heads were observed. A photograph of the site is given in 

Figure 2-9.
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Figure 2-9. Photograph of Largan M or B flush looking West with Carrafull mountain and the Coillte forest in the 
back ground.

Sheskin A

The flush is within the catchment area o f  the Knockmoyle stream which is a tributary o f 

the Owinniny River. It was located by Neil Lockhart in 2000. On the first occasion, in 

2006, two areas o f  S. hirculus were recorded. On the second visit, in 2011, despite 

extensive searching only one area o f  16 m^ was relocated; the GPS system used in the first 

visit did not take accurate readings (often up to 200m error) so it is possible the population 

was not in flower during the visit and the rosettes were not relocated. The number o f 

flowering stems was in the hundreds with up to 360 rosettes. A Coillte forestry plantation 

is approximately 250m northwest o f the site. A photograph o f  the site is in Figure 2-10.

Figure 2-10. Photograph of the flush at Sheskin A looking east with Nephin Mountain in the far distance.



Sheskin B

This site is 300m south east o f Sheskin A and contains seven small areas o f S. hirculus 

dotted along the north side of the flush. It was located by Neil Lockhart in 2010. The flush 

is within the catchment area of the Knockmoyle stream which is a tributary o f the 

Owinniny River. Due to the small number o f rosettes present it was possible to count each 

individual. In total 116 rosettes were recorded with 59 flowering stems. A photograph of 

the site is given in Figure 2-11.

i

Figure 2-11. Photograph of the flush at Sheskin B looking north.

Formoyle

This is the wettest o f all the flushes in this study. It was located by Neil Lockhart and Tom 

Curtis in 1998.The flush is within the catchment area o f the Owenmore River and is 

bordered by agricultural fields. It is in an area of extremely quaking vegetation with 

abundant Polamogeton polygonifolius and Phragmites australis. S. hirculus covers an area 

o f approximately 73m^with a density of approximately 170 rosettes. A photograph o f the 

site is given in Figure 2-12.
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Figure 2-12. Photograph of the flush at F'ormoyle looking north with a small hill of drier land in the background.

Aghoo

This flush consists o f scattered S. hirculus covering an area o f approximately 189m . In 

was located by Neil Lockhart in 2009. The flush is within the catchment area o f the 

Owenpollaphuca River which feeds into the Ballinglen River. Flowers were recorded in 

their hundreds and the number o f rosettes at approximately 1200. This is the most 

northerly o f the S. hirculus sites recorded. A photograph o f  the site is given in Figure 2-13.

Figure 2-13. Photograph of the flush at Aghoo looking north to the top of the flush.
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Table 2-4. Table listing all of the sampled flush sites containing S. hirculus, the number of releves taken plus general information collected on site.

Site No o f 
Releves

Condition o f  surrounding environment Rosette
numbers

Magnitude of 
flowering 

heads

Area 
containing S. 
hirculus m^

Grazing
density

%
Beilacorictc 11 Industrial Peat extraction surrounding the flush 700 lOOO’s 950 0 - 2 5
Barroosicy 9 Former/current agricultural usage (nutrient

enrichment?) 65,000 10,000's 2250 2 6 - 5 0
Sheean A 8 Considered pristine 189,000 10,000’s 1800 2 6 - 5 0
Sheean B 5 Considered pristine 45,000 10,000's 470 2 6 - 5 0
Sheean C 7 Considered pristine 130,000 10,000's 870 2 6 - 5 0
Slieean D 5 Considered pristine 24,000 1,000 570 2 6 - 5 0
Largan Mor A 1 Considered pristine 3500 lOOO's 93 0 - 2 5
Largan Mor B 1 Considered pristine 550 _ 5 0 - 2 5
Shesicin A 1 Considered pristine 360 lOO's 16 0 - 2 5
Shesicin B 1 Considered pristine 116 lO's 280 0 - 2 5
Formoyle 1 Agricultural usage 170 lO's 73 0 - 2 5
Uggool 1 Considered pristine 30000 lOOO's 315 2 6 - 5 0
Aghoo 1 Considered pristine 1200 lOO's 189 0 - 2 5
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2.4 Results

1. General results

The vegetation dataset for the 52 releves sampled contained 120 species. The removal o f 

16 species due to their occurrence in only a single releve left 104 species to be analysed. 

Cluster analysis (Figure 2-14) in PCORD displayed similarities among all samples as seen 

by the short stems on the dendrogram. However, the broad division into 3 groups makes 

ecological sense and these groups separates out well in the NMS ordination (Figure 2-15) 

explained below. Therefore using both types o f analysis it was decided to proceed with 3 

groups. Group 3 contained all quadrats sampled from the bog habitat, while Groups 1 and 

2 contained those from the flush habitats. Group 1 contains all the Sheean sites bar one 

quadrat, Sheean A2, and the sites Largan Mor B, Aghoo and Sheskin. Group 2 contained 

Bellacorick, Barroosky, Largan Mor A, Uggool and Formoyle with one quadrat from 

Sheean A.

An NMS was run in PCORD on the 52 releves. The analysis recommended a 3- 

dimensional solution with a total r~ o f 77.1%, with Axis 1 accounting for 14.4%, Axis 2 

accounting for 39.4% and Axis 3 accounting for 23.3%. These are displayed in Figures 2- 

15 and 2-16. In Figure 2.15 (a-c) the releves are colour coded according to the groups 

identified in the cluster analysis. Quadrats in Figure 2.16 (a-c) are colour coded according 

to which o f the three major sites they were recorded in e.g. Sheean (A, B, C and D), 

Bellacorick or Barroosky. Different symbols indicate whether the releves came from flush 

or bog. Refer to Table 2-3 P21 for an explanation o f abbreviations in each graph. The final 

stress was 14.58 with a final instability o f P<0.00001. The probability o f a similar stress 

result being obtained by chance was 0.0040 according to a Monte Carlo test.

The factors and species with a Spearman rank correlation coefficient (calculated in SPSS 

vl8)  o f greater than 0.2(Table 2-7) were overlain on a series o f  biplots. These factors were 

obtained both from the field and from those calculated in the MAVIS software described 

earlier.

Spearman rank correlations were carried were also carried out for S. hirculus abundance 

and all recorded environmental drivers along with all species abundance.
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Figure 2-15. A. Axis 2 and 3, B. Axis 1 and 3 and C. Axis 1 and 2. NMS ordinations of relevcs from the sites 
(N=52). They are colour coded by the groups identified in the cluster analysis with the most influential variables 
and species from the second matrix overlain.

Table 2-5. The three groups as identified in Cluster analysis (Figure 2.15) and colour coded in NMS (Figures 2.16).

Group 1 Group 2 Group 3

Sheean A* Barroosky Bellacorick (Bog quadrats)

Sheean B Bellacorick Barroosky (Bog quadrats)

Sheean C Uggool Sheean A (Bog quadrats)

Sheean D Largan Mor A Sheean B (Bog quadrats)

Aghoo Formoyle Sheean D (Bog quadrats)

Sheskin A One quadrat from Sheean A* Sheean C (Bog quadrats)

Sheskin B

Largan Mor B
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The bog habitat (Group 3) separates out on each dimension thereby illustrating the clear 

difference in habitats (Figure 2.15 (a-c) as shown in the cluster analysis (Figure 2.14). In 

addition the tlush data also separates reasonably well on the NMS into the two groups 

(Group 1 and 2) identified in the cluster analysis.

Axis 2, which displays the largest variation of the Axes (39.4%), has a significant positive 

correlation with vegetation height and competitive strategy plants. This is borne out by the 

significant positive correlation with species such as Molinia caerulea, Calluna vulgaris, 

Carex rostrata and Eleocharis palustris (Table 2.7). Axis 2 has a significant negative 

correlation with pH, fertility and species richness along with a significant negative 

correlation with S. hirculus. In summary Axis 2 appears to extract the difference between 

flush and bog

Axis 3, accounting for 23.3% of the total variation, has a significant positive correlation 

with species richness, fertility, pH, ruderal species and competitive species. In this instance 

the associated species are Hylocomium splendens, Galium palustris, C. rostrata and E. 

palustris. Of note is the fact that competitive species and C. vulgaris are on other ends of 

the gradient with C. vulgaris abundance being significantly negatively correlated with the 

Axis 3 score. Axis 3 appears to divide out the two flush groups.

Axis 1 explains the least amount of the variation at 14.4% but it has a strong positive 

correlation with pH, fertility and species richness and a strong negative correlation with 

competitive plants. In relation to species. Axis 1 has a strong negative correlation with C. 

vulgaris and a positive correlation with S. hirculus.

Group 1 is characterised by low values on Axis 2. It is well defined in Figure 2.15a, apart 

from one releve Sheean A2 which a different species composition and a large percentage 

of open water, but shows a small amount of overlap in ordination space in Figures 2.15b 

with Group 2. This overlap is more pronounced in Figure 2.15c.

37



Group 2 is characterised by high values on Axis 3 and intermediate values on Axis 2. It is 

well defined in Figure 2.15a with the exception of one releve taken from Sheean A which 

falls between Group 1 and 3 in ordination space. Its shows some overlap with Group 1 in 

Figure 2.15b and a higher degree o f overlap in ordination space with Group 1 and Group 2 

in Figure 2.15c.

Group 3 is defined by high values on Axis 2 and low values on both Axis 3 and 1 and 

separates out very clearly in Figure 2.15a. A small overlap in ordination space with Group 

1 is evident in Figure 2.15b and with Group 2 in Figure 2.15c.

Overall the separation is clearest in Figure 2.15a (Axis 2 and 3) which accounts for the 

majority of the variation at 62.7%.

2. Differences between bog and flush vegetation on sites with different management 

histories

Figure 2.16 (a-c) illustrates the flush and bog releves divided by site. The Sheean sites 

consistently overlap in ordination space and as such can be viewed as one unit. Bellacorick 

as a flush stands out as very different while the Barroosky flush is somewhat intermediate 

between the two. 1 he unpaired flushes are found sharing ordination space between Sheean 

and Barroosky. In the bog releves Bellacorick is quite distinct (Figure 2.16 a,b) but less so 

in Figure 2.16c. However, this site is heavily impacted upon as it is a cutaway bog. Sheean 

and Barroosky bog releves show some separation in Figure 2.16 a,c but share ordination 

space in Figure 2.16b. This gradient between the three flushes which continues to their 

associated bog releves appears to suggest a connection between the condition of the 

surrounding bog and conditions on the flush, which is important for conservation 

management. The Sheean flushes make up the majority of Group 1 while both Barroosky 

and Bellacorick make up the majority of Group 2. The differences between these have 

been explained earlier but Figure 2.16 (a-c) examines the differences between these three 

sites both in flush and their associated bog releves which are all in Group 3. Table 2-6 

gives the Legend for Figure 2.16a, b and c.
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Table 2-7. Legend for Figure 2.16a,b and c

▲ Sheean A Flush
■  Sheean A Bog
▲ Sheean B Flush
■ Sheean B Bog
▲ Sheean C Flush
■  Sheean C Bog 
A Sheean D Flush
■  Sheean D Bog
▲ Bellacorick Flush
■  Bellacorick bog
▲ Barroosky Flush
■  Barroosky Bog
C Unpaired Flushes
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Flush releves

The Sheean flushes group together in ordination space both in the flush and bog habitats. 

This is unsurprising given their close proximity to each other (all within 400 m). The flush 

releves all fall into Group 1 bar one releve (ShA2) which falls into Group 2. This releve 

has a large percentage of open water and bare peat, giving it a much lower species richness 

then the other releves. The Sheean flushes are characterised by low values on Axis 1 

(apart from releve ShA2) and Axis 2. The one exception to the low value on Axis 2 is 

releve ShDl, which contains 5% C. vulgaris, thus distorting its location in ordination 

space.

The Bellacorick flush releves are defined by high values on Axis 2 and low values on Axis 

3. As a group they are well defined until Figure 2.15c where they share some ordination 

space with some of the bog releves from Sheean. This graph however shows the least 

variation at 37.7%.

Barroosky flush is characterised by low values on Axis 3 with one oddity, B5, which 

contained scarcely any S. hirculus. thus aligning it closer to the Bellacorick releves.

Bog releves

The Sheean bog releves are defined by high values on Axis 3. Their higher species richness 

would explain a lower Axis 2 value than Barroosky and Bellacorick. They show some 

overlap in ordination space with Barroosky in Figure 2.15 (a & c).

The Bellacorick bog releves have high values on Axis 2. They also have high values on 

Axis 1 apart from releve Bll which shares ordination space with Barroosky. This releve 

has a higher percentage of C. vulgaris a fact which would account for this discrepancy. 

They have lower values on Axis 3 and higher values on Axis 1, bar B l l ,  than those of the 

Barroosky and Sheean sites.
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Barroosky bog has very high values on both Axis 2 and Axis 3. In each ordination it is 

aligned with C  vulgaris and lowest for Species richness which is unsurprising as the bog 

around Barroosky is severely damaged by grazing and the releves have a comparatively 

low species count.

Table 2-8 give the Spearman rank correlation coefficients (r) for variables which are 

significantly correlated with Axis from the NMS ordinations.
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Table 2-9. Spearm an rank correlation coefficients (r) for variab les which are sign ificantly  correlated w ith Axis 1, 
2 and/or 3 along with their P-values (p). Corrected for m ultiple correlations using the D u n n -S id ak  procedure  
(0.003). A bbreviations are explained in Table 2.4.

Axis 1 Axis 2 Axis 3

r P r P r P

pH 0.320 .021 -0.44 .001 0.588 .000

Fertility 0.399 .003 -0.445 .001 0.454 .001

Sp rich 0.351 .011 -0.303 .029 0.471 .000

Veg hei 0.508 .000

Spha pa 0.488 .000

Ruderals -0.72 .000 0.451 .001

Saxi hir 0.282 .043 -.832 .000

Sagi nod -0.733 .000

Moli coe 0.759 .000

Call vul -0.465 .001 0.594 .000 -0.653 .000

Comp -0.312 .024 0.324 .019 0.724 .000

Hylo spl 0.724 .000

Gali pal 0.632 .000

Care ros 0.34 .014 0.505 .000

Eleo pal 0.343 .013 0.451 .001

2.5 Drivers affecting the abundance of S. hirculus

Within and between the flushes differing abundances of S. hirculus can be observed. In

order to understand the possible drivers behind this, Spearman rank correlations were

carried out between S. hirculus abundance and the variables (derived, field collected and

the abundance of other species). Of the 130 variables only 13 were found to have a

significant correlation with S. hirculus abundance and are listed in Table 2.8 along with

their correlation coefficients and relevant P-values. O f the environmental variables

collected directly in the field grazing levels and vegetation height are significant. Grazing

levels has a moderate positive correlation while vegetation height has a moderate to weak

linear correlation. This opposite dynamic is to be expected as grazing will naturally reduce

the vegetation height. Stress, a variable generated in the MAVIS software under the CSR

values (Section 1.3.2), also has a moderately weak negative linear correlation.
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Of the species associated with S. hirculus, Sagina nodosa has a moderately strong positive 

linear correlation emphasizing its association with S. hirculus and its similar ecological 

requirements. It is found in over 40% of the quadrats containing 5'. hirculus and was only 

found in sites which are considered to be in a relatively pristine condition. Triglochin 

palustris, Potamogeton polygonifolius and Equisetum palustre all have moderately weak 

positive correlations. However Equisetum palustre was a relatively constant species found 

in over 50% of those containing S. hirculus.

Table 2-10. Spearman rank correlation coefficients (r) for variables which are significantly correlated S. hirculus 
abundance with their P-values(p). Corrected for multiple correlations using the Dunn-Sidak procedure (0.004).

r P

Molina caerulea -.632 0.000

Peltigera membranacea -.613 0.000

Holcus lanatus -.556 0.000

Sagina nodosa .550 0.001

Succisa pratensis -.485 0.003

Triglochin palustris .467 0.004

Potamogeton polygonifolius .447 0.006

Grazing levels .439 0.007

Calluna vulgaris -.427 0.009

Juncus acutiflorus -.426 0.010

Stress -.401 0.015

Vegetation height -.392 0.018

Equisetum palustre .372 0.026

On the other hand M  caerulea, P. membranacea and H. lanatus have a moderately strong 

negative linear correlation. This suggests that high abundances of these species either 

occur in conditions not optimal for S. hirculus or they could be outcompeting S. hirculus. 

H. lanatus, however, is a majorly constant species found in over 80% of the releves 

containing S. hirculus. Its presence therefore is to be expected in flushes containing S. 

hirculus but its abundance should be monitored. Something similar is true o f M. caerulea 

which occurs in over 40% of releves and P. membranacea in over 30% of releves. S.
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pratensis, C. vulgaris and J. acutiflorus have moderately weak negative linear correlation. 

Some o f the main environmental variables/species and their significant linear relationships 

with S. hirculus are illustrated in scatter graphs in Figure 2.17.
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NVC Classification

An analysis of these groups in MAVIS was conducted to ascertain the most similar NVC 

Classifications. MAVIS gave the 10 top matching habitats along with the percentage 

confidence that the group could be assigned to these classifications. The top 3 habitats for 

each group are shown in Table 2.9 with their description in Table 2.10 (Rodwell, 1991). 

The percentages o f similarities however are not very high suggesting that these flushes are 

somewhat different to British bog flushes.

Table 2-11. The top three habitat types identiFied by MAVIS as the closest associated with the groups identifled 
and the percentage confldence of their placing.

Group I 

NVC Percentage

Group 2 

NVC Percentage

Group 3 

NVC Percentage

M9 45.99 M9 47.80 M15 56.37

M9a 45.59 M5 45.58 M15b 53.60

M9b 40.84 M9a 44.97 M15d 49.97

The M9 classification is the Carex rostrata-Calliergon cuspidatum/giganteum mire and is 

the top placing for both of the flush groups thus showing a marked similarity between both 

groups. M9 plus variations of it, M9a (as M9 but with the Campylium stellatum- 

Scorpidium scorpioides sub-community) and M9b (as M9 but with the Carex diandra- 

Calliergon giganteum sub-community), account for five out of six o f the communities in 

the flush groups (Group 1 and 2) (Table 2.9). The inclusion of M5, the Carex rostrata -  

Sphagnum squarrosum mire plant community, as the second community in Group two 

would account for some of the difference.

The bog flushes correspond closest to M 15 Scirpus ceaspitosus -  Erica tetralix wet heath 

at approximately 57%. This is still not very high but is the highest obtained for any of the 

classifications. Also the association of the next three classes as varieties of Ml 5, Ml 5b and 

M15d, would support this classification.
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Following the frequency grading in Rodwell 1991, Table 2.10 gives the constant and 

frequent species for the three groups. Plants are assigned to a class denoted by Roman 

numerals depending on the frequency with which they occur in the quadrats. 1-20% 

frequency = I, 21- 40% frequency = II, 41-60% frequency =111, 6 1 - 8 0  % frequency =IV 

and 81 -  100% frequency = V. Those falling into classes IV and V in a community are said 

to be constant while those falling into class III are said to be frequent.
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Table 2-12. Floristic table of the constant (61- 100%) and frequent (41-60%) species from the three groups 
identified in the cluster analysis.

Group 1 Group 2 Group 3

Number of Quadrats 24 18 10

Mean species 
richness 23 23 14

Constant Species Anagallis tenella Anthoxanthum odoratum Molinia caerulea

V&VI Calliergon cuspidatum

Holcus lanatus

Juncus bulbosus

Philonotis fontana

Potamogeton
polygonifolius

Ranunculus flammula

Sagina nodosa

Saxifraga hirculus

Calliergon cuspidatum 

Cardamine pratensis 

Holcus lanatus 

Hylocomium splendens

Lychnis flos-cuculi 

Molinia caerulea 

Peltigera [spp] 

Saxifraga hirculus

Calluna vulgaris

Frequent Species Agrostis stolonifera Aulacomnium palustre Erica tetralix

III Aneura pinguis Carex nigra Eriophorum vaginatum

Anthoxanthum
odoratum Carex rostrata Juncus effusus

Caltha palustris Eleocharis palustris Potentilla erecta

Cardamine pratensis Epilobium palustre Sphagnum subnitens

Corex nigra Equisetum palustre Zygogonium ericetorum

Carex panicea Galium palustre

Cratoneuron filicinum Juncus bulbosus

Epilobium palustre Marchantia polymorpha

Equisetum palustre Potentilla palustris

Galium palustre Rhytidiadelphus squarrosus

Marchantia
polymorpha Rumex acetosa

Menyanthes trifo liata Vaccinium oxycoccos

Plagiomnium ellipticum

Rhytidiadelphus
squarrosus

Stellaria palustris

Homalothecium nitens
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2.6 Discussion 

Flush habitat

The flush habitat of S. hirculus differs substantially from the bog habitat surrounding it. 

The difference between the vegetation and water chemistry of blanket bog and flush 

systems has also been highlighted previously in other studies (Beltman et al., 1996, 

Bellamy and Bellamy, 1966, Doyle, 1990, Kelly, 2005). The blanket bogs are 

ombrotrophic rain fed systems which receive all their solutes from atmospheric surfaces 

while flushes receive additional solutes from water that has been in contact with mineral 

substrates (Proctor, 2008). The fact that there is a small overlap in ordination space 

between bog and flush releves in Figure 2.14(b-c) is therefore surprising, as it would have 

been expected to find a larger difference between the flush and bog habitats. However the 

occurrence of plants considered elsewhere to be obligate fen plants, e.g. Schoenus 

nigricans, in the bogs of western Ireland has been noted by botanists. A study by Proctor 

(2008) investigating this issue uncovered little or no anion deficiency in the cation-anion 

balance in the blanket bogs of Mayo and Galway, unlike the Irish midland bogs or their 

very similar Scottish equivalents. This would appear to contribute to the existence o f what 

are considered obligate fen plants in the ombrotrophic conditions surround the flushes.

Ecological indicators

The use of ecological indicators (structure, composition etc) whose presence/absence or 

abundance levels can be used as indicators for environmental changes or habitat conditions 

can be an important aspect of species management (Niemi and McDonald, 2004). 

Correlations were carried out between S. hirculus abundance and possible indicator species 

and variables. The negative indicator species {H. lanatus, M. caerulea and P. 

membranacea) figured as constant species in Group 2 (Table 2.10) while the occurrence of 

S. nodosa, a positive indicator species with S. hirculus abundance, in Group 1 lends 

support to the two groupings o f flush communities. A. odoratum is also present as a 

constant species in Group 2 with a lower abundance in Group 1. This rise in the abundance 

of grass species and the rise in vegetation height are also negatively associated with S. 

hirculus abundance. Although H. lanatus and A. odoratum are both present in Group 1 

they are there in lower numbers. Therefore the abundance of these species is an important 

consideration for conservation management.
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A number of environmental factors were identified as significantly important in NMS 

biplots to the vegetation releves, in either a positive or negative marmer. Those that are 

significant and scored directly in the field, are species richness and vegetation height. Tied 

to the higher species richness appears to be a higher pH and fertility Ellenberg score. 

Fewer and more specialist plants appear to tolerate the lower pH of the bog, while the more 

calcareous and nutrient rich waters of the flush allow a more diverse community of plants 

to flourish. The occurrence together of S. hirculus and Sagina nodosa is significant and 

correlated highly with the Sheean flushes. Of note is the occurrence of all the Sheean 

releves bar one in Group 1, while Group 2 contains Barroosky and Bellacorick the two 

sites which have been affected in the past by agriculture and peat extraction.

As the grazing level rises between Sheean, Bellacorick and Barroosky the coverage of S. 

hirculus is increased. A weak competitor (Vittoz et al., 2006), 5. hirculus is easily

overshadowed by more vigorous species (Wamcke, 2003). The high coverage of S. 

hirculus with a low vegetation height in the Sheean flushes reduces to more intermediate 

values for both in Barroosky, and to a very low coverage of S. hirculus with the highest 

vegetation height of the flushes with comparatively higher competitive plants in 

Bellacorick. This is clearly illustrated on Figure 2.14a and 2.15a where the biplot of 5'. 

hirculus is diametrically opposed to that of the vegetation height. The significant 

correlation between grazing levels and S. hirculus coverage also lends some support for 

this. As the level o f grazing rises the coverage of S. hirculus rises. However too much 

grazing may reduce the number of flowering stems going to seed heeds thus reducing the 

sexual reproduction in the populations. No grazing is also identified as having a negative 

effect (Welch and Rawes, 1964, Ohlson, 1988b) due to the growth of taller species and 

possible encroachment of woody species such as Salix spp. Salix species utilise more 

nutrients and water than other smaller species present in the flush, thus affecting the 

natural nutrient dynamics (Welch, 1995). This could be a source of concern for Bellacorick 

- the site with the lowest grazing, highest vegetation, lowest density of S. hirculus and 

possible encroaching S. cinerea. Kelly (2005) found lower calcium concentrations in 

Bellacorick in comparison to Sheean and Barroosky. In addition, the magnesium in the 

Sheean and Barroosky flushes were significantly higher than in their surrounding bog 

habitats as would be expected. Bellacorick on the other hand displayed no significant
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difference. The draining o f the bog around Bellacorick would appear be leading to the 

drying o f the flush itself. Perhaps the blocking o f the drainage channels to the cutover bog 

around the flush will lead to a reversal o f this trend and should be monitored. It has been 

noted that S. hirculus requires a stable water table close to soil surface (Vittoz et al., 2006) 

and one that is moving (Welch, 1970, Lockhart, 1989, Curtis et al., 2009).

Higher fertility scores (N) calculated from the Ellenberg indicators are observed in 

Barroosky (Figures 2.15 a-b). It also has higher species richness than Sheean and has been 

improved for agricultural purposes in the past; the landowner’s concerns about current 

restrictions to improving/spraying the land could point to nutrient loading. This has been 

previously commented on as higher levels o f calcium, bicarbonate, pH and conductivity 

have been recorded at Barroosky than Bellacorick and Sheean. However nitrate levels were 

too low to be detected (Kelly, 2005). Agricultural reclamation has in the past been 

relativity common in mires/flushes, especially where mineral soil packets display abnormal 

fertility compared to the surrounding habitats (M acGowan and Doyle, 1996). This may be 

a problem and would need to be monitored as S. hirculus may be vulnerable to fertilizer 

drift (Curtis et al., 2009).

There does not seem to be any connection between the bedrock or subsoil and S. hirculus 

distribution (W amcke, 1980, Kelly, 2005) although there may be some limitation by 

substrate rich in metals (Vittoz et al., 2006). The plant may possess avoidance mechanisms 

to reduce heavy metal uptake (Vittoz et al., 2006) as studies have shown corresponding 

low concentration in the leaves o f the plant (Ohlson, 1988b).

NVC Classification

Although the flush habitats are divided into 2 separate groups, the NVC classification 

aligned both with the highest probability to M9 Carex rostrata-Calliergon 

cuspidatum!giganteum  mire, an association also noted by (Curtis et al., 2009, Kelly, 2000). 

These alignments were not very strong however, with a percentage confidence o f 46% for 

Group 1 and 48% for Group 2. The next two communities for Group 1 were all in the M9 

sub-groups therefore lending stronger support for this classification. For Group 2, however, 

the second habitat was M5 Carex rostrata-Sphagnum squarrosum  mire plant community,
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which may account for the separation of the two groups. In the UK, S. hirculus is found in 

M9 (Hallam et al., 2005) and in M38 Cratoneuron commuatatum -Carex nigra springs 

(Rodwell, 1991, Hallam et al., 2005). Although the latter habitat occurs in Ireland, S. 

hirculus is not associated with it. As previously stated the application of these 

classifications from the UK to Ireland must be used with caution and interpreted by a 

trained ecologist. One problem with using these values is that they have not been 

specifically adapted for use in Ireland. Plants which are common in Britain may be rare 

here and vice versa and more importantly the ecology may differ. In addition our milder, 

damper climate may allow for the existence of plants across habitats not necessarily suited 

to them in Britain. Previous analysis of the vegetation of two of the Sheean sites (Sheean A 

and C) (Lockhart, 1989) noted that they contained species from the spring class Montio - 

Cardaminetea Br. Bl. Et Tx. 1943 (White and Doyle, 1982); a fact also recorded in 

Sweden by (Ohlson, 1988a).

2.7 Conclusion

In conclusion 5. hirculus is found in flushes which are small specialised habitats within a 

larger blanket bog complex. The management of these flushes is extremely important both 

in relation to the level of grazing, monitoring of species indictors, both positive and 

negative, and any possible artificial nutrient enrichment. Limited grazing should be 

encouraged specifically in relation to Bellacorick. In addition the condition of the 

surrounding bog habitat would appear to be important necessitating a wider habitat 

conservation approach rather than one tailored to the individual species.
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Chapter 3

Flowering phenology and breeding system of Saxifraga hirculus in Irish bogs
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3 Flowering phenology and breeding system of Saxifraga hirculus in Irish bogs

3.1 Introduction

The study of flowering phenology and plant breeding systems is becoming increasingly 

important in order to evaluate the effects of climate change (Cleland et al., 2007, Rafferty 

and Ives, 2011, Hegland et al., 2009), species invasion (Wilke and Irwin, 2010) and habitat 

fragmentation (Ward and Johnson, 2005, Donaldson et al., 2002, Aguilar et al., 2006) on 

pollination and gene flow in natural systems (Eckert et al., 2010). The timing of production 

of flowering stems by angiosperms, and the size o f these structures, are processes normally 

driven by environmental factors such as temperature, precipitation and day length 

(Morisette et al., 2009), and internal factors such as plant age and genetic composition 

(Boss et al., 2004, Jack, 2004). The timing thereafter of the maturation of male and female 

flowers and their proportional abundance in the floral display, as well as the plant’s 

breeding system, may be then linked with pollinator availability and pollen dispersal and 

receipt (Klinkhamer and Dejong, 1990), as well as the aforementioned environmental 

factors and other as yet unknown contributors.

Many flowers have evolved temporal and/or spatial separation of their male and female 

phases to minimise selfing (Barrett, 2003, Dai and Galloway, 2011). Spatial separation is 

achieved by the production of separate male/female flowers (herkogamy) (Webb and 

Lloyd, 1986), and temporal separation as a result of male and female parts of the same 

flower maturing at different times (dichogamy) (Mallick, 2001). Temporal separation can 

occur as a result of protandry (the maturation o f the male reproductive organs first) or 

protogyny (the maturation of the female reproductive organs first); the former is more 

common in the Britain and Ireland (Lloyd and Webb, 1986, Richards, 1997).

Self-fertilisation can also be avoided via self-incompatibility (SI) mechanisms achieved as 

a result of various genetically-driven biochemical mechanisms which result in the rejection 

of self pollen (Rea and Nasrallah, 2008, Wheeler et al., 2009). This can occur via a number 

of mechanisms;

1. homomorphic mechanisms which can include,

• gametophytic incompatibility in which the growing pollen tube is 

recognised and rejected, and
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• sporophytic incompatibility where proteins in the outer coat of pollen 

grains are recognised and rejected (Takasaki et al., 2000).

2. heteromorphic mechanisms, such as heterostyly (Franklin-Tong et al., 2008, 

Gilmartin and Li, 2010), or

3. via late-acting mechanisms which cause early seed abortion (Curtis and 

Grossniklaus, 2008).

Thus, if  pollen from the same flower does arrive on a receptive stigma, fertilization and/or 

seed production will not occur and outcrossing is required.

Outcrossing can be mediated abiotically (e.g. by the wind) or via a biotic pollen-vector 

(pollinator). Plants with attractive floral displays are usually animal pollinated, but are not 

always self-incompatible, and some are capable of selfing in the absence of pollinators 

(Kalisz and Vogler, 2003). As pollinator visits increase with plant abundance (Klinkhamer 

et al., 1989, Goulson et al., 1998), plants in small populations, or those which are sparsely 

distributed, may be particularly prone to pollen limitation (Burd, 1994). Similarly, if 

pollinators are rare in a particular habitat, fitness, particularly in self-incompatible plants, 

can be reduced (Holmes et al., 2008). Many plants display a mixed reproductive strategy, 

combining vegetative growth with sexual reproduction and with levels of SI varying both 

within and between species (Goodwillie et al., 2005).

The perennial herb S. hirculus has the ability to reproduce either vegetatively by rurmers or 

sexually by seed production. Flowering stalks can grow up to 35cm but average between 

12 and 20cm. Each stalk produces between 1 and 7 flowers through the season, with 

actinomorphic flowers ranging between I -  1.5cm in diameter; the flowers are yellow with 

orange dots, possibly nectar guides, spotting the petals. In Denmark and Sweden the 

flowers are completely protandrous (Olesen and Wamcke, 1989d). In Ireland, this species 

is confined to flush habitats in bogs with populations occurring on both pristine and 

formerly exploited bogs. Since habitat context can affect pollination systems (Steffan- 

Dewenter et al., 202, Sjodin et al., 2008), the phenology of this species was examined at 

three sites in Ireland. These sites are, Sheean A (Grid ref: F91945 20031) which is located 

in a large expanse of relatively undisturbed bog and therefore is considered to be a pristine 

site, Barroosky (Grid ref: F93575 28595) which has been under agricultural management 

and Bellacorick (Grid ref: G00613 24707) which is surrounded by cutaway bog used by 

Bord na Mona to generate electricity at the Bellacorick power station. In addition, breeding 

experiments were conducted at Sheean. All three sites had larger populations than the other
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sites where this species is found and were therefore more capable o f withstanding possible 

damage caused by conducting the experiments.

Aims

As a follow on to the earlier chapter on habitat requirements o f S. hirculus this chapter 

examines the reproductive strategies of the species in Ireland. By using three sites, an 

insight will be gained into the variability in breeding biology and flowering among 

populations, and will provide a contribution to the understanding of the reproductive 

biology of S. hirculus in an Irish context. These findings will contribute towards the 

conservation management of S. hirculus in Ireland.

Three research questions are addressed;

1. What is the flowering phenology o f S. hirculus?

2. What strategy of reproduction is utilized by S. hirculus?

3. Is S'./2/>cw/w5 pollen limited?
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3.2 Methods

3.2.1 Field observations

3.2.1.1 Flowering phenology

In each site, one 5 X 5m area was marked out in each of the upper, middle and lower areas 

o f the studied flushes. Within these areas, three Im quadrats were picked at random from 

within the areas containing S. hirculus to form permanent monitoring plots. Over the 

flowering season, the stage of each stem, from bud - male phase - female phase - seedhead, 

and flowering stem loss was recorded. Also recorded were the number of flowers per stem 

and height of each stem. The plots were visited 5 or 6 times during each of the 2005 and 

2006 flowering seasons.

3.2.1.2 Pollination experiments

Hand pollination experiments were conducted at one of the sites, Sheean, to investigate the 

breeding biology o f S. hirculus. Of the three selected study sites, Sheean was selected due 

to its remote location in a large tract of undisturbed bog.

Seven treatments, including unmanipulated controls, were implemented. Where necessary 

for the specific treatment, pollinators were excluded by placing cages around the individual 

flowers (see Figure 3.1). The delicate stem of the flower meant bagging of individual 

flowers was not possible without damaging the stems. Therefore the flowers were enclosed 

in a cage-like structure, constructed from mesh netting (wedding veil material, mesh size 

<lm m ) and wire. The purpose of this cage was to hold the bagging away from the flowers 

so as not to disturb them and to minimize the possibility of creating a localized change in 

microclimate. The entire structure provided a barrier to further pollinators after the 

artificial pollination had taken place. The effectiveness of these cages was trialed in the 

year prior to the commencement of the experiments. All flowers were caged when still in 

the bud phase and revisited when they were at the appropriate stage for treatment. If any 

flowering stems had more than one flower head, these were emasculated. The anther tips 

that were dehisced were removed and placed in a small eppendorf tube. A cocktail stick 

was then used to apply the pollen to the stigma of the flowers.

The following treatments were applied to 10 terminal flowers (each flower on a separate 

stem) throughout the flush during August 2006.
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Autogamy

To test for automatic self-fertilisation (the pollination o f a flower by its own pollen without 

the activity o f a pollen vector), 10 flowers were enclosed in the pollinator exclusion cage 

and collected at the end o f the season.

Agamospermy

To test for asexual formation o f embryos and seeds without fertilization, 10 flowering 

stems were selected, the anthers removed and flowers enclosed in the wire cage.

Geitonogamy

Although geitonogamy (self-pollination between flowers on the same plant) would not 

appear to occur naturally in S. hirculus as the flowers on an individual plant reach the 

different sexual stages in sequence. 10 flowers were caged and treated with stored pollen 

from another flower from the same plant. The pollen was placed in plastic eppendorf tubes 

and stored overnight in the freezer with a pellet o f Silica gel at the mouth o f the tube 

(Dafni et al., 2005).

Xenogamy{W\i\\\n sites)

Pollen was transferred from the anthers o f one plant to the stigma o f  another. The flowers 

were caged and treated with pollen from other flowers on the same site during the peak o f 

the female phase.

Xenogamy{hQiyNQtn sites)

Pollen was transferred from the anthers o f  one plant to the stigma o f another as above, but 

this time from a different site, in this instance Barroosky. The pollen was stored in plastic 

eppendorf tubes when being transported between sites and was applied to stigmas using a 

cocktail stick. The journey between sites and time to pollination took between 3 and 4 

hours.

Pollen Supplementation

Ten uncaged flowers had additional pollen added by hand during the peak o f  the female 

phase. These individuals were not caged to allow natural pollination to take place in 

addition to the artificial pollination.
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Control

Ten uncaged and untreated controls were also selected to investigate open pollination.

All treated plants were marked with coloured, numbered flags and their location recorded 

using a Global Positioning System (GPS) (Garmin 72 accuracy <15m). Also, the height (in 

cm) and the number of flowers present on each stem selected for treatment were recorded. 

All treated flowering stems were collected at the end of the season when they had reached 

seed capsule formation. All seed heads were individually stored in brown envelopes and 

marked with the plant number and treatment type. The envelopes were stored in a plastic 

box containing some silica gel to keep them dry. Seeds were counted back in the laboratory 

using petri dishes with white paper inserts. The seeds were large enough to be easily seen 

by the naked eye.

Figure 3-1. Cage used to exclude pollinators from S. hirculus flowers undergoing pollination experiments

3 2 2  Data Analysis

The number o f plants per quadrat, mean height o f plants per quadrat, total number of 

flowers reaching male phase and total number o f seed heads produced, were compared 

according to population, position (nested within population) and year (2005 or 2006) using 

ANOVA in GMAVv5. The numbers o f seeds produced in Xenogamy, Xenogamy between
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sites and Geitnogamy treatments were also compared using ANOVA. Data were tested for 

heterogeneity o f variance using Cochran’s test, and if  significantly heterogeneous were 

transformed as appropriate: data for number o f plants per quadrat were Ln transformed, 

data for flowers reaching male phase and seed heads per quadrat were Ln(X +l) 

transformed. Seed set data from unbagged flowers and those treated by pollen 

supplementation were compared using a T-Test assuming equal variances.

3.3 Results

Figures 3-2 and 3-3 illustrate the flowering stages o f S. hirculus for each visit over the 

2005 and 2006 flowering seasons. In 2005, the recording began on the 21*' o f July and 

ended on the 30'^ o f August. In 2006 the recording began on the 21®' o f July and ended on 

the 31*' o f August. These periods cover the vast bulk o f  the flowering, peaking in the first 

two weeks o f August, with only a few reaching male stage before recording and very few 

still flowering after the 31®' o f August. The first flowering stems appeared in mid July with 

over 90% o f all flowering stems being identified and labelled by the last week in July. 

Thereafter different rates o f development from each stage were observed. A rapid 

progression from flowering stem to seed head in two weeks for some flowering stems was 

compared with a much slower progression o f three to five weeks for others. The majority 

o f capsules mature (i.e. split to release seed) within the same time frame - the last week in 

August to the first week o f September. The graphs show some anomalies such as the 

presence o f buds at the end o f the flowering season in Bellacorick during the 2005 

flowering season. These buds however were noted to have brown stains on the tip which 

may have indicated the presence o f a disease or a pathogen. Flowering appears to have 

started later in Barroosky than other sites in 2005 but this was not repeated in 2006. Male 

and female flowers were generally recorded only once for each stem although male flowers 

were recorded twice for the same stem on seven occasions; these were all in the Sheean 

population.
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Figure 3-2.The proportion of flowering stages in each of the three flushes starting at the top (A), then the middle 
(B) and finishing at the lower sections (C) over the course of the 2005 flowering season. The dates on the x axis 
refer to the visits to the sites. They commenced on the 21.07.05 and ended on the 30.08.05.
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Figure 3-3.The proportion of flowering stages in each of the three flushes at the top, middle and lower sections 
over the course of the 2006 flowering season. The numbers on the x axis refer to the weekly visits to the sites. They 
commenced on the 21.07.06 and ended on the 31.08.06.
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The data displayed in Figures 3-4 and 3-5 are taken from the Met Eireann synoptic station 

at Bellmullet Co. Mayo. This station is located approximately 25km west o f  the nearest S. 

hirculus site (Largan Mor A). As all sites lie within a 20km radius o f  each other these data 

were judged suitable for inferring general conditions on site. The highest air and soil 

temperatures and levels o f solar radiation occur in July at the start o f  the flowering season 

for S. hirculus. This corresponds with simultaneously low rainfall levels.
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Figure 3-4. Graph illustrating mean soil temperatures and air temperatures from the Bellmullet synoptic station 
covering the period 1961-90.
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Figure 3-5. Graph illustrating trendlines o f mean rainfall (cm) and solar radiation (lOOOJoules/cm^) from the 
Bellmullet synoptic station covering the period 1961-90.

There was a significant difference in the proportion of flowering stem loss between the 

sites in 2005 (Chi square 6.16, p<0.05) and there was a significant difference between sites 

in 2006 (Chi Square 10.18, p<0.05). There was no significant difference over the two 

flowering seasons within individual sites. Sheean (Chi sq 0.044,p>0.05), Barroosky (Chi 

sq 0.547 p>0.05) and Bellacorick (Chi sq 0.215 p>0.05).

A significant difference in flowering stem loss was found between Sheean and Barroosky 

for both years 2005 and 2006 (p<0.05) (Table 3-1). A significant difference was also found 

between Sheean and Bellacorick in 2006 (p<0.05) (Table 3-1).

Table 3-1. Proportion differences of flowering head loss between sites in the different years 2005 and 2006

2005 2006

Sheean 0.71 0.70

Barroosky 0.50 0.41

Bellacorick 0.63 0.56
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A significant difference in the number of flowering stems was found between populations 

(F2.6=7.21, p=0.0254) (Table 3.2) and a SNK test demonstrated significantly more 

flowering stems per quadrat in Sheean compared with Barroosky or Bellacorick (p<0.05) 

(Figure 3.6).

Tabic 3-2. ANOVA results of flowering steins numbers per position nested in population over two years 2005 and 
2006.

Source SS DF MS F P

population 17.4377 2 8.7189 7.21 0.0254
Position(popuiation) 7.2583 6 1.2097 3.06 0.016
year 0.1191 1 O.1191 0.28 0.6154
Population x year 0.9668 2 0.4834 1.14 0.381
Year x Position(population) 2.5483 6 0.4247 1.07 0.3962
RES 14.2387 36 0.3955
TOT 42.5689 53
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Figure 3-6. Number of flowering steins per quadrat in each of the flushes Sheean, Bellacorick and Barroosky (± 
standard error of the mean (SE)).

There were significant differences in the number of flowering stems per quadrat among 

positions nested within populations (p6,36=3.06, p=0.016); SNK tests revealed that there 

were fewer flowering stems per quadrat at the bottom of the flush in Bellacorick (p<0.05) 

than the top o f the flush (Figure 3-7), but there were no other distinguishable patterns 

within flushes in the other two populations.
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Figure 3-7. Mean number of flowering stems per quadrat in each of the positions of the Bellacorick flush (± SE).

There were no significant differences in flowering stems between years (F|,6=0.28, 

p=0.615), nor were interactions between years, populations and positions significant. There 

was a significant difference between flowering stem heights across populations 

(F2.6=24.62, p=0 .0013, Table 3-3). A SNK test revealed significantly lower height for 

plants in Sheean compared with the other two populations (Figure 3.8).

Table 3-3. ANOV A results of flowering stems height per position nested in population over two years 2005 and 
2006

Source SS DP MS F P

population 997.4815 2 498.7407 24.62 0.0013

Position(population) 121.5556 6 20.2593 1.36 0.2575

year 2.6667 1 2.6667 0.66 0.4474

Population X year 33.7778 2 16.8889 4.18 0.0728
Year X Position(population) 24.2222 6 4.037 0.27 0.947

RES 536.6667 36 14.9074

Total 1716.37 53
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S h eea n Bellacorick Barroosky

Figure 3-8.1Vlean height of flowering steins across each of the flushes Sheean, Bellacorick and Barroosky (±SE).

There were no other differences in plant height between populations. There were 

significant differences in the number o f  flowers reaching male phase and seed heads 

produced per quadrat among positions nested within populations (male phase: F6,36~ 2 .8 , 

p=0.0243; seed heads; F6,36=3.12, p=0.0145); SNK tests revealed that there were more 

male phase flowers and seed heads produced at the top o f  the flush in Sheean (p<0.05).

33.1  Pollination Experiments

Capsule formation was observed in all treatments suggesting that self-fertilisation and/or 

Agamospermywas occurring. However no seed were recorded in capsules from the 

Autogamy or Agamospermy treatments. Data for these treatments are therefore omitted 

from all further statistical treatments.

Due to damage and loss o f  cages, a smaller sample o f  data was available for analysis than 

planned. To compare pollination treatments, to balance the experimental design, five or six 

samples per treatment were analysed.

There was a significant difference between treatments (F2, n = 8.27, P =0.005, Table 3.4, 

Figure 3-9). Geitonogamy has a significantly lower seed set than either Xenogam y 

treatments (SNK p<0.05), although neither Xenogam y treatments differed significantly  

from each other.
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Table 3-4. ANOVA results of pollination treatm ents, Geitnogamy, Xenogamy between sites and Xenogamy from 

Sheean.

Source SS DF MS F P
Treatments 352.9333 2 176.4667 8.27 0.0055
Residual 256 12 21.3333
Total 608.9333 14
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Figure 3-9. Comparison of seed set from (ieitnogamy, Xenc^amy and Xenogamy between sites treatm ent in S. 
hirculus (n =5). There was no seed set in Autogamy or Agamospermy treatments.

A significant difference was found between open pollination and those flowers that were 

open pollinated and had pollen supplemented (one tailed t- test P =0.037, Figure 3-10). 

This higher seed set with pollen supplementation implies that this population may be 

pollen limited.
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Figure 3-10. Comparison of seed set from untreated open pollinations and pollen supplemented open pollination in
S. hirculus at Sheean (n=6).
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3.4 Discussion

Although S. hirculus reproduces clonally by means of rhizomes, genetic studies (see 

Chapter 4) show that sexual reproduction is occurring and the pollination studies 

conducted here confirm that S. hirculus sets seed and is primarily outcrossed. Any 

assumptions, therefore, that the plant exists largely as clones in Ireland with limited sexual 

reproduction can be discounted.

Phenology

The flowering season for S. hirculus in Mayo lasts approximately 5-6 weeks starting in 

mid-July and ending in early September. This differs to that in Denmark where the 

flowering season begins in early June and ends in mid-August (Olesen and Wamcke, 

1989b). Meteorological data obtained from Met Eireann (Figure 3-4 and 3-5) may explain 

this disparity. Mean soil and air temperatures, mean rainfall and solar radiation levels show 

some interesting trends. The flowering times as recorded in this study correspond with the 

highest mean air and soil temperatures. The highest solar radiation levels and lowest 

rainfall levels are seen just at the beginning o f flowering. The main flowering occurs just at 

the beginning of the reduction in the former and increase in the latter. Whether these 

conditions are optimal for the floral stem growth or if they are responding to the optimal 

time for the pollinators is unknown. Studies on pollinators of S. hirculus in Denmark list 

the most common pollinators as belonging to the order Diptera family Syrphidae, followed 

by Lepidoptera and Coleoptera (Olesen and Wamcke, 1989b, Olesen and Wamcke, 

1989c). Pollinator studies were not conducted here but a great many Diptera and some 

Lepidoptera were observed. Small ants (Hymenoptera; Formicidae) were also regular 

visitors but have been reported as nectar thieves rather than aiding pollination in other 

species. Indeed they may often reduce seed production by damaging the plant (Galen and 

Butchart, 2003). Bomhus spp. were seen on site only twice during the course of the study 

but were observed visiting the open S. hirculus flowers and appeared to show a marked 

preference for the species. Small flies (midges) were often observed on the flowers. This is 

also commented on by Olesen (1989) and may have more relevance in Ireland where 

hoverfly activity was not particularly observed.

In Denmark, 5. hirculus flowers have a male phase of 9 days and a female phase of 3 days 

(Olesen and Warncke, 1989b). Since my study involved weekly visits to the sites, such 

detailed observations are not possible. However if an equally long male phase was 

occurring in Ireland, the recording of the male phase on more than one occasion for an
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individual stem would have been expected. This only happened in 6 individuals over the 

two years. It is possible, however, that the length o f floral phases may differ in response to 

system-specific conditions such as nutrient levels etc and/or a corresponding variation 

across a species distribution area (Janzen, 1985, Olesen and W amcke, 1989b), as with the 

timing o f the flowering season. A more in-depth study o f  a single population using daily 

observations may help answer such questions.

Pollination treatments

In isolated populations, like those o f S. hirculus, inbreeding is a very real risk and can 

place such populations in danger o f extinction. Inbreeding can cause a loss in reproductive 

fitness due to increased homozygosity (Liao and Reed, 2009) and can lead to an increase in 

rare and deleterious alleles (Frankham, 2008). This can have important consequences for 

associated conservation policies (W amcke, 2003).The Bateman principle (Bateman, 1948) 

argues that the male fitness is often restricted by access to females while the female fitness 

is often restricted by access to resources. This theory was proposed based on Batem an’s 

work with Drosophila and may need some modifications when dealing with plants for 

example, Burd (1994) argued “in plants the adequacy o f  male 'search fo r  fem ales is not 

certain"". The reliance o f plants on a vector such as insects or wind makes this search 

somewhat uncertain.

The investigation o f pollen limitation in 5”. hirculus demonstrates that there is a significant 

difference in seed production as a result o f pollen supplementation compared with open 

pollination. Pollen limitation can occur due to limitations in either the quantity or quality 

o f the deposited pollen (Aizen and Harder, 2007). However the results obtained here 

suggest that quantity o f pollen and by inference, below optimal pollinator activity, is at 

least partially to blame. Indeed in a recent review as many as 62-73%  of plant populations 

investigated showed pollination limitation (Potts et al., 2010b). A larger experiment with S. 

hircidus across a number o f sites including more replicates may build on this. Seed 

viability studies did not form a part o f this study and would be recommended for future 

studies.

A significant difference was found in seed set between both xenogamous treatments and 

the geitenogamous treatment, the latter producing almost no seed. Thus self incompatible 

mechanisms appear to prevent self-fertilisation among flowers on the same individual plant 

in S. hirculus, in addition to within-flower protandry as a mechanism to avoid self-
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fertilisation. Protandry can often be “incomplete” with temporal overlap in the sexual 

phases, and if pollen is not removed by insects, anthers can retain some pollen into the 

female stage (Mallick, 2001); this could result in the occurrence of autogomous deposition 

of own pollen and potentially result in ‘environmentally induced selfmg’ (Mallick, 2001, 

Lloyd, 1992). However, in S. hirculus, no seed were produced in the autogamy treatment, 

either because of “complete” protandry, or due to the self incompatible mechanisms of this 

species. In some species, selfmg can occur as a response to pollinator scarcity, to ensure 

some reproductive output. As S. hirculus can successfully reproduce clonally by vegetative 

means, self fertilization and the production o f selfed seed which may or may not grow into 

seedlings is urmecessary. There was no difference in seed set following cross pollination 

between Barroosky and Sheean (Xenogamy between sites) suggesting that there is no 

increase in seed quantity with long-distance outcrossing, though there may be impacts on 

seed quality. Germination and subsequent fitness of seeds would need to be assessed to test 

this. In Denmark, there is evidence for inbreeding depression in populations of S. hirculus 

(Dahlgaard and Wamcke, 1995).

Variability among sites

Sheean is located a relatively undisturbed tract of intact blanket bog and boasts the highest 

density o f flowering stems but also the highest loss o f stems of the three sites. High 

stocking levels o f sheep on the blanket bog are thought to be a cause of flowering head 

loss. Sheep are also actively grazed on Barroosky, but this site displayed the lowest 

flowering stem loss of the three sites (Table 3-1). This is surprising and indicates that there 

are other important variables accounting for seed head loss apart from the anticipated one 

of sheep grazing. Pathogens or insects may be possible factors. A study in Denmark 

reports the importance of slugs in causing flower head loss (Olesen and Wamcke, 1990).

Both Bellacorick and Barroosky have been disturbed in the recent past. Bellacorick is in 

the middle of blanket bog formerly exploited for commercial peat extraction. The 

discovery of significantly fewer flowering stems at the lower end o f Bellacorick may be a 

consequence of the flush drying out. Although the drains have been refilled and the site left 

to regenerate, it will take some time to return to a natural state, if  indeed this is possible. 

Barroosky has been used for agricultural purposes and was still being disturbed by the 

driving of large vehicles (tractor) during the course of this study. A recent review (Eckert 

et al., 2009) of studies comparing the proportion of seeds outcrossed between disturbed
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and undisturbed habitats found a significantly lower level in disturbed habitats than 

undisturbed habitats. Therefore outcrossing appears to be adversely affected in disturbed 

sites. This held true even in cases when plants were self incompatible as is the case with 

the Irish S. hirculus. This suggests that human disturbance often alters mating patterns in 

plant populations and/or pollinator assemblage or behaviour (Klank et al., 2010). This is an 

important conservation consideration given the near pristine conditions of the smaller S. 

hirculus sites in Mayo and developments such as forestry and wind energy.

Although new sites have been discovered for 5. hirculus it remains vulnerable to stochastic 

effects such as climate change, pollinator numbers and their composition. Agricultural and 

industrial practices, such as peat extraction, have affected the distribution of this species in 

Ireland.

3.5 Conclusion

In conclusion, Irish 5. hirculus is primarily outcrossed, seed set appears pollen limited and 

is not improved by bringing in pollen from outside sites. Density of flowering stems is 

highest in Sheean which is considered a relatively pristine site. Although the high loss of 

flowering stems would indicate grazing may be adversely affecting sexual reproduction. 

From a conservation management point of view it is important that a balance of grazing 

levels is obtained to optimally manage the S. hirculus populations.
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4 Conservation Genetics of Saxifraga hirculus

4.1 Introduction

Conservation genetics has become a major field for studying biodiversity. It encompasses a 

variety of fields including population genetics, systematics, evolutionary biology and 

phylogeography. Conservation Genetics (Kluwer Academic Publishers), a relatively new 

journal that is entirely devoted to this topic, was first published 2000. The International 

Union for Conservation of Nature (lUCN), the world’s largest and oldest environmental 

NGO, recognises genetic diversity as one of the three forms of biodiversity deserving 

conservation (Reed and Frankham, 2003). However in a review of the importance of 

genetic diversity in International Conservation Policy (Laikre, 2010) it is highlighted that 

the lack of specific programmes or other initiatives that deal specifically with genetic 

diversity is a concern when it comes to applying theory to practice.

Rare plant vulnerability

In order to respond and adapt in response to stochastic or human induced change such as 

habitat destruction and habitat fragmentation (Tilman et al., 1994, Hanski and Ovaskainen, 

2000), sufficient exploitable variation must exist within an organism’s gene pool. In 

comparison to widespread species, rare and endangered species often display a reduced 

and impoverished genetic variability (Zawko et al., 2001, Ellstrand and Elam, 1993, Reed, 

2005). If, due to habitat fragmentation and isolation, no new alleles are introduced into a 

population, homozygosity will increase within this population as a result of close-relative- 

mating or the occurrence of allele fixation (Vandewoestijne et al., 2008, Oostermeijer et 

al., 2003). These developments can place rare species in a precarious position.

Breeding system and seed dispersal vulnerability

Life history traits (e.g. breeding system and seed dispersal mechanisms) can affect genetic 

diversity (Hamrick and Godt, 1996) and is an expanding area of research which has led to 

the establishment of the LEDA “Traitbase” (Knevel et al., 2003). With the aim of aiding 

large scale analysis of community functional responses to changes (Kleyer et al., 2008), the 

Traitbase gathers information on species persistence, regeneration and dispersal in 

northwest Europe. In relation to reproduction, many plants utilise both sexual and 

vegetative reproduction (Richards, 1997) although the role of both can vary in response to 

genetic and/or environmental factors (Eckert, 2001). Many studies demonstrate that levels 

of sexual recruitment do not have to be high in order to maintain genetic diversity (Stehlik
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and Holderegger, 2000, Watkinson and Powell, 1993) and clonal reproduction can play a 

significant role in maintaining the level and pattern of genetic diversity (Goertzen and 

Boyd, 2007). Investigations into the pollination biology o f S. hirculus (Chapter 3) 

demonstrate that individuals of the species are primarily outcrossing and appear to possess 

a partial genetic barrier to self-pollination (Wamcke, 2003). Seed dispersal appears to be 

primarily gravity led although herbivore dispersal may be a factor (Olesen and Wamcke, 

1990).

Molecular markers

One of the main objectives of population genetics is to quantify the amount of genetic 

variation within a species; but in practice it is impossible to study all loci. The genomes of 

angiosperms can contain anywhere from 20000 genes upwards (Sterck et al., 2007) and 

contain huge numbers of base pairs. For example, Arabidopsis thaliana has a small 

genome relative to several other angiosperms, but still contains 157 Mbp o f DNA. 

Furthermore, populations of plants under research can contain many thousands of 

individuals. For this reason a sampling regime must be developed and a subset of the 

individuals and their loci studied by a selected method. In order to study genetic diversity 

molecular markers are often considered superior to other methods, such as biochemical 

assays (Bahrman et al., 1999), as they can identify variations to a much higher degree and 

are fundamentally genetic. The use of PCR (Polymerase Chain Reaction) enables the 

speedy measurement of even the smallest of DNA samples. For a study in plant diversity 

the marker system used should be accurate, robust, reproducible, informative, cost 

effective and result in data that is easily inputted in a database and appropriate for 

automation (Hodkinson et al., 2002, Karp, 2002, Mba and Tohme, 2005).

AFLP (Amplified Fragment-Length Polymorphism) is a PCR based DNA fingerprinting 

technique which is now widely in use for conservation genetics (Meudt and Clarke, 2007) 

and numerous studies have been published utilising AFLP in order to assess genetic 

diversity in plants (Smith and Waldren, 2010, Tatikonda et al., 2009, Mba and Tohme, 

2005, Gaudeul et al., 2004). Earlier DNA fingerprinting techniques such as Restriction 

Fragment Length Polymorphism (RFLP) and Random Amplification o f Polymorphic DNA 

(RAPD) had a number of associated problems. With RFLP, for example, the need for large 

amounts of DNA often rendered it unsuitable for the study of rare or threatened species. 

The sensitivity of RAPD to a variety o f factors such as magnesium concentration in the
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PCR buffers or the thermocycler used for PCR (Lin et al., 1996) could cause doubt on the 

reproducibility o f results.

AFLP on the other hand only requires a small amount of DNA, typically 250mg, and gives 

highly reproducible results. The technique, developed by Vos and co-workers (1995), 

requires no prior knowledge of the genome under investigation. The presence or absence of 

amplified restriction fragments are detected. The freedom of AFLP from these problems 

has led to its popularity in the conservation field.

Conservation management

S. hirculus is now confined to the NW comer of the Republic of Ireland and one small 

population in Northern Ireland. Fragmented and declining populations are thought to be at 

risk of random genetic drift resulting from inbreeding within populations, and thus possess 

low levels of genetic diversity (Ellstrand and Elam, 1993). In order to maintain the long

term viability of small populations, gene flow among populations is necessary. By 

counteracting genetic drift and spreading advantageous genes, gene flow maintains local 

genetic variation. From a conservation management point of view this functional 

connectivity o f populations across landscapes is essential.

Aims

A number of research questions were addressed in the course of this study.

• What is the degree of genetic differentiation within and between the individual 
populations?

• What is the extent, if  any of gene-flow that has occurred or occurring between the 
populations?

• What is the level of clonality in a specific S. hirculus population?
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4.2 Methods

42.1  Field sampling

Ten samples were collected from all 13 known extant populations in Ireland during the 

summers o f 2004 -  2006. Twelve o f the population sites are in Co. Mayo (see Figure 4-1), 

including four from what is likely to be a meta-population situated at Sheean, and the 

remaining one is in Co. Antrim. In the Mayo sites, an entire ramet was collected due to the 

small size o f the leaves (anywhere between 0.5mm and 2mm). This made it possible to 

repeat extractions on the same sample, when necessary. In Antrim, where the individuals 

were more limited, four leaves were collected from each ramet (21 rhizomes in total). The 

number o f samples (10) collected from each population was low due to the rareness o f the 

plant and to ensure samples could be collected from each known site. Each sample was 

carefully inspected to ensure it was free from other plant material, peat, infestation or 

disease and then preserved immediately in Type III silica gel (Chase and Hills, 1991). The 

use o f silica gel prevents the degradation o f DNA by quickly removing the moisture from 

the plant tissue. A voucher specimen was also collected from sites and lodged with the 

Trinity College Herbarium (TCD).

Bellacorrick

LarganB

LarganA
•Formoylt

Sheann D;Sheann A 
Sheann B 

Sheann C

Figure 4-1. Map showing locations of genctic material which was analysed in this study.
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1. Estimation o f diversity between and within sites

Ten samples were collected randomly from each site. Replicates were run through the 

analysis to assess the reliability o f  the methods and results.

2. Estimation o f clonality

In order to estimate the level o f clonality in the S. hirculus populations, 40 samples were 

collected from a 5m by 8m grid in the Barroosky site during the summer o f  2009 (Figure 

4-2). A sample was collected from the centre o f  each Im  quadrat and rapidly dried in 

silica gel, in a sealed collection bag. Sample 34 was run through the analysis twice to 

measure experimental and scoring error (Q34 and Q34.2). The vegetation height and 

number o f  S. hirculus rosettes in each quadrat were also recorded.

Bog

Top o f 

Flush
1 2 3 4 5

6 7 8 9 10

11 12 13 14 15

16 17 18 19 20

21 22 23 24 25

26 27 28 29 30

31 32 33 34 35

36 37 38 39 40

Water flow

T

8m
r

■<— 5 m ^

Figure 4-2. Grid showing the distribution of samples taken for clonality assessment.

4 2 2  DNA extraction

In order to optimise the reliability and quality o f  genomic DNA two different extraction 

methods were trialled:
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1. A modified CTAB (hexadecyltrimethylammonium bromide) extraction method 
modified from (Doyle and Doyle, 1987); and

2. DNeasy*^ Plant Mini Kits (Qiagen LTD UK).

Samples of total DNA from both extraction techniques were compared using gel 

electrophoresis. The quantity of DNA was measured by the intensity of the florescence and 

the quality by the sharpness of the band. Samples from two sites (Aghoo and Garon) did 

not produce viable DNA on extraction and so are not included in the analysis.

4.2.2.1 Protocol fo r  CTAB extraction

For each sample, 10ml of 2X CTAB extraction buffer (see below) in a 30ml centrifuge 

tube was preheated to 65°C in a water bath. Prior to use Mercaptoethanol (40|j,l) was added 

to each tube. The silica gel-dried leaf material was added to a small amount o f the 2X 

CTAB buffer in a preheated pestle and ground with a mortar into a smooth mix or slurry 

until no visible leaf fragments were left. The mixture was then poured back into the 

centrifuge tube and incubated in the water bath at 65° C for 10 minutes with frequent 

mixing.

10ml o f Cl (24:1 chloroformiisoamyl alcohol) was added to each tube, mixing by 

inversion. To release any gas build-up the lid o f each tube was loosened before being 

placed on a AGB 1000 shaker for gentle mixing. The tubes were then centrifuged at 4000 

ref on a MSE Harrier 15/80 centrifuge for 10 minutes. The uppermost aqueous layer, 

which contains the DNA, v/as transferred to a universal specimen tube and an equal 

volume of isopropyl alcohol added. The samples were then stored in a freezer at -20°C for 

a minimum of 24 hours to further precipitate the DNA. The samples were removed from 

the freezer and then centrifuged at 2000 ref for 10 minutes to pellet the DNA. The 

supemantant was drained off and discarded. 3ml of 70% ethanol was added to the tubes 

and gently mixed. Samples were centrifuged again for five minutes at 2000rcf to re-pellet 

the DNA. The tubes were inverted and placed on paper towels for 15 -  20 minutes to drain 

excess ethanol and positioned in a fume cupboard for 30 minutes until all the ethanol 

evaporated. The DNA pellets were then suspended in 0.5ml of TE buffer, transferred into 

1.5ml microcentrifuge tubes and stored at -20°C.
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2X CTAB extraction buffer

The components of the buffer have different functions:

1. CTAB is a cationic detergent, which solubiUzes membranes and forms a complex 
with DNA,

2. EDTA inhibits the action o f metal-dependant enzymes, and
3. Mercaptoethanol reduces the effects of polyphenols, quinines and tarmins.

The buffer has a pH of approximately 8 and when heated to 65°C, avoids the optimum 

conditions for DNases and other degradative enzymes.

QIA GEN DNeasy Plant Mini kit

All operations were carried out as per the protocol supplied by the manufacturer with the 

following modification. 80)j,l o f Buffer AE (not 100)al as recommended in the kit 

instructions) was added to each tube to elute the purified DNA.

80|o,I o f elution buffer (Buffer AE) per sample were added to a 1.5ml microcentrifuge tube 

and placed on a heating block at 65 °C. For each sample, approximately 1.5mg o f dried 

leaf material was placed in a 1.5ml microcentrifuge tube. A carbide bead was added to 

each sample then the tubes were shaken on a Retsch MM 300 mixer mill rack for 2 

minutes at 30 Hz to produce a fine powder. 400|o,l of lysis buffer (Buffer API) and A\i\ of 

RNAase were then added to each tube and incubated for lOminutes at 65 °C, mixing 

periodically.

130|j.l of precipitation buffer (Buffer AP2) was added to each tube and the samples were 

placed on ice for 5 minutes. They were then centrifuged for 5 minutes at 13,000 rpm to 

spin down the precipitates. The supernatant from the tubes was transferred to labelled 

QIAGEN shredder spin columns and centrifuged at 13,000 rpm for 2 minutes.

The lysate, which had settled in the bottom of the tubes, was transferred to clean 1.5ml 

tubes and the approximate volume recorded. Binding buffer (Buffer AP3/E) was added at 

1.5 times the recorded volume of lysate for each sample and mixed by pippetting. 650|il of 

the lysate and buffer mix was pippetted into DNeasy spin columns and centrifuged at 9,000 

rpm for 1 minute. The flow through was discarded and the extra remaining sample and 

buffer mix was added and centrifuged at 8,000rpm for 1 minute. The remaining flow 

through was discarded.
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Protocol fo r  the further purification o f total genomic DNA

The spin column containing the total genomic D N A  was placed in a new  2ml tube and 

500^1 Buffer AW  (wash buffer) added. This was centrifuged at 9000rpm for 1 minute. The 

flow  through was discarded and the collection tube reused. Another 400|al o f  Buffer AW  

was added to each tube and then centrifuged for 2 minutes at 13,000rpm to fully clear the 

membrane o f  any remaining ethanol. The DNeasy column was transferred to a 1.5ml tube 

after ensuring no ethanol remained on the underside o f  the spin column. 50)j,l o f  Buffer AE 

(preheated to 65°C) was added to each tube to elute the purified DNA. The tubes were 

allowed to incubate at room temperature for 5 minutes and centrifuged again at 8,000rpm  

for 1 minute. The spin cartridges were discarded and the samples were labelled and stored 

in a freezer at -20°C.

4.2.2.2 DNA quantification

4.2.2.2.1 Gel electrophoresis

A crude assessment o f  the quality and quantity o f  each total D N A sample was determined 

using electrophoresis on a 1.2% agarose gel containing ethidium bromide stain (stained 

DNA fluoresces in the presence o f  UV light). This was done under the assumption that 

there is a direct correlation between the amount o f  D N A  present and the degree o f  

fluorescence.

4.2.2.2.2 Spectrophotometer

A second assessment was carried out using an Eppendorf B io Photometer 

(spectrophotometer). The machine was first blanked using 5| 1̂ o f  TE and 95 |al o f  ultrapure 

H2 O in a plastic disposable cuvettte. Each individual sample o f  5 |il o f  D N A  and 9 5 (il o f  

distilled H 2 O was then measured, again in disposable cuvettes.

Nucleic acids have an absorption maximum at 260nm, however most samples contain 

proteins and single stranded DNA/RNA that absorb maximally at 280nm. The quantity o f  

DNA was estimated from the rate o f  absorbance at 260nm, and the purity o f  each sample 

was assessed by the ratio o f  absorbance at 260nm and 280nm.
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4.2.2.3 Amplified fragment length polymorphisms (AFLP)

The AFLP reactions carried out in this study used the Applied Biosystem s AFLP Plant 

Mapping Kit for regular size genomes with some modifications to the original protocols 

(Vos et al., 1995) which are documented below. All reaction volumes used were halved. 

When making the master m ixes, 10% extra volume was added to allow  for pipette error. A 

negative and positive control was used in each set o f  reactions. Distilled H2O was added, in 

place o f  DN A, to the negative control and used to detect any contamination that might 

have occurred. The positive control was from a D N A sample which has given a clear and 

consistent fingerprint in the past, allowing the success o f  the reaction to be verified. The 

digestion and amplification stages were carried out in a Gene Amp 9700 Thermocycler 

(Applied Biosystem s).

The AFLP Process is detailed through each step below.

Step 1 Restriction-ligation reaction

Genomic D N A  (isolated and purified as described above) was digested with a pair o f  

restriction enzym es, in this case M sel and EcoRI. EcoRI, the rare 6-base cutter, recognises 

5' -G A ATTC-3' and cleaves after the 5'G while M sel, the frequent 4-base cutter, 

recognises the 5'TTAA-3'and cleaves after the first 5'-T. Specific oligonucleotide adaptors 

were then ligated to the overhanging sticky ends produced by the restriction enzymes. The 

restriction and ligation reactions were carried out simultaneously in the same tube under 

incubation for 2hrs at 37°C  as outlined below.

1. Annealing adaptor pairs
The two tubes o f  M sel adaptor pair (100 Units per |u,l) and EcoRI Adaptor Pair (100 Units

per |j,l) were defrosted on ice and the required volum es for the number o f  reactions were 

pipetted into 0.2ml tubes (0.5 |il per samples plus 10% extra for pipette error). The tubes 

were heated at 95 °C  for 5 minutes and then allowed to cool at room temperature in a 

styrofoam box over a 10 minute period while making the master mix.
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2. Preparation of master mix 1
The required muhiple o f the following "per sample” reagents (plus 10% extra for pipette

error) were combined in a sterile 0.2 ml microcentrifuge tube:

Master mix 1 One sample

lOx T4 DNA hgase buffer with ATP 0.05|j,l 

O.SMNaCl 0.05 |il

Img/ml BSA 0.025 ^1

Msel 0.01 |J,1 (0.5units)

EcoRI 0.025 1̂1 (2.5 units)

T4 DNA Ligase 0.017 |il (5units)

Water_______________________________ 0.323 ul

Total 0.51^1

The master mix was then spun down in a micro centrifuge for 10 seconds at 1400g and 

stored on ice until ready for use.

3. Preparing restriction-ligation reactions
The required multiple o f the following ”per sample” reagents (plus 10% extra for pipette

error) were combined in a sterile 0.2 ml microcentrifuge tube:

Master Mix 2 One Sample

lOx T4 DNA ligase buffer with ATP 0.5^1

O.SMNaCl 0.5^1

Im g/m lB SA  0.25^1

MSI Adp 0.5 îl

EcoRi Adp 0.5|il

M M l___________________________________ M mL

Total

2.75|o.l o f this mixture was then added to 2.75|j.l o f total DNA per sample, mixed 

thoroughly and then placed in a microcentrifuge for 10 seconds at 1400 g. The samples 

were then heated to 37°C for 2 hours -  a thermal cycler with heated cover lid was used so
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that evaporation did not lead to EcoRI* activity (i.e. cutting randomly in addition to cutting 

at specific sites).

D. Diluting the restriction-ligation product

94.5 }xl o f  TEq I buffer' was added to each product and mixed. The diluted restriction-

ligation products were then stored at 2-6°C for up to 1 month, or at -15 to -25°C for longer 

than 1 month.

Step 2. Amplification of target sequences

Two PCR reactions were carried out, namely a preselective amplification and a selective 

amplification.

a) Preselective Amplification

The preselective PCR used primers provided in the kit and amplified a subset o f the 

fragments, reducing them approximately 16 fold.

New PCR tubes were labelled and l|j.l o f diluted restriction-ligation products added. The 

required multiple o f the following “per sample” reagents (plus 10% extra for pipette error) 

were combined in a sterile 0.2ml microcentrifuge tube:

Master mix One Sample

AFLP preselective primer pairs 0.25)0,1

[Preamplification Primer]

AFLP Core Mix 3.75^1

Reagents
TE 0.1 Buffer: 1 ml IM TrisHCl (ph8), 40)01 o f  0.25m EDTA. Make u to 100ml with ultrapurewater. 
AFLP Am plification core mix: Applied Biosystems AFLPl amplification core mix containing buffer, 
nucleotides and Amplitaq DNA Polymerase
T4 DNA Ligase buffer: 300mM Tris-HCL (ph7.8), lOOmM MgCb, lOOmM DTT and 10 mM ATP 
Formamide: 98% formamide, 10 mM EDTA, bromophenol blue, xylene cyanol
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4jj,l Master Mix were added to the 1 [ildiluted restriction-ligation DNA. 

The PCR was run with the following temperatures and times (Table 4-1).

Table 4-1. PCR tem peratures and time durations

No of Cycles

1 2mins at 94*̂ C

30 30secs at 94^C 30secs at 56^C 2mins at 72°C

1 lOmins at 72^C
1i 4°C forever

For the verification of successful amplification 4jil o f sample was run on a 1.2 agrose gel. 

The remaining product was stored at 2-6°C.

b) Selective Amplification

The 5 )il product from preselective amplification was diluted in 95 |j.1 TEq.i buffer and 

stored at 2-6 degrees until needed. Samples were mixed thoroughly and then spun down in 

the micro centrifuge for 10 seconds at 1400g.Three new sets of PCR tubes were labelled, 

one for each primer pair combination. From the diluted preselective amplification 1.5 |al 

per sample was pipetted into new PCR tubes. The following master mix was prepared for 

each primer pair and 8.5|o.l added to each sample.

Master Mix One Sample

Msel primer 0.5 |j.l

EcoRI dye primer 0.5 |j.l

AFLP Core Mix 7.5 [j.1

The PCR was run with the following temperatures and times (Table 4-2).
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Table 4-2. PCR tem peratures and time durations

No of Cycles

1 2mins at 94**C

13 30secs at 94*̂ C Im inat 66- 56C* Imins at 12^C

23 30secs at 94°C 

1 Omins at ll^C  

4*̂ C forever

Imin at 56C Imins at 72°C

*in decreasing increments

The final product was stored at 2-6°C.

Primer selection

In total the AFLP screening kit from Applied Biosystems has sixteen primers. Of these, 

eight are labelled (EcoRI) and eight are unlabelled (Msel) giving a possible 64 primer 

combinations. A number of these combinations were trialled with eight samples of S. 

hirculus individuals from various locations (Table 4-3). The eight samples of S. hirculus 

were selected based on the range of DNA concentrations present across all samples. This 

was done to see if the differences had any influence on banding strength produced. 

Fortunately, it was possible to choose three primers labelled with a different colour, such 

that the combined AFLP profiles could be run in a single analysis. The EcoRI primers were 

fiuorescently labelled with NED (yellow), JOE (green) and FAM (blue) to allow peak 

identification.

T ab le  4-3 .  P r im er  c o m b in a t io n s  trialled

Fluorescent label Primer combination
FAM EcoRI ACA Msel CAC
FAM EcoRI ACA Msel CAT
FAM EcoRI ACA Msel CTG
FAM EcoRI ACT Msel CTA
FAM EcoRI ACT Msel CTC
JOE EcoRI AAG Msel CTC
JOE EcoRI AGO Msel CAA
JOE EcoRI AGG Msel CAT
JOE EcoRI AGG Msel CTG
NED EcoRI AAC Msel CTC
NED EcoRI AAC Msel CTT
NED EcoRI ACC Msel CAG
NED EcoRI ACC Msel CAT
NED EcoRI AGC Msel CTG
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Following assessment and based on their ability to produce clear reproducible banding 

patterns, the most suitable primer pairs were selected.The three primer pairs selected are 

given in Table 4-4.

Table 4-4. Primers and their end sequence as chosen for the AFLP analysis of Saxifraga hirculus.

EcoRI Primer Mse I primer

FAM EcoRlACA MselCAC

JOE EcoRlAGG Mse 1 CAT

NED EcoRl ACC Mse 1C AG

Once the successful primers had been chosen, all samples were processed following the

laboratory methods outlined above. The selective amplification products were added to

0.5ml tubes in the following amounts:

0.6 1̂1 Blue [FAM-labeled] products

0.8 |j.l Green [JOE-labeled] products

1.3 |il Yellow [NED-labeled] products

A loading buffer was prepared for each tube and 25|J.ladded to each sample.

Loading buffer Per sample

Formamide 24.5 [0,1

Genescan 400HD [rox] size standard 0.5|o.l

The samples were then heated at 95°C for 5 minutes to allow denaturing to take place, 

followed by Sminutes on ice. Samples were mixed thoroughly, spun down in the 

microcentrifuge forlO seconds at 1400g, before loading on an Applied Biosystems 

automated capillary sequencer, AB3130x1.
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4.2.3 Analysis

4.2.3.1 Band scoring

The samples were analysed using Genemapper v 4.0 (Applied Biosystems). The fragments 

were visualized as electropherograms and bands ranging in size from 50bp to 400bp were 

scored manually as presence or absence (1 or 0) characters. Genemapper offers the ability 

to do this automatically but high rates o f misaligned peaks and missing peaks were 

observed when attempting to use this feature. Blind scoring (no prior knowledge o f the 

samples origin) was used to prevent bias and weak unreliable bands were removed before 

analysis. A negative and positive control was used in each set o f reactions. Distilled H2O 

was added, in place o f DNA, to the negative control and used to detect any contamination 

that might have occurred. The positive control was from a DNA sample which has given a 

clear and consistent fingerprint in the past, allowing the success o f the reaction to be 

verified.

If samples produced no or weak bands, the entire AFLP protocol was repeated until, where 

possible, reliable results were obtained. The total number o f samples for which good 

quality, reliable electropherograms were obtained and analysed is shown in Table 4-5.

Table 4-5. The total num ber o f sam ples used across the populations.

Population No. Population Name Abbreviation No o f  Samples

1 Barroosky Barr 10

2 Bellacorick Bell 10

3 Formoyle For 10

4 Largan Mor A LMA 9

5 Largan Mor B LMB 9

6 Sheskin Shk 10

7 Sheean B ShB 9

8 Sheean C ShC 10

9 Sheean D ShD 10

10 Sheean A ShA 10

11 Uggool Ugg 10

Total 107

The resulting allele presence/absence (1/0) matrix per sample was then imported into Excel

2007 and statistical analysis carried out using a number o f  different packages to compare

results under different parameters. With all packages a number o f permutations o f the full

dataset were carried out to see if  they improved the resolution o f results.
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• the original data,
• the original data minus any bands under 100 base pairs, and
• the original data minus bands only scored in one or two samples.

4.2.3.2 Data analysis

4.2.3.2.1 Measurement o f genetic variation

Various statistical techniques have been developed to relate the information obtained from 

sampling to the populations as a whole. Three such techniques have been applied to the 

data obtained to reveal the hierarchical structure.

Three measures o f genetic variation were used.

A. % Polymorphic loci

The proportion o f polymorphic loci per site and for the population as a whole. This was 

calculated using Popgene version 1.32.

B. Shannon  ’5  Information index

s

H -  - 1  (P i In P i) 

i= l

Where p is the frequency o f the ith polymorphic marker

The Shannon index (Shannon and Weaver, 1949) is a diversity index used to measure 

diversity in categorical data. Used widely in biodiversity and also in gene diversity, it gives 

a measure o f a samples number and evenness o f abundances. This was calculated using 

Popgene 1.32. A high score will indicate high species richness and evenness while a low  

score will indicate a low species richness and evenness.

C  N ei’s Gene diversity (G st)

Gst is a genetic diversity statistic describing the differentiation o f populations. It is 

calculated based on the probability that any two randomly chosen alleles from a population 

are different (Nei, 1973). Therefore it is possible to apply this measure to haploid, diploid 

and polyploid organisms.

Gst = H t - H s  = Dst
Ht Ht
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Or

Gst = 1 - Hs
Ht

Where (Ht) is the total gene diversity, (Hs) is the mean within population gene diversity 

and (Dst) is the between population diversity.

4.2.3.3 Cluster methods

Cluster methods were used to visually represent the data and to generate optimal cluster 

tree topologies.

4.2.3.3.1 Neighbour joining and UPGMA

Neighbour joining (NJ) analysis (Saitou and Nei, 1987) and UPGMA (Unweighted pair 

group with arithmetic mean) (Sokal and Michener, 1958) dendograms of the populations 

were constructed using PAUP v 4 using the presence absence (0/1) matrix produced from 

Genemapper. Both are clustering algorithms which use a distance matrix. For both NJ and 

UPGMA, Nei-Li’s distance (Nei and Li, 1979) was used.

Nei -  Lei Genetic Distance= 2a / (2a + b + c)

Where;

1. a is the number o f  polymorphic fragments that are shared in two samples,

2. b is the number o f  fragments present in sample (i) and absent in sample (j), and

3. c is the number o f  fragments present in sample (j) and absent in sample (i).

Neighbour joining

NJ starts out with a star tree and a distance matrix is worked out between each node (Nei 

distance is used). Those closest are defined as nearest neighbours and this is done 

repeatedly until all of the nodes are paired together.

However NJ, unlike UPGMA, does not use assume a fixed rate of evolution - that all 

lineages evolve at the same rate and produces an unrooted tree (Li et al., 1987). In this case 

trees were drawn using midpoint rooting which bases the rooting on the maximum 

divergence in the dataset.
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UPGMA

UPGMA assumes a fixed rate of evolution i.e. clocklike evolution (Drummond and 

Rodrigo, 2000). A pairwise distance matrix is constructed and then each value is placed in 

own cluster, and the pairs of nearest clusters are merged into a higher cluster as one moves 

up the hierarchy. The resulting tree is ultra metric and presented in a rooted diagram.

Bootstrap analysis (histogram of the means) was performed on all the datasets for both NJ 

and UPMGA using 1000 replicates to gain support for the results obtained.

PCoA, NMS and cluster analysis

Principal coordinate analysis, NMS and cluster analysis were carried out using PC0RDv5 

to explore the relationships between the samples and sites. These analyses were carried out 

on a distance matrix derived from the original presence absence matrix using the 

Sorensen’s measure. In this instance the option to use Nei-Li distances was not given so 

Sorensen’s similarity coefficient (1948) was selected as it is identical to that of Nei-Li 

(1979) (Archibald et al., 2006). PCoA, using centroids derived from pairwise distances, 

was also carried out using (GenAlEx 6.3; Peakall and Smouse, 2006), an add-in created for 

Excel.

4.2.3.4 Differentiation Statistics 

Wright'sFZ/Ve/’̂ Gst statistic

Wright’s F -  the F statistic (also known as the fixation Index) can quantify the decline in 

heterozygosity due to subdivisions within a population. It is a fraction of the 

heterozygosity expected in the total population if all members of the population mixed 

freely and non-assortatively (Hartl, 1997). The allele frequency in the populations is also 

presumed to be in Hardy Weinberg equilibrium. The fixation index ranges from 0 

(indicating no differentiation between the overall population and its subpopulations) to a 

theoretical maximum of 1, although in practice the observed fixation index is much less 

than 1, even in populations that are highly differentiated. One method of calculating this is 

by employing Nei’s Gst statistic. Gstcan be particularly useful as it can be used for single or 

multiple loci. In addition mutation rates do not significantly alter the statistic, the exact
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number of populations need not be specified, and it is reasonably responsive to changes in 

allele frequencies over time. Although there are important differences in theory, in practice 

Fst and Gst are often used in similar situations as indices of genetic difference among 

populations (Crow, 1986).

Analysis o f M olecular Variance

Analysis o f molecular variance (AMOVA) was carried out to estimate the genetic 

differentiation within and among populations. AMOVA is a method for studying molecular 

variation within a species (Excoffier et al., 1992). AFLP analysis produces presence 

absence data. AMOVA operates by creating a distance matrix between samples in order to 

measure the genetic structure of the population from which the samples are taken. In 

statistical terms, AMOVA is a testing procedure based on permutational analysis involving 

few assumptions about the statistical properties of the data.

AMOVA separates and tests levels of genetic diversity in an analogous way to a 

hierarchical analysis of variance. There is diversity among groups of populations, among 

the populations within groups and among the individuals within a population. However the 

option to partition variation within individuals is only possible for codominant data. For 

AFLP data, where only a presence or absence can be recorded, it is assumed that each band 

refers to a locus with two alleles. Therefore, a bands presence infers a dominant 

homozygote (AA) or heterozygote (Aa), and the absence of a band infers a recessive 

homozygote (aa). So in this instance, it is the genotypic variance that is being examined, 

and not the variance of allele frequencies. For use with dominant data it must be assumed 

that the mating pattern is the same in all subpopulations.

Derived from analysis of variance (ANOVA), AMOVA differs in that it:

1. Can accommodate different evolutionary assumptions without modifying the basic 

structure of the analysis, and

2. Hypotheses are tested using permutational methods so that no Normal distribution 

assumption is required.
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The Phi statistics generated are correlated directly to F-Statistics (Cockerham, 1969, 

Cockerham, 1973).

This was carried out using (GenAlEx 6.3; Peakall and Smouse, 2006), an add-in created 

for Microsoft Excel.

Mantel tests

Mantel tests with 1000 permutations were carried out on a number of matrices to ascertain 

the level of congruence between them. This is done by creating two matrices, X and Y. 

The data in one (Y) is shuffled while the data in the other (X) remains unchanged. 

Repeated 1000 times a significance value can be obtained using the hypothesis Ho = 

(Rxy=0) and Ha = (Rx=>0).

Mantel tests were carried out on the following datasets using GenAlEx 6.3 (Peakall and 

Smouse, 2006);

• Datasets generated from different primer pairs

• Geographic and genetic distances
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4.3 Results

Using the primer combinations outlined below in Table 4-6, samples from all sites were 

analysed. Extractions from two sites Aghoo and Garron did not produce any DNA and 

were not included in the analysis. Marker size ranged from 50 to 350bp in length. Figure 

4-3 shows an electrogram of AFLP peaks.

Table 4-6. Primer combinations used and the number of bands generated for Saxifraga hirculus.

Primer Pair Primer

label

Total bands 

scored

Mean per 

Sample

Universal

bands

EcoRlACA/MselCAC FAM 74 25 3

EcoRlAGG/MselCAT JOE 80 29 7

EcoRlACC/MselCAG NED 149 47 0

All Primers 303 101 10

Figure 4-3 Electrogram of Aflp peaks for S. hirculus.

Mantel tests revealed significant correlations between primer combinations ACA/CAC and 

AGG/CAT (rxyO.524; P<0.01), AGG/CAT and ACC/CAG (rxyO.160; PO.Ol), but there 

were no relationships between primer combinations ACA/CAC and ACC/CAG (rxy0.013; 

P 0.350). However as the same individuals are used for each primer combination they are 

likely to give the same signal. On analysis of all separate and combined datasets in PAUP 

using Neighbour Joining and UPGMA the supported groupings were congruent. The much 

higher detailed division of groups in the NED EcoRl ACC/MselCAG dataset corresponds 

with the higher number of scoreable bands; 149 as opposed the 74 for FAM 

EcoRlACA/MselCAC and 80 for JOE EcoRlAGG/MselCAT. In addition no major 

alternate groupings were identified in either Neighbour joining or UPMGA giving further 

confidence to combine the datasets.
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43.1  Genetic diversity

The three measures o f diversity, % polymorphic loci (PPL), Shannon’s index and gene 

diversity were calculated using POPGENE v l.3  analysis and are shown in Figure 4-4.
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Figure 4-4. G enetic  d iversity  indices am ong  popu la tions.

The average DNA polymorphism in S. hirculus populations is 0.53 ± 3.47 but ranges from 

0.35 (Uggool) to 0.78 (Largan Mor A) within the individual populations. The Shannon’s 

index varied very little across all samples (0.12-0.24) with the one exception o f  Barroosky 

which gave a value o f  0.69. The same pattern was true for the genetic diversity where the 

range minus Barroosky was 0.1849-0.3623. Again with the exception o f  Barroosky the 

three measures o f diversity appear in relative proportion to each other. A significant 

positive correlation was found between all three (Spearmann rank correlation P<0.0001) 

(Table 4-7).

Table 4-7. Correlation coefTicients of the three measure of gene diversity (n=l 1)

Diversity measures
Correlation
coefficients

Significance

Proportion Polymorphic Loci vs. Shannon Index 0.964 P<0.0001
Shannon’s Index vs. Gene diversity 1.00 P<0.0001
Gene diversity vs. Proportion Polymorphic Loci 0.964 P<0.0001

The number o f private alleles in each population varied. There was none found in

Barroosky, Largan Mor B or Sheean C. Bellacorick, Formoyle, Sheean D, Sheean A had
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one each and Uggool had two. Sheskin and Sheean B had seven each while Largan Mor A 

had the highest at 12. There was no correlation between Nei’s genetic diversity and 

population size (Spearman’s rank correlation coefficient -.109, p = 0.75)

4 3 2  Genetic distance

The relationships between the 11 different populations from which DNA was obtained 

were calculated using a number of different statistical packages. The relationships were 

investigated on each primer combination separately and then on the entire data set. This 

was assessed using a variety o f methods; firstly, using Popgene software the genetic 

distance between populations was calculated (Table 4-8) and then a UPMGA dendrogram 

(Figure 4-5) was constructed from the resulting data.

T able 4-8. Genetic distance between the 11 populations based on Nei’s genetic distance (Nei, 1978).

Pop Barr Bell For LMA LMB Shk ShB ShC ShD ShA

Barr

Bell 0.0434 * * * *
For 0.0545 0.042

LMA 0.0178 0.0462 0.0556 ♦+ + +
LMB 0.0291 0.0767 0.0589 0.0379
Shk 0.0556 0.1503 0.1178 0.0568 0.0437 ♦ * ♦ ♦
ShB 0.0672 0.0501 0.036 0.0759 0.0742 0.1564 *♦**
ShC 0.0674 0.0336 0.0407 0.0616 0.0821 0.1587 0.0276 ****
ShD 0.0365 0.0219 0.0316 0.0445 0.0554 0.1292 0.0326 0.0222 * * * ̂
ShA 0.1184 0.0587 0.0614 0.1073 0.1457 0.2308 0.056 0.0496 0.0769 ***

Ugg 0.1465 0.1048 0.0609 0.149 0.147 0.2316 0.073 0.0747 0.1053 0.0522

Interestingly there is no evidence that the Sheean populations are a metapopulation 

although without an out group this cannot be stated definitively. Sheean A is genetically 

closer to Uggool than any of the other Sheean sites. Sheean B, C and D are genetically 

closer to Bellacorick and Formoyle than Sheean A.
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Group 1
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Figure 4-5. U PG M A dendrogram  show ing the relationships am ong populations based on N ei’s genetic distance.

Figure 4-5 shows a clear division between the populations with two distinct groups 

emerging. Group 1 is composed o f four populations, Barroosky, Largan Mor A, Largan 

Mor B and Sheskin, while Group 2 contains the remaining seven populations.

To investigate the relationships between all individuals further, UPGMA and Neighbour

joining analyses were conducted using the statistical package PAUP v4.0bl0  with

Nei& Li’s genetic distance. Figure 4.6 shows the dendrogram produced by UPGMA. This

shows a number o f samples from each site grouping together. In particular sites like

Sheskin, Uggool and Sheean A and Formoyle have 7 or more o f  their individuals grouping

together. When the individuals are colour coded by the two groups indentified in the Nei

UPGMA dendrogram analysis above (see Figure 4-5), a clear distinction can be seen with

the majority o f Group 1 placed in the upper group o f  the dendrogram. Only one individual

from Group 2 (Formoyle) falls out in the group containing mainly Group 1 individuals,

while a number o f Group 1 individuals are scattered throughout the rest o f  the individuals

group composed o f primarily Group 2 individuals. A Bootstrap analysis with 1000

replicates was then used to test the support for these divisions (Figure 4-7). This again
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divides the samples into two distinct sections with 100% support for the separation of 28 

individuals from the remainder of the samples. Of these 27 are from the populations 

identified as Group 1 (see Figure 4-2), namely Sheskin, Barroosky, Largan Mor A and 

Largan Mor B. The number of samples per population in the first group varies with the 

majority of Sheskin samples found here (9 out of 10) and only one of the Formoyle 

samples.

There is also one conspicuous outlier, LMA08. LMA08 was rechecked on the Genemapper 

electropherogram to see if an error had occurred there but this was not the case; it just 

appears that a very different genotype was detected.

Neighbour joining analysis was then carried out on the same data and the results of the 

analysis are shown in the phylogram in Figure 4-8. As with the UPGMA analysis bootstrap 

analysis was run with 1000 replicates to check the support for each division (Figure 4.9). 

Although some differences show up, such as the positioning of the former outlier LMA08, 

in the majority of cases the two main divisions of the data hold true with a 97% bootstrap 

support shown for Group 1. Neighbour joining groups LMA08 with ShA6 but there is no 

bootstrap support for this placement. NJ bootstrap positions LMA08 in the large Group 2 

polytomy.
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■ Group 1

■ Group 2

Figure 4-6. LPGMA dendrogram of the individuals from the 11 Irish populations of S. hirculus sampled, with 
individuals from the groups identified in the population level analysis (Figure 4.4) colour coded.
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■ Group 1

■ Group 2
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Figure 4-7. Bootstrap of UPGMA of the individuals from the 11 Irish populations of 5. hirculus sampled, with 
individuals from the groups identified in the population level analysis (Figure4.4) colour coded.
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Figure 4-8. Neighbour Joining phylogram of the individuals from the 11 Irish populations of S. hirculus sampled, 
with individuals from the groups identiHed in the population level analysis (Figure 4.4) colour coded.

101



- 60-

Group 1

Group 2

78

- 30-

-B « -

56

---------------- 59-----------------------------------------------------------

■-.3frCl 
■ i f ' 0 2  
? a r  rOd 
5 arrC 3

B ellO l
Bell02
Bell03
BellCM
BellOG
Bell07
BellOS
Beil09
BelM O
FOR02
FOR03
FOR04
FQR05
FOR06
FOR07
FOR08
FOR09
FOR10
LMA-D4
! VA06
ShA6
LMA/J9
LMAIQ
LMBJ2
LMBD6
LMB08
LMB09
SMK06
ShB01
ShB02
ShB03
ShB04
ShB05
ShB06
ShB07
ShBOe
ShB10
SheCOI
SheC02
SheCOS
SheC04
SheCOS
SheC06
SheC07
SheCOS
SheC09
SheCiO
SheDOl
SheD02
SheD03
SheD04
SheDOS
SheD06
SheD07
SheDOS
SheD09
SheDIO
ShAI
ShA2
ShA3
ShA4
ShA5
ShA7
ShA9
ShAS
ShAIO
UGG01
UGG02
UGG03
UGG04
UGG05
UGG06
UGG07
UGG08
UGG09
DdfiOC-
Bar’-'X
Barr05
Barn09

FOR01
LMblO
5HKC1
SHKD2
SHK05
SMK04
SHK05
SHK06

lMAOI'
- '•-1 -0 3
 -0 5
^.vlA06 
LMA07 
I '-/cul 
i_rvio«j3
LMB04
LMB07
LMB05
SHK07
SHK09

- r r

Figure 4-9. Bootstrap of Neighbour joining for all individuals from the 11 Irish populations of S. hirculus sampled, 
with individuals from the groups identified in the population level analysis (Figure 4.4) colour coded.
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NMS Ordination

A NMS ordination was run on the samples returning a stress value o f  14.50 and instability 

o f  0.01 (steady over repeated runs). The analysis recommended two dimensions.

All p o p s
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Figure 4-10. NMS showing individuals colour coded by population with LMA08 included.

LMA08

Group 
•  1
•  2

Axis 1

Figure 4-11. NMS showing individuals colour coded by group iden tified  in th e  pop u la tio n  level analysis 
(F igure  4.2) with LMA08 included.

McCune and Grace (2002) recommend an instability value o f <0.0001, but accept 0.001 if 

the stress is low. This instability was judged unacceptable so the analysis was run again 

with LMA08 removed.

103



-L n rA O S

Pop

•  2

•  4
•  5

•  7
o 8
•  9
•  10

B ii i i  oosk>'
B e ll:< r o ii ir k
Foiinoyl«>
L iti Kitii M o l  A  
Li«i Siiii M o i  B  
Sti^s'kiii 
S lie e ;u i B  
Slie ;)iu i C' 
SIlt'iMUl I> 
•Slie^iili A  
t^ K S o o I

A xis 1

Figure 4-12. NMS showing individuals colour coded by population with LMA08 excluded
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Figure 4-13. NMS showing individuals colour coded by group identifled in the population level analysis 
(Figure 42 , ) with LMA08 excluded.

The omission of LMA08 from the analysis allows for a more in-depth view of the data and 

returns a final stress 14.43 and instability 0.003, which although still high, falls into 

reported ranges in the published literature (Regan et al., 2007). A Monte Carlo test o f 100 

runs illustrated the statistic significance o f this occurring by chance as p =0.004. The two 

groups first identified in Figure 4-4 are colour coded in Figure 4-12. Axis 1 accounts for
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74% o f the variation and accounts for the majority o f the variation between the earlier 

defined Group 1 and Group 2. Axis 2 only accounts for 12.7% o f the variation.

4.3.3 Differences within and among populations 

4.3.3.1 N ei’sGs,

The degree o f population differentiation was assessed both for the total number o f 

populations and for the two groups identified above using Popgene and the N ei’s gene 

diversity Gst to estimate Fst (Table 4-9).

Table 4-9. Population differentiation results for all populations and the two groups identified in population  
analysis.

Ht Hs Gst Nm
Group 1 0.2513 0.1928 0.233 1.6456
Group 2 0.2232 0.165 0.2609 1.4168
Among all
populations 0.2385 0.1751 0.2658 1.3813

W here Ht is the total gene diversity, Hs the average gene diversity within populations, Gst is the betw een population 

diversity and Nm is the geneflow  am ong populations.

The estimate for the total gene diversity (Ht) between all 11 populations was 0.2385. The 

populations were also divided into groups identified as Group 1 and Group 2. Group 1 had 

a slightly higher gene diversity (Ht =0.2513) than Group 2 (Ht = 0.2232). For Hs, the 

average gene diversity within populations, the value for all populations was 0.1751. Again 

Group 1 had a higher value (Hs =0.1928) than Group 2 (Hs=0.1650). Between population 

diversity Gst for all populations is given as 0.2658 while a lower value o f 0.2330 is given 

for Group 1 and a higher value o f 0.2609 for Group 2. Geneflow estimates are lowest for 

the total population 1.38, with both Group 2 (1.42) and Group 1 (1.65) coming out higher.

Group 1 has higher total gene diversity and higher gene diversity within populations. This 

may be down to the single sample from Largan Mor A. However Group 2 has a higher 

between population diversity than Group 1 which is also backed up by the clustering 

method UPMGA shown in Section 1.3.2 where individuals o f some populations are 

grouped tightly together in Group 1. Two examples o f this are Formoyle and Uggool.
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4.33.2 AMOVA

Genetic variation was also examined using AMOVA. At first, AMOVA was run to 

examine the variation among and within populations. The results (Table 4-10) indicate a 

greater proportion o f  variation within populations (74%), though the variation between 

populations (PhiPT 26%) is significant (P=0.01). A fixation index > 0.25 represents a 

pronounced level o f genetic differentiation (Freeland, 2005).

Table 4-10. Results for the AMOVA for the combined A FLP da ta  set.

Source df SS MS

Est.

Var. % Stat Value P

Among Pops 10 1339.730 133.973 10.648 26% PliiPT 0.259 0.010

Within Pops 96 2919.878 30.415 30.415 74%

Total 106 4259.607 41.064 100%

The pattern o f genetic differentiation among populations and groups was reaffirmed again 

by applying principal coordinates analysis (PCoA) to a genetic distance matrix o f pairwise 

population Fst estimates. This process used the data standardization option in GenAlEx 

v.6.4. Principal Coordinate analysis was also carried out in GenAlEx v6.4 (Peakall R. 

2006). This again shows the two distinct groups observed in the different cluster analysis 

methods already described. Here A xisl accounts for 66.79% o f the variation and Axis 2 

accounts for 15.53%) giving a cumulative score o f  82.32 (Figure 4-14).
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Figure 4-14. Plot o f the first tw o axes from  a principal coordinate analysis o f  pairw ise F'st estim ates betw een  
population show ing the populations as per the tw o groups identified.

Table 4 -11 . Percentage o f  variation explained by the first 3 axes

Axis 1 2 3

% 66.79 15.53 5.57

Cum % 66.79 82.32 87.89

The number o f private alleles per group was calculated and Group 1 had 20 while Group 2 

had 32.

A mantel test was then conducted to test for correlation between geographic distance o f 

populations and genetic distance. A weak positive correlation was observed at R = 0.035 

but this was not statistically significant P=0.180. The data sets were then separated into the 

previously identified groups; Group 1 and Group 2, and reanalysed separately. Group 1 

had a positive linear relationship at = 0.150 but it was not significant with P =0.280. 

Group 2 did not have a relationship at R^ = 0.002 and P = 0.650.
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4.4 Clonality

Using tlie same tliree primer combinations (Table 4-12) as in the population study, the 

AFLP analysis of 40 individuals from the 5m by 8m plot in Barroosky gave a total of 152 

markers with 150 polymorphic. Sample 34 was run through the sequencer twice to measure 

sequencer and scoring error (Q34 and Q34.2).

Three different methods were used to estimate the number of genotypes in the sample; 

Neighbour joining, NMS ordination and inspection of pairwise distances (Sorenson’s 

method).

Each primer combination gave a large number o f bands as seen in Table 4.12 below. 

Analysis was carried out using a number of permutations to establish thresholds for 

estimated putative clones. All unreliable bands were excluded from the analysis and the 

reliable markers retained.

Table 4-12. Number of bands per primer combination in a clone study at Barroosky.

Primer Pair Label Total bands scored

E coR lA C A /M se lC A C PAM 49

E coR lA G G /M selC A T JOE 39

E coR lA C C /M selC A G N ED 64

All Primers 152

Neighbour Joining

NJ analysis of ALFP data was carried out using PAUP4 blO and the results are shown in 

Figures 4.15. Figure 4.15 suggests a closer genetic relationship between samples at the top 

o f the flush denoted by the shorter lines connecting them together compared to those at the 

lower end of the flush. The close relationship between Q34 and Q34.2 accounts for scoring 

error along with any machine error of the sequencer during the analysis. However it does 

not account for any error prior to this. Based on the distances separating Q34 and 34.2 

from the rest a number o f putative clones can be estimated. The first apparent genotype or 

clone would appear to contain the majority of the upper quadrats with separate genotypes 

emerging after quadrat 32. This would give an estimated number o f genotypes in the 

sampled population as 9.
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Figure 4-15. Neighbour Joining phylogram of the 40 samples across the 5x8m grid at Barroosky.
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Ordination by NMS

NMS ordinations of the AFLP bands are presented in Figures 4-15, 4-16 and 4-17. These 

were carried out in PCORDvS using the Sorenson’s distance coefficient. The ordination 

was run on

• the original data,

• the original data minus bands occurring in only one or two samples, and

• the original data minus any bands below 100 base pairs.

This was conducted to investigate the reproducibility of putative clones by attempting to 

improve resolution. However the analysis of the two attempts to improve resolution 

returned high instability values of 0.00351 and 0.00306 respectively (steady over repeated 

runs). Although the final stress values for both were within the acceptable range (McCune 

and Grace, 2002) analysis on the original data returned a more acceptable instability value 

of 0.00017 and a stress value of 10.89(steady over repeated runs). Therefore, the original 

dataset was used.

In the NMS ordination individuals with similar AFLP banding patterns and consequently 

similar genetic profiles are grouped closer together than those which are genetically 

different. Q34 and Q34.2 are taken from the same sample and therefore the difference 

between these two samples will take into account any scoring error.

NMS analysis recommends 3 dimensions to suitably display the variation in the data. A 

Monte Carlo test of 100 runs illustrated the statistic significance at each dimensionality (p 

= 0.0040).

The NMS gives a similar view of the number of genotypes present to the earlier neighbour 

joining. In all three dimensions a large cluster o f samples is shown in the middle which, 

based in the distance between 34 and 34.2, could be classified as one clone giving 9 - 1 2  

genotypes. This varies slightly on each axis but axis one which accounts for over 56% of 

the variation in the data would indicate 9.
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Figure 4-16. Axes 1 and 2 from NMS analyses obtained from the A FLP data  for Barroosky showing the genetic 
distance of individuals on a 5 x 8m grid. Denoted by circles are the replicate Q34 and Q34.2.
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Figure 4-18. A xes 1 and 3 from N M S analyses obtained from the A FL P data for Barroosky show ing the genetic  
distance o f individuals on a 5 x 8m grid. Denoted by circles are the replicate Q 34 and Q 34.2.

Axis 1 gave an R value o f 0.565 Axis 2 gave an R value o f  0.195 and Axis 3 gave an R 

value o f 0.153

These graphs clearly show that the individuals at the lower end o f the 40 m grid are more 

genetically distinct than those at the top. In all three o f the dimensions recommended by 

NMS a large cluster o f individuals can be observed along with a wide scattering o f other 

individuals. As can be clearly seen however Q34 and Q34.2 remain close to each other in 

each dimension, as would be expected.
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Distance matrix

The distance matrix produced in PCORD is based on Sorensen’s distance measure and is 

reproduced in Table 4-14. A matrix of the total character difference between individual 

samples is in Appendix 1. The actual distance as computed between Q34 and Q34.2 is 

0.0968 but rounded up to 0.10 for display reasons on Table 4.14. This error is comprised of 

any machine based error from running on the sequencer and human error from both manual 

scoring of the electropherogram and data input post scoring. It does not include human or 

mechanical error during process from DNA collection through to the final PCR cycle. A 

study of microsatellite genotyping errors (Hoffman and Amos, 2005) attributes up to 93% 

of total error during analysis to human error. A breakdown of the total error they identified 

is 80% scoring error, 10.7% data input 6.7% allelic dropouts and the remaining 2.7 as 

unknown. As his study involved the manual scoring of autoradiographs it has particular 

relevance for AFLP studies (Pompanon et al., 2005).

Consequently a threshold of the replicates distance plus half again (0.15) was deemed a 

justifiable figure but not overly conservative to assign putative clones. Based on this 

threshold, 23 genotypes are present. A large clone to the top of the grid containing the 

samples from Q l, Q2, Q3, Q4, Q6, Q8, Q9, QIO, Ql 1, Q12, Q13, Q17, Q18, Q19, Q20, 

Q 21, Q22, Q23 all exist as one large putative clone. The rest of the samples are above the 

threshold to varying degrees. In comparison if the threshold used was purely the distance 

just as given by the replicates, a very conservative approach, Q 1, Q2, Q3 & Q17 emerges 

as one clone and Ql 1 and Q12 as another giving 36 genotypes.
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Table 4-13. Numbers of genotypes according to different types of analysis

Analysis method No of genotypes

Neighbor joining 9

NMS 9 - 1 5

Distance matrix 100% 36

Distance matrix 150% 22

The NMS is displaying the high level o f genetic similarity among many o f the samples. 

This is also demonstrated in the NJ analysis and Distance matrix although these do not 

lend support to these being putative clones. A likely number o f  genotypes present is in the 

range o f 10 -  22 with the upper limit o f 22 based on 1.5 times the replicate distance was 

selected.

Bog

Flush

1 1 1 1 2

1 3 1 1 1

1 1 1 4 5

6 1 1 1 1

1 1 1 7 8

9 10 11 1 12

13 14 15 16 17

18 19 20 21 22

Water flow

Figure 4-19. The distribution of the 23 genotypes identined across the 5 x 8ni grid.
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Q21 Q22 Q23 Q24 Q25 Q26 Q27 Q28 Q29 Q30 Q31 Q32 Q33 Q34
Q21 0.00
Q22 0.21 0.00
Q23 0.19 0.00
Q24 0.23 0.24 0.25 0.00
Q25 0.31 0.30 0.34 0.33 0.00
Q26 0.31 0.22 0.20 0.32 0.36 0.00
Q27 0.28 0.31 0.33 0.39 0.29 0.35 0.00
Q28 0.23 0.21 0.23 0.32 0.36 0.22 0.33 0.00
Q29 0.30 0.25 0.22 0.34 0.36 0.26 0.35 0.17 0.00
Q30 0.30 0.23 0.22 0.33 0.32 0.24 0.39 0.22 0.28 0.00
Q31 0.33 0.24 0.24 0.33 0.36 0.32 0.34 0.21 0.18 0.25 0.00
Q32 0.55 0.57 0.54 0.64 0.73 0.67 0.75 0.57 0.56 0.58 0.59 0.00
Q33 0.56 0.61 0.57 0.56 0.51 0.57 0.69 0.57 0.56 0.54 0.59 0.53 0.00
Q34 0.41 0.44 0.45 0.52 0.50 0.47 0.49 0.46 0.58 0.48 0.56 0.63 0.70 0.00
Q34.2 0.44 0.47 0.44 0.49 0.54 0.47 0.51 0.47 0.55 0.48 0.58 0.57 0.67 tf.ie
Q35 0.60 0.53 0.51 0.50 0.65 0.46 0.67 0.45 0.46 0.56 0.50 0.61 0.54 0.62
Q36 0.59 0.54 0.52 0.55 0.62 0.52 0.60 0.56 0.57 0.53 0.60 0.60 0.60 0.50
Q37 0.48 0.48 0.48 0.50 0.57 0.48 0.53 0.44 0.43 0.55 0.43 0.59 0.57 0.60
Q38 0.58 0.47 0.53 0.56 0.62 0.50 0.57 0.54 0.49 0.58 0.57 0.63 0.66 0.60
Q39 0.57 0.50 0.47 0.56 0.62 0.51 0.62 0.43 0.41 0.52 0.50 0.67 0.66 0.59
Q40 0.56 0.61 0.61 0.59 0.61 0.54 0.59 0.54 0.55 0.62 0.57 0.73 0.61 0.60

Table 4-14. The distance m atrix  based on Sorenson’s distance w ith the putative clones m arked in red.

Q34.2 Q35 Q36 Q37 Q38 Q39 Q40

0.00
0.57 0.00
0.52 0.53 0.00
0.66 0.54 0.68 0.00
0.57 0.60 0.59 0.44 0.00
0.55 0.50 0.59 0.47 0.46 0.00
0.64 0.61 0.75 0.25 0.55 0.58 0.00



All three methods of analysis used appear to show a number of closely related individuals 

to the top of the grid and then an increase in genetic distance between individuals towards 

the bottom of the flush.

This was then investigated further to see if some relationship could be found with an 

environmental variable along the gradient o f the grid that could possible account for the 

degree of relationship between individual samples. Vegetation height and number of 

rosettes present had been collected for each quadrat. First the variables were examined for 

normality and then log transformed as this improved the distribution of the data. A 

negative correlation was found between vegetation height and rosette number (-0.389 

Spearman rank Correlation df=38). Regression was also carried out in Datadesk v6.0 and a 

gave a significant negative dependence of rosettes on vegetation height (p<0.0131, r2 15.1, 

F-ratio 6.78 with df 1,38). See Figure 4-19 for a scattergraph of the relationship.
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Figure 4-20. Regression line investigating the relationship between log transformed vegetation height and log 
transformed number of rosettes in each Im quadrat.
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4.5 Discussion

There are few pubhshed studies that attempt to assess the genetic diversity and gene flow 

in S. hirculus. A study of GPI-isoenzymes was carried out in Denmark (Olesen and 

Wamcke, 1990). Oliver (2006)examined the distribution of chloroplast haplotypes of S. 

hirculus in Europe and a study of the genetic diversity of S. hirculus in Lithuania using 

RAPD was carried out by Naugzemys (2007). More studies are in preparation across 

Europe (namely Poland and Ireland) due to the status of S. hirculus as an Annex II species 

under the Habitats Directive (see Chapter 1).

Within Population Diversity

Within-population diversity was assessed using three different measures; proportion of 

polymorphpic loci. Shannon’s Index and Nei’s gene diversity. The proportion of 

polymorphic loci is a very simple and easily understood technique which counts the 

number o f polymorphic loci within a population and among all populations. Its main 

constraint however is that it is highly susceptible to errors, such as scoring error and peak 

heights used as cut off points for loci assignment, and as such must be treated with caution. 

However when used in conjunction with other methods as outlined here it serves as a very 

useful comparison. The measure of average heterozygosity or gene diversity is a more 

accurate measure of genetic variation and was calculated here using Nei’s gene diversity 

Gst- Shannon’s diversity Index, which has the added advantage of providing an indication 

of ‘evenness’, was also calculated across samples. RAPD, another method examining the 

dominant inherited markers, and AFLP are very similar and as such are directly 

comparable (Nybom, 2004). A study of S. hirculus using RAPD in Lithuania (Naugzemys 

et al., 2007) found a high proportion of total population polymorphic loci at 79.70 with a 

range of 71.2 -  86.4 while the Irish study gave 53 ± but ranges from 0.35 to 0.78. The 

Shannon’s index from Lithuania was 0.2388 and Nei’s diversity index o f 0.3129. If the 

unusual results in the Shannon’s index from Barroosky are omitted, the Shannon index and 

Nei’s diversity index are comparable to the results achieved in the Irish study (Figure 4.1). 

Levels of diversity within populations, Hg, in Ireland at 0.1751 were lower than those in 

Lithuania at 0.2615 although it still accounted for 74% of the variation when tested under 

AMOVA. The fact that in Ireland, an island on the western fringes o f the European 

continent, S. hirculus is at its distributional limit and as a consequence this lower genetic 

diversity may be suggestive of inbreeding or possibly founder effect. These are not 

uncommon occurrence in island populations (Frankham, 1997) and the current restricted 

distribution of S. hirculus to the north west comer of Ireland may place these populations
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in this category. In comparison Lithuania is part of the Eurasia landmass and its 

populations therefore, theoretically, have or maybe had access to a larger gene pool. The 

levels of genetic diversity in S. hirculus compares well to those of another rare species in 

Ireland, Colchicum autumnale, judged to have moderate levels of genetic variability at 

0.136 (Smith and Waldren, 2010) and also Eryngium alpinum, an endangered species 

found throughout the European Alps which is considered to have high genetic diversity 

within its populations at 0.198 (Gaudeul et al., 2004).

It is difficult to compare values obtained from different studies for a number of reasons. 

The technical protocol may vary as also may the type of markers or enzymes used (Breyne 

et al., 1999, Anderson et al., 1989). The specific ways in which indicators are calculated 

can also vary - a fact highlighted both for the Shannon’s indices (Allnutt et al., 1999) and 

for Gst (Culley et al., 2002). There are also a number of life history traits specific to 

individual species or groups that can influence genetic diversity; such traits include mode 

of reproduction, breeding systems, seed dispersal etc (Hamrick and Godt, 1996). However 

the populations examined here have moderately high levels of genetic diversity when 

compared with other studies of rare plants in Ireland such as (Smith, 2004) and (Lupton, 

2008).

Between population differentiation and geneflow

A number of factors can be attributed to the maintenance of high genetic diversity in rare 

plants; among these can be a recent reduction in population size (Zawko et al., 2001), or 

recurrent gene flow (Chiang et al., 2006). However, the AMOVA results show that 25.9% 

of the total genetic variation was partitioned between populations, a level considered 

pronounced (Freeland, 2005). S. hirculus is a long-lived perennial (Olesen and Wamcke, 

1990). Gst and Fst analogues (Phi stats) results obtained in this research project compare 

reasonably well with those of long-lived perennials and those with outcrossing breeding 

systems (Nybom, 2004). The planting of coniferous forest and the draining of bogs for 

industrial purposes may have destroyed other S. hirculus sites which previously acted as 

bridges for gene flow to the still extant sites. As a result the populations may have become 

more isolated. The current level o f population differentiation which is now pronounced 

could then be an ongoing trend that is now slowly becoming apparent.

Freeland (2005) states that any value above 25% indicates pronounced differentiation 

between populations. Given that the results in this study are 25.9% just above this 

threshold could indicate that geneflow might be still occurring. The possibility that sheep
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or other large extant or extinct herbivores may have carried seeds on their wool/fur or in 

their intestines as suggested by Olesen (1990) could be a plausible hypothesis to maintain 

geneflow between populations.

Population analysis based in UPGMA divides the individuals by site into two groups 

(Figure 4.4). The smaller group, Group 1 consists of Sheskin, Largan MorA, Largan MorB 

and Barroosky. Interestingly these are all geographically close together and not separated 

by any tarmacadem roads or deep waterways. Group 1 is separated from Group 2 by the 

Oweniny River which could have acted as a barrier to the movement of mammals and also 

possibly insect pollinators. Natural barriers such as rivers, mountains etc have been found 

to act as a barriers which prevent geneflow occurring among plants (Zhang et al., 2007, 

Ohsawa and Ide, 2008) but also animals (Brandley et al., 2010).

The Bellacorick and Formoyle populations are part of Group 2 however the presence of the 

road (N 59) divide the Bellacorick and Formoyle sites from the remainder o f Group 2, (the 

Sheean metapopulation and Uggool sites). Road construction has been found to act as a 

potential barrier for geneflow and isolate populations (Holderegger et al., 2010). The 

genetic distance between Bellacorick and the other populations o f Group 2 are as similar as 

the one observed between Sheean A and Sheean B. The same results are observed for 

Formoyle. The results therefore mdicate that the road is not acting as a barrier. However 

the NJ and UPGMA show that the individuals from Formoyle cluster together and were 

separated from the other individuals. The road was fially metalled in the mid-1900s and the 

consequences on the genetic differentiation might be just starting to appear now. 

Additionally, the increasing tendency of the local farming community to wire-fence 

previously open lands adds to the restriction of domesticated mammal seed distributors.

Unfortunately we cannot tell from AFLP analysis whether the gene flow between S. 

hirculus populations was as a result of seed dispersal (by mammals or birds) or o f pollen 

dispersal (by insects across geographically closer sites). Studies of chloroplast DNA of 

these populations may help to answer this and other questions about the genetic structure 

of this rare species.

Clonality

The results of the analysis here and using the threshold levels of pairwise distance among 

samples discussed in the Section 4.4 it would suggest the existence of 1 large putative 

clones to the top of flush. The term putative clone has been used to represent individuals
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that are highly similar in their AFLP fingerprint and which could in theory therefore 

represent clones. However, clonality carmot be proven with this method. For a variety of 

reasons it is unlikely that two clones are entirely identical. There is the possible variation 

among ramets due to factors such as somatic mutation (Tuskan et al., 1996, Douhovnikoff 

and Dodd, 2003) or even cross contamination with other organisms such as fungi given 

non-specific nature of AFLPs analysis. Thus basing the threshold for putative clones on the 

differences between duplicate material alone could set an overly conservative limit thus 

excluding actual clones (Douhovnikoff and Dodd, 2003).

The putative clone covers a potential area of 19m in quadrats that are adjacent to each 

other. The general consensus among non-genetic studies of S. hirculus is that it reproduces 

mainly by vegetative means (Naugzemys et al., 2006, Welch, 1996). However the results 

of this study and that by RAPDs in Lithuania (Naugzemys et al., 2007) suggest a 

reasonable level of genetic diversity indicating some level of sexual recruitment. The very 

close genetic relationship in this instance allows the assignment of 1 putative clone and the 

remainder individual genotypes with varying degrees o f relatedness. Olesen (1990) using 

izozyme analysis reported an estimated 1 0 - 1 7  genets (a group of genetically identical 

individuals) in a spring area of 30 x 30m . However a comparison of isozyme analysis with 

AFLP analysis (Coulibaly et al., 2002) concluded that older technique of isozyme analysis 

gives a poorer resolution than AFLP, a newer DNA fingerprinting technique. The 

occurrence of different genotypes in a long lived clone due to somatic mutations over the 

life of a long-lived plant is possible (Olesen and Wamcke, 1990). However the possibility 

exists that the high degree of relatedness at the top of the flush might be situation of 

multiple colonization events with more closely related individuals closer to each other in 

geographical space because of non-random mating and seed dispersal. Therefore the 

existence of one large aggressive clone must be accepted with caution. It must be noted 

that Barroosky had the highest genetic diversity of all the populations so the level of 

clonality could be higher in other populations. Further studies should provide the answers 

to this.

Moving down the grid from the top of the flush, the genetic diversity increases. There is 

significant negative relationship between vegetation height (mainly M. caerulea) and 

rosette numbers moving down the grid. As the height of vegetation increases the number of 

rosettes decreases and this is potentially related to the increased level of genetic diversity. 

As S. hirculus reproduces vegetatively by the use of rurmers the higher vegetation may
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hinder clonal growth. In addition if this vegetation is not under pressure from heavy 

grazing there is potentially more flowering heads surviving into seed head therefore 

increasing the chance of sexual reproduction occurring. The higher sward of vegetation is 

comprised mainly of M. caerulea which has been shown to not be the preferential plant for 

free grazing sheep which target instead Agrostis-Festuca communities (Grant et al., 1996).

4.6 Conclusion

S. hirculus in North West Ireland has moderately high levels of genetic diversity when 

compared with other studies of rare plants in Ireland with no genetic divergence by 

distance evident. On a population level two groups appear to emerge on either side o f a 

river system that acts as an incomplete barrier to geneflow. The possible existence o f a 

number of genets were identified in a relatively small area would indicate that sexual 

reproduction is occurring and the lack of correlation between population size and genetic 

diversity emphasise the importance of maintaining all known S. hirculus sites.
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5 Overall Discussion and Species Action Plan

5.1 Aims

The main aim of this study was to contribute to an improved understanding of the current 

status, ecology, breeding biology, genetic diversity and develop monitoring methods for S. 

hirculus in Ireland. In order to do this, the thesis has presented three data chapters looking 

at different aspects o f the biology of S. hirculus in Ireland. Following the general 

introduction, the habitat requirements of S. hirculus were examined in Chapter 2. This was 

followed by the flowering phenology and breeding systems of S. hirculus in Chapter 3 and 

the conservation genetics of S. hirculus in Ireland in Chapter 4.

The aim of this Chapter, the overall discussion, is to attempt to draw together the main 

findings and conclusions and from this to build up a picture of S. hirculus as it exists today 

in Ireland. The main points of the S. hirculus Species Action Plan (SAP) are introduced, 

with the various threats as identified to the species’ survival outlined and assessed along 

with appropriate management and monitoring measures. Providing the much needed 

baseline information on S', hirculus status in Ireland, this study then outlines 

recommendations for further studies.

5.2 Saxifraga hirculus- a summary of findings.

Although rare in Europe S. hirculus is a circumpolar species and not rare or endangered on 

a worldwide basis. However, much uncertainty surrounds the potential impact of climate 

change on species such as S. hirculus with possible range contractions and expansions at 

the southern and northern edges of its range, respectively (Crawford, 2008, Birks, 2008). 

Accurate projections of suitable climate space are complicated by many unknown factors 

such as the capacity o f the species to disperse, availability o f suitable habitat and the ability 

to adapt phenologically and physiologically to future climate conditions (Parmesan, 2006). 

In Europe habitat loss and fragmentation due to human activities such as wetland 

reclamation, agricultural and industrial activities have been the primary cause of S. 

hirculus loss (Vittoz et al., 2006, Wamcke, 2003, Lockhart, 1989), and as a consequence 

the species is classified as endangered and is listed on Annex II and Annex IV of the 

Habitats directive.
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In Ireland, the species is found in small flushes within a larger blanket bog complex 

(Chapter 2). These flushes contain a specialised community of herbaceous species on a bed 

of various bryophyte species. A number of negative indicators for S. hirculus abundance 

were identified the main being, vegetation height, M. caerulea and H. lanatus. Positive 

indicators included grazing and the species S. nodosa. Within these flushes S. hirculus 

appears to be reproducing both sexually and vegetatively by clonal means. Flowering 

heads and seed are being produced (Chapter 3) and genetic diversity within the populations 

(Chapter 4) would indicate sexual reproduction is taking place. The introduction of pollen 

from one site to another did not improve seed set and the species is primarily outcrossed 

(Chapter 3). Experiments show that S. hirculus appears to be pollen-limited, although 

without direct pollinator or pollen viability studies the cause of this is uncertain.

A comparison of sites with different histories demonstrated that Sheean, considered a 

relatively pristine site in respect to hydrology and vegetation, produced the highest density 

of flowering stems compared to sites which have been disturbed. Worryingly it also 

recorded the highest flowering head loss by grazing. The targeting of the flushes by sheep 

in the bog is probably reducing the number of flower heads setting seed which is a cause 

for concern. This high loss of flowering stems could indicate that grazing is adversely 

affecting sexual reproduction in the long term. The number of sheep on the Erris bogs has 

been reduced under the Commonage Framework Plans (Ireland CAP Rural Development 

Programme, 2010), which should benefit S. hirculus. However, low grazing which would 

allow for more seed production may also have the effect o f reducing the amount of bare 

areas which are required for the germination of seedlings (Welch, 1993). An example of 

this is Bellacorick which has restricted grazing levels due to fencing. It records the highest 

vegetation, which is a negative indicator for 5. hirculus abundance. There is little or no 

disturbance from grazers which has resulted in no areas o f bare peat a requirement for 

seedling estabUshment (Ohlson, 1986). Ohlson (1989) cited in Vittoz (2006) reported that 

S. hirculus levels declined when formally mown marshlands were abandoned. 

Abandonment would appear to be a larger pressure on S. hirculus sites than over grazing 

unless there is excessive poaching and excessive nitrogen added from herbivore faeces 

(Vittoz et al., 2006). Unfortunately we do not have detail historic information on the S. 

hirculus sites in Ireland but the current level of grazing on the Sheean sites in particular 

seems adequate.

An estimated number of 22 genotypes were detected in a 5 x 8m plot with one, a putative 

clone, covering potentially 19m^.An interesting result from the genetic analysis of the S.
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hirculus populations is the apparent separation of the populations into two separate groups. 

The Oweninny river system appears to act as an incomplete barrier to geneflow. A road 

which separates two populations from the remainder of their group does not appear to act 

as a barrier although it may take some time for such an effect to become apparent. 

Manmade structures have been noted to act as a barrier for geneflow in previous studies. 

A study of the Great Wall of China as a barrier to geneflow (Su et al., 2003) found 

significant variation in six plant species as a result of 600 years of separation but also a 

lower differentiation among the species populations separated by a mountain path.

However there may be a much longer life history leading to the current genetic status of 

the S. hirculus sites in Ireland. Former theories of plant refugia during the last glacial 

maximum have been largely discounted with the current view being the entire island was 

entirely covered by ice (Coxon et al., 2005). Following the Pleistocene glaciations the 

earliest plant colonists are estimated to have arrived around ISOOOBp (Mitchell, 2006). 

Short warmer periods occurred when herb-rich grasslands and low scrub flourished, then 

followed by the Younger Dryas cooling which led to an expansion of tundra vegetation 

(Watts, 1985). This wide area of habitat in the shape of tundra, with little to no tree cover, 

would have offered an ideal environment for the growth and spread of S. hirculus. The 

western European climate then underwent a rapid change, moving from arctic to temperate 

in about a decade (Coxon, 1997). The subsequent colonization by trees and development of 

closed woodland in this early Holocene landscape (Walker et al., 1994) could have led to 

the first isolation of S. hirculus populations. This closed canopy was not immediately 

affected by the arrival of humans in approximately lOOOOBp when human subsistence was 

mainly marine based (Bjerck, 2008). The clearing of woodland for agriculture and 

subsequent bog development at approximately 4500Bp (O'Cormell and Molloy, 2001) 

would have maintained the isolated nature of the populations. In relation to this Thesis, the 

lack o f support for the existence of a metapopulation in Sheean but rather individual 

populations that have evolved separately in a small area following bog development might 

lend support for this hypothesis.

5.3 Assessment of methods/limitations

Every study no matter how well designed will have its limitations. Studies involving 

fieldwork may have physical restrictions that weren’t apparent from desk studies. 

Laboratory work may have constraints depending on the type on analysis carried out. In
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most cases these Hmitations can be addressed and the problems overcome. This is not 

always possible and it is important to critically assess the methods used and to 

acknowledge their limitations. This not only allows the study to be placed in context but it 

also aids in the design o f further studies.

AFLP

The possibility of comigrating bands which are not homologous with each other is one of 

the most important limitations in AFLP technique. This is termed ‘fragment size 

homoplasy’ (Vekemans et al., 2002). Another important limitation o f AFLP analysis is that 

AFLP bands are usually scored as dominant markers. The proportion o f null homozygotes 

is calculated by an absence of a fragment but the presence of a fragment does not allow the 

distinction between a heterozygote or dominant homozygote as the fragment is amplified 

for both these genotypes.

The advantage of AFLP far outweighs the limitations especially in the study o f rare 

understudied plants as no prior knowledge of the genome is necessary. Repeat analysis of 

samples to validate results greatly enhances its reliability.

Clonality

For this study putative clones were identified using the genetic distance of two samples of 

the same plant. This took into account scoring error, sequencer error and data entry. 

Following an assessment of the available literature, relating to error rates in genetic 

fingerprinting and the analysis of data, a threshold of 150% of the genetic difference 

between these samples of the same plant was applied. Without the direct comparison of 

two known clones however this threshold must be treated with caution and thus the term 

putative clone is chosen.

For this experiment, samples were taken from an 8x5m grid at the upper end of the fiush. 

This raises the question of how representative this is. There is a possibility that iS. hirculus 

uses different reproductive strategies in different areas of the flushes (Olesen and Wamcke, 

1989a). These results must be therefore interpreted with this caveat in mind.

Sampling Strategy

Although the vegetation and species abundance was sampled over many quadrats at three 

sites Bellacorick, Barroosky and Sheean, only one releve was taken at the smaller sites. 

The delicate nature of the flushes in which S. hirculus is found is o f major concern when
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sampling. Growing in conjunction with S. hircuius are many rare bryophytes and other 

species which may be submerged and damaged when these site are visited. For this reason 

limited time was spent on site to protect the integrity of the flushes. As a consequence a 

smaller data set was collected than would have been desired.

5.4 Relevance, implications and practical applications of this research

As already stated S. hirculus is a rare species both in Ireland and in Europe and it survival 

depends on the conservation actions of the countries in where it still survives. Ireland has a 

responsibility under the under Annex II and Annex IV of the EC Directive 92/43/EEC 

(Habitats Directive) to protect and preserve S. hirculus.

The lack of previous knowledge on this species current status, habitat requirements, 

breeding biology and genetic diversity in Ireland has hindered any meaningful progress in 

this area. The outcome from this research has remedied this and will result in an Irish 

Species Action plan for S. hirculus.

In summary the management of the flushes containing S. hirculus is extremely important in 

relation to the level of grazing, abundance of negative indicators species and any artificial 

nutrient enrichment. Management recommendations are given in section 5.7 on a flush by 

flush basis. In addition the condition of the surrounding bog habitat would appear to be 

important necessitating a wider habitat conservation approach rather than one tailored to 

the individual species.

5.5 Assessment of Conservation Status

The background to the assessment of conservation status is explained in the NPWS (2007) 

report “The Status of EU Protected Habitats and Species in Ireland”. This report explains 

the Habitats Directives definition of the conservation status of a species as; the sum of the 

influences acting on the species concerned, which may affect the long-term distribution 

and abundance of its populations, within the territory of the member states.

The conservation status of a species will be taken as favourable when:

• population dynamics data on the species concerned indicate that it is maintaining 

itself on a long-term basis as a viable component of its natural habitats.
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• the natural range o f the species is neither being reduced nor is likely to be reduced 

for the foreseeable future, and

• there is, and will probably continue to be, a sufficiently large habitat to maintain its 

populations on a long-term basis.

With the above definitions in mind, an appropriate method for assessment o f conservation 

status is required to assess the correct criteria in an agreed manner to allow comparability 

across all relevant member states. Methods for assessing conservation status were drawn 

up by the European Topic Centre for Nature Conservation (ETCNC). This was in 

conjunction with the Member States each o f which had representation on the Scientific 

Working Group o f the Habitats Directive. A standard format was agreed at a European 

level in 2006. This is currently being updated and is due to be finalised in July 2011. The 

format for the assessment o f conservation status for species brings together information on 

four parameters for each species: Range, Population, Habitat for the species and Future 

prospects.

Each parameter is classified following a rules-based approach as being "favourable” 

(good), “unfavourable -  inadequate’' (poor), "unfavourable -  bad'’ (bad) or "unknown”. 

Good, poor and bad assessments are colour-coded green, amber and red respectively. 

Favourable reference values are set for Range and Population, these values must be at least 

equal to the value when the Habitats Directive came into force (1994) and were set as 

targets against which current values could be judged.

Favourable Reference Range is the geographic range within which all significant 

ecological variations o f the species are included and which is sufficiently large to allow the 

long-term survival o f the species. The Favourable Population is the value required for the 

long-term survival o f the species in question. The extent and quality o f suitable habitat is 

assessed to determine whether the long-term survival o f  the species can be assured.

The major pressures and threats are also listed for each assessment. The impacts o f these 

pressures and threats are used to determine the future prospects. Pressures are considered 

to be past and present impacts while threats are impacts that will act in the near future. 

Threats should not cover theoretical threats but rather those considered to be reasonable 

likely and may be a continuation o f the pressures listed. If any one o f the four parameters is 

assessed as “red”, the overall assessment is also “red” .
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Targets for Population, Habitat for the species and Future prospects can be set and assessed 

at a site-by-site level as has been done here. The raw data for each site assessment can then 

be used to derive a national assessment.

Population assessment

In this study the data collected on each population is used as the baseline data against 

which all future monitoring will be based. The exceptions were a 20% reduction from the 

baseline data in the rosette density and number of rosettes set as targets. This was to allow 

for human error and observed recording variability over field sampling. A 10% reduction 

for S. hirculus area from recorded data to that set as targets was given to allow for machine

error (GIS mapping) and human error. For the overall population assessment the following

criteria was used;

• 2 passes = Favourable (green),

• 1 pass = Unfavourable Inadequate (amber), and

• 0 passes = Unfavourable Bad (red).

Habitat assessment

The data from Sheean, the pristine site, is used to indicate favourable conditions for habitat 

assessment. For the overall habitat assessment the following criteria was used;

• 7 passes = Favourable (green),

• 4-6 passes = Unfavourable Inadequate (amber), and

• 0-4 passes = Unfavourable Bad (red).

Future prospects

Future prospects were identified following the time spent in bogs and a detailed literature 

review of 5. hirculus sites in other countries. For the overall future prospects assessment 

the following criteria was used;

• 9 passes = Favourable (green),

• 6-8 passes = Unfavourable Inadequate (amber), and

• 0-5 passes = Unfavourable Bad (red).
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Overall assessment

The overall assessment of the site was carried out by combining the results from all the 

other assessments and was assessed using the following criteria.

• 1 amber = Favourable (green),

• 2 amber = Unfavourable Inadequate (amber)

• 3 amber= Unfavourable Inadequate (amber), and

• I red = Unfavourable Bad (red).
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5.6 Individual site assessments

Sheean A

Table 5-1. Population A ssessm ent o f  Sheean A.

Indicator Target Result Pass/Fail

Number of 
rosettes >150,000 189,000 Pass

Density Over 5x1 releves the average number of S. 
hirculus rosettes should be > 84 >84 Pass

Number of 
flowering heads >10000 >10000 Pass

T able 5-2. H abitat for the Species A ssessm ent o f Sheean A.

Indicator Target Result Pass/Fail

Area of S. hirculus >1620 l,800m‘ Pass

Water level Water level should cover hand 
when pressed into the vegetation.

Water level 
covered hand Pass

Coverage of Sagina 
nodosa positive 

indicator species

Over 5xlm^ releves average 
Sagina nodosa should be present 

in at least 2.

Present in 
more than 2 Pass

Coverage of Molinia 
caerulea negative 
indicator species

Averaged over 5x1 m‘ releves 
Molinia caerulea % coverage 
should not exceed 5 percent.

<5% Pass

Coverage of Hole us 
lanatus negative 
indicator species

Averaged over 5xlm^ releves 
Holcus lanatus % coverage 

should not exceed 15 percent.
<15% Pass
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Habitat for the Species Assessm ent (Contd.)

Indicator Target Result Pass/Fail

Vegetation
height

Averaged over 5xlm  releves vegetation height 
should not exceed 15cm 13.25 Pass

Grazing Over 5x1 m‘ releves grazing levels should not 
exceed 26 -  50%

2 6 -
50% Pass

Table 5-3. Future Prospects A ssessm ent for Sheean A.

Activity code Location Influence Intensity Pass/Fail

Under grazing Inside Negative Low Pass

Overgrazing Inside Negative Low Pass

Overgrazing Outside Negative Low Pass

Poaching Inside Negative Low Pass

Poaching Outside Negative Low Pass

Drainage Inside Negative Low Pass

Drainage Outside Negative Low Pass

Vehicle damage Inside Negative Low Pass

Peat cutting Outside Negative Low Pass

Degraded Peat Outside Negative Low Pass

Table 5-4. O verall assessm ent for Sheean A.

Attribute Assessment

Population green

Habitat for the species green

Future Prospects green

Overall green
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Sheean B

Table 5-5. Population A ssessm ent for Sheean B.

Indicator Target Result Pass/Fail

Number of 
rosettes >36000 >36000 Pass

Density Over 5xlm^ releves the average number 
of S. hirculus rosettes should be >70 >70 Pass

Number of 
flowering heads 10000’s 10000’s Pass

Table 5-6. H abitat for the Species A ssessm ent for Sheean B.

Indicator Target Result Pass/Fail

Area of S. hirculus >430m^ 470m^ Pass

Water level Water level should cover hand when 
pressed into the vegetation.

Water level 
covered hand Pass

Coverage of 
Sagina nodosa 

positive indicator 
species

Over 5xlm^ releves average Sagina 
nodosa should be present in 2 or more

Present in 2 
or more Pass

Coverage of 
Molinia caerulea 

negative indicator 
species

Averaged over 5xlm  releves Molinia 
caerulea % coverage should not exceed 

5 percent
<5% Pass

Coverage of 
Hole us lanatus 

negative indicator 
species

Averaged over 5xlm^ releves Holcus 
lanatus % coverage should not exceed 

15 percent

Coverage
<15% Pass
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Habitat for the Species Assessm ent (Cont.)

Indicator Target Result Pass/Fail

Vegetation height Averaged over 5x1 m‘ releves vegetation 
height should > 15cm > 15cm Pass

Grazing Over 5x1 m‘ releves grazing levels 
should not exceed 26 -  50% 26 -  50% Pass

Table 5-7. Future Prospects A ssessm ent for Sheean B.

Activity code Location Influence Intensity Area affected (ha) Pass/Fail

Undergrazing Inside Negative Low N/A Pass

Overgrazing Inside Negative Low N/A Pass

Overgrazing Outside Negative Low N/A Pass

Poaching Inside Negative Low N/A Pass

Poaching Outside Negative Low N/A Pass

Drainage Inside Negative Low N/A Pass

Drainage Outside Negative Low N/A Pass

Vehicle damage Inside Negative Low N/A Pass

Peat cutting Outside Negative Low N/A Pass

Degraded Peat Outside Negative Low N/A Pass

Table 5-8. O verall assessm ent for Sheean B.

Attribute Assessment

Population green

Habitat for the species green

Future Prospects green

Overall green
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Sheean C

Table 5-9. Population Assessment for Sheean C.

Indicator Target Result Pass/Tail

Number of 
rosettes

>104,000 >104,000 Pass

Density >120 >120 Pass

Number of 
flowering heads 10000’s 10000’s Pass

Table 5-10. H abitat for the Species Assessment for Sheean C.

Indicator Target Result Pass/Fail

Area of S. hirculus >790m‘ >790m^

Water level Water level should cover hand when 
pressed into the vegetation.

Water level 
covered 

hand
Pass

Coverage of 
Sagina nodosa 

positive indicator 
species

2
Over 5x1 m releves average Sagma 

nodosa should be present in >2
Present in

>2 Pass

Coverage of 
Molinia caerulea 

negative indicator 
species

2
Averaged over 5xlm  releves Molinia 

caerulea % coverage should not exceed 5 
percent

<5% Pass

Coverage of 
Hole us lanatus 

negative indicator 
species

Averaged over 5xlm^ releves Holcus 
lanatus % coverage should not exceed 15 

%
<10% Pass
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H abitat for the Species A ssessm ent (Contd.)

Indicator Target Result Pass/Fail

Vegetation height Averaged over 5xlm^ releves vegetation 
height should > 15cm > 15cm Pass

Grazing Over 5xlm" releves grazing levels should 
not exceed 26 -  50% 26 -  50% Pass

T able 5-11. Future Prospects A ssessm ent for Sheean C.

Activity code Location Influence Intensity Pass/Fail

Under grazing Inside Negative Low Pass

Overgrazing Inside Negative Low Pass

Overgrazing Outside Negative Low Pass

Poaching Inside Negative Low Pass

Poaching Outside Negative Low Pass

Drainage Inside Negative Low Pass

Drainage Outside Negative Low Pass

Vehicle damage Inside Negative Low Pass

Peat cutting Outside Negative Low Pass

Degraded Peat Outside Negative Low Pass

Table 5-12. O verall assessm ent for Sheean C.

Attribute Assessment

Population green

Habitat for the species green

Future Prospects green

Overall green
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Sheean D

Table 5-13.. Population A ssessm ent for Sheean D.

Indicator Target Result Pass/F ail

Number of 
rosettes >19,000 >19,000 Pass

Density >33 >33 Pass

Number of 
flowering heads lOOO’s lOOO’s pass

Table 5-14. H abitat for the Species A ssessm ent for Sheean D.

Indicator Target Result Pass/Fail

Areas of S. 
hirculus >510 570 Pass

Water level Water level should cover hand when 
pressed into the vegetation.

Water level 
covered hand Pass

Coverage of 
Sagina nodosa 

positive indicator 
species

Over 5xlm^ releves average Sagina 
nodosa should be present in >2 >2 Pass

Coverage of 
Molinia caerulea 

negative indicator 
species

Averaged over 5x1 releves Molinia 
caerulea % coverage should not exceed 

5 percent
<5% Pass

Coverage of 
Holcus lanatus 

negative indicator 
species

Averaged over 5x1 m releves//o/cw5 
lanatus % coverage should not exceed 

15 percent
<15% Pass
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Habitat for the Species Assessm ent (Contd.)

Indicator Target Result Pass/Fail

Vegetation height
Averaged over 5x1 m ' releves vegetation 

height should > 15cm
> 15cm Pass

Grazing
Over 5 x lm ' releves grazing levels 

should not exceed 26 -  50%
26 -  50% Pass

Table 5-15. Future Prospects A ssessm ent for Sheean D.

Activity code Location Influence Intensity Pass/Fail

Undergrazing Inside Negative Low Pass

Overgrazing Inside Negative Low Pass

Overgrazing Outside Negative Low Pass

Poaching Inside Negative Low Pass

Poaching Outside Negative Low Pass

Drainage Inside Negative Low Pass

Drainage Outside Negative Low Pass

Vehicle damage Inside Negative Low Pass

Peat cutting Outside Negative Low Pass

Degraded Peat Outside Negative Low Pass

Table 5-16. O verall assessm ent for Sheean D.

Attribute Assessment

Population green

Habitat for the species green

Future Prospects green

Overall green
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Bellacorick

Table 5-17. Population Assessment for Bellacorick.

Indicator T arget Result Pass/Fail

Number of 
rosettes >560 700 Pass

Number of 
flowering heads lOO’s lOO’s Pass

Table 5-18. H ab ita t for the Species Assessment for Bellacorick.

Indicator Target Result Pass/F ail

Areas of S. 

hirculus
>855 >855 Pass

Water level
Water level should cover hand when 

pressed into the vegetation.

Water level 

covered hand
Pass

Coverage of 

Sagina nodosa 

positive indicator 

species

2
Over 5x1 m releves average 

nodosa should be present in >2
Not present Fail

Coverage of 

Molinia caerulea 

negative indicator 

species

Averaged over 5xlm  releves Molinia 

caerulea % coverage should not exceed 

5 percent

>5% Fail

Coverage of 

Holcus lanatus 

negative indicator 

species

Averaged over 5x1 m releves//o/cwj' 

lanatusVo coverage should not exceed 

15 % percent

<15% Pass

Vegetation height Averaged over 5x1 m releves 

vegetation height should > 15cm
< 15cm Fail

140



Habitat for the Species Assessm ent (Contd.)

Indicator Target Result Pass/Fail

Grazing Over 5x1 m“ releves grazing levels 
should fall between 26 -  50%

0 - 2 5 Fail

T able 5-19. F uture Prospects A ssessment for Bellacorick.

Activity code Location Influence Intensity Pass/Fail

Undergrazing Inside Negative High Fail

Overgrazing Inside Negative Low Pass

Overgrazing Outside Negative Low Pass

Poaching Inside Negative Low Pass

Poaching Outside Negative Low Pass

Drainage Inside Negative High Fail

Drainage Outside Negative High Fail

Vehicle
damage Inside Negative Low Pass

Peat cutting Outside Negative High Fail

Degraded Peat Outside Negative High Fail

Table 5 -20.0verall assessm ent for Bellacorick.

Attribute Assessment

Population green

Habitat for the species red

Future Prospects red

Overall red
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Barroosky

Table 5-21. Population A ssessm ent for Barroosky.

Indicator Target Result Pass/Fail

Number of 
rosettes >52000 >52000 Pass

Density >24 >24 Pass

Number of 
flowering heads 10000’s 10000’s Pass

Table 5-22. H abitat for the Species A ssessm ent for Barroosky.

Indicator Target Result Pass/Fai
1

Areas of S. hirculus >2025 >2025 Pass

Water level Water level should cover hand when 
pressed into the vegetation.

Water level 
covered hand Pass

Coverage oiSagina  
nodosa positive 

indicator species

Over 5x1 m releves average 
nodosa should be present in >2 Not present Fail

Coverage of 
Molinia caerulea 

negative indicator 
species

Averaged over 5xlm  releves Molinia 
caerulea % coverage should not exceed 

5 percent
<5% Pass

Coverage of Holcus 
lanatus negative 
indicator species

Averaged over 5xlm^ releves Holcus 
lanatus % coverage should not exceed 

15 percent
<15% Pass
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Habitat for the Species Assessm ent (Cont.)

Indicator T arget Result Pass/Fail

Vegetation lieight Averaged over 5 x lm  releves vegetation 
height should > 15cm

< 15cm Pass

Grazing Over 5xlm " releves grazing levels should 
fall between 26 -  50%

2 6 - 5 0 Pass

Table 5-23. Future Prospects A ssessm ent for Barroosky.

Activity code Location Influence Intensity Pass/Fail

Undergrazing Inside Negative Low Pass

Overgrazing Inside Negative Low Pass

Overgrazing Outside Negative High Fail

Poaching Inside Negative Low Pass

Poaching Outside Negative High Fail

Drainage Inside Negative Low Pass

Drainage Outside Negative Low Pass

Vehicle damage Inside Negative Medium Fail

Peat cutting Outside Negative Low Pass

Degraded Peat Outside Negative High Fail

Table 5-24. O verall assessm ent for Barroosky.

Attribute Assessment

Population green

Habitat for the species green

Future Prospects amber

Overall amber
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Uggool

Table 5-25.Population A ssessm ent for Uggool.

Indicator Target Result Pass/Fail

Number of 
rosettes >24000 >24000 Pass

Density >84 >84 Pass

Number of 
flowering heads lOOO’s lOOO’s Pass

Table 5-26. H abitat for the Species A ssessm ent for Uggool.

Indicator Target Result Pass/Fail

Areas of S. hirculus >283 >283 Pass

Water level Water level should cover hand when 
pressed into the vegetation.

Water level 
covered hand Pass

Coverage of Sagina 
nodosa positive 

indicator species

2
Over 5x1 m releves average S'ag/no 

nodosa should be present in >2 Present Pass

Coverage of 
Molinia caerulea 

negative indicator 
species

2
Averaged over 5xlm releves Molinia 

caerulea % coverage should not exceed 5 
percent

<5% Pass

Coverage of Hole us 
lanatus negative 
indicator species

2
Averaged over 5x1 m releves//o/cw5 

lanatus % coverage should not exceed 15 
percent

>15% Fail
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Habitat for the Species Assessm ent (Cont.)

Indicator T arget Result Pass/Fail

Vegetation heiglit Averaged over 5xlm^ releves vegetation 
height should > 15cm < 15cm Pass

Grazing Over 5xlm'^ releves grazing levels should 
fall between 26 -  50% 2 6 - 5 0 Pass

Table 5-27. Future Prospects A ssessm ent for Uggool.

Activity code Location Influence Intensity Pass/Fail

Undergrazing Inside Negative Low Pass

Overgrazing Inside Negative Low Pass

Overgrazing Outside Negative Low Pass

Poaching Inside Negative Low Pass

Poaching Outside Negative Low Pass

Drainage Inside Negative Low Pass

Drainage Outside Negative Low Pass

Vehicle damage Inside Negative Low Pass

Peat cutting Outside Negative Low Pass

Degraded Peat Outside Negative Low Pass

Table 5-28. Overall assessm ent for Uggool.

Attribute Assessment

Population green

Habitat for the species green

Future Prospects green

Overall green
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Largan Mor A

Table 5-29. Population A ssessm ent for Largan M or A.

Indicator Target Result Pass/Fail

Number of 
rosettes

>2800 >2800 Pass

Density >30 >30 Pass

Number of 
flowering heads lOOO’s lOOO’s Pass

Table 5-30. H abitat for the Species A ssessm ent for Largan M or A.

Indicator Target Result Pass/Fail

Areas of S. hirculus >83 >83 Pass

W ater level Water level should cover hand when 
pressed into the vegetation.

Water level 
covered hand Pass

Coverage o f Sagina 
nodosa positive 

indicator species

Over 5x1 m releves average 
nodosa should be present in >2 Not present Fail

Coverage of 
Molinia caerulea 

negative indicator 
species

Averaged over 5x lm releves Molinia 
caerulea % coverage should not exceed 

5 percent
<5% Pass

Coverage o f Holcus 
lanatus negative 
indicator species

Averaged over 5x1 m releves//o/cw5 
lanatus % coverage should not exceed 

15 percent
<15% Pass
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Habitat for the Species Assessment (Cont.)

Indicator T arget Result Pass/Fail

Vegetation height 2
Averaged over 5xlm  releves vegetation 

height should > 15cm < 15cm Pass

Grazing Over 5x1 m“ releves grazing levels should 
fall between 26 -  50% 0 - 2 5 Fail

Table 5-31. Future Prospects A ssessm ent for Largan M or A.

Activity code Location Influence Intensity Pass/Fail

Under grazing Inside Negative Low Pass

Overgrazing Inside Negative Low Pass

Overgrazing Outside Negative Low Pass

Poaching Inside Negative Low Pass

Poaching Outside Negative Low Pass

Drainage Inside Negative Low Pass

Drainage Outside Negative Low Pass

Vehicle damage Inside Negative Low Pass

Peat cutting Outside Negative Low Pass

Degraded Peat Outside Negative Low Pass

Table 5-32. Overall assessm ent for Largan M or A.

Attribute Assessment

Population green

Habitat for the species amber

Future Prospects green

Overall green
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Largan Mor B

Table 5 -33 .Population A ssessm ent for Largan Mor B.

Indicator Target Result Pass/F ail

Number of >440 >440 Pass
rosettes

Density >88 >88 Pass

Table 5-34. H abitat for the Species A ssessm ent for Largan M or B.

Indicator Target Result Pass/Fail

Areas of S. hirculus >4.5 >4.5 Pass

Water level Water level should cover hand when 
pressed into the vegetation.

Water level 
covered hand Pass

Coverage of Sagina 
nodosa positive 

indicator species

Over 5xlm^ releves average Sagina 
nodosa should be present in >2 Not present Fail

Coverage of 
Molinia caerulea 

negative indicator 
species

Averaged over 5xlm  releves Molinia 
caerulea % coverage should not exceed 

5 percent
<5% Pass

Coverage of Hole us 
lanatus negative 
indicator species

Averaged over 5x1 m releves//o/cw5 
lanatus % coverage should not exceed 

15 percent
<15% Pass
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Habitat for the Species Assessm ent (Cont.)

Indicator Target Result Pass/Fail

Vegetation height ■y
Averaged over 5xlm  releves vegetation 

height should > 15cm
< 15cm Pass

Grazing Over 5xlm^ releves grazing levels should 
fall between 26 -  50% 0 - 2 5 Fail

Table 5-35.F uture Prospects A ssessm ent for Largan Mor B.

Activity code Location Influence Intensity Pass/FaU

Under grazing Inside Negative Low Pass

Overgrazing Inside Negative Low Pass

Overgrazing Outside Negative Low Pass

Poaching Inside Negative Low Pass

Poaching Outside Negative Low- Pass

Drainage Inside Negative Low Pass

Drainage Outside Negative Low Pass

Vehicle damage Inside Negative Low Pass

Peat cutting Outside Negative Low Pass

Degraded Peat Outside Negative Low Pass

Table 5-36. O verall assessm ent for Largan Mor B.

Attribute Assessment

Population green

Habitat for the species amber

Future Prospects green

Overall green
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Sheskin A

Table 5 -37 .Population A ssessm ent for Sheskin A.

Indicator Target Result Pass/Fail

Number of 
rosettes >288 >288 Pass

Density >18 >18 Pass

Number of 
flowering heads lOO’s lOO’s Pass

Table 5-38. H abitat for the Species A ssessm ent for Sheskin A.

Indicator Target Result Pass/Fail

Areas of S. hirculus >14 >14 Pass

Water level Water level should cover hand when 
pressed into the vegetation.

Water level 
covered 

hand
Pass

Coverage of Sagina 
nodosa positive 

indicator species

2
Over 5x1 m releves average S'agwa 

nodosa should be present in >2 Not present Fail

Coverage of 
Molinia caerulea 

negative indicator 
species

Averaged over 5xlm^ releves Molinia 
caerulea % coverage should not exceed 5 

percent
<5% Pass

Coverage of Holcus 
lanatus negative 
indicator species

Averaged over 5x1 m releves//o/cw5 
lanatus % coverage should not exceed 15 

percent
<15% Pass
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Habitat for the Species Assessm ent (Cont.)

Indicator T arget Result Pass/Fail

Vegetation height Averaged over 5x lm  releves vegetation 
height should > 15cm

>15cm Fail

Grazing Over 5xlm " releves grazing levels should 
fall between 26 -  50% 0 - 2 5 Fail

T able 5-39. Future Prospects A ssessm ent for Sheskin A.

Activity code Location Influence Intensity Pass/Fail

Undergrazing Inside Negative Low Pass

Overgrazing Inside Negative Low Pass

Overgrazing Outside Negative Low Pass

Poaching Inside Negative Low Pass

Poaching Outside Negative Low Pass

Drainage Inside Negative Low Pass

Drainage Outside Negative Low Pass

Vehicle damage Inside Negative Low Pass

Peat cutting Outside Negative Low Pass

Degraded Peat Outside Negative Low Pass

Table 5-40. O verall assessm ent for Sheskin A.

Attribute Assessment

Population green

Habitat for the species amber

Future Prospects green

Overall green
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Sheskin B

Table 5-41. Population A ssessm ent for Sheskin B.

Indicator Target Result Pass/Fail

Number of >92 >92 Pass
rosettes

Number of 
flowering heads lOO’s lOO’s Pass

Table 5-42. H abitat for the Species A ssessm ent for Sheskin B.

Indicator Target Result Pass/Fail

Areas of S. hirculus >14 >14 Pass

Water level Water level should cover hand when 
pressed into the vegetation.

Water level 
covered 

hand
Pass

Coverage of Sagina 
nodosa positive 

indicator species

2
Over 5x1 m releves average Sagma 

nodosa should be present in >2 Not present Fail

Coverage of 
Molinia caerulea 

negative indicator 
species

Averaged over 5x1m releves Molinia 
caerulea % coverage should not exceed 5 

percent
<5% Pass

Coverage of Holcus 
lanatus negative 
indicator species

2
Averaged over 5x1 m releves//o/cw5 

lanatus % coverage should not exceed 15 
percent

<15% Pass

Vegetation height
Averaged over 5xlm^ releves vegetation 

height should > 15 cm
>15cm Fail

Grazing
Over 5x1 m“ releves grazing levels should 

fall between 26 -  50%
0 - 2 5 Fail
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Table 5-43. Future Prospects A ssessm ent for Sheskin B.

Activity code Location Influence Intensity Pass/Fail

Undergrazing Inside Negative Low Pass

Overgrazing Inside Negative Low Pass

Overgrazing Outside Negative Low Pass

Poaching Inside Negative Low Pass

Poaching Outside Negative Low Pass

Drainage Inside Negative Low Pass

Drainage Outside Negative Low Pass

Vehicle damage Inside Negative Low Pass

Peat cutting Outside Negative Low Pass

Degraded Peat Outside Negative Low Pass

Table 5-44 .0verall assessm ent for Sheskin B.

Attribute Assessment

Population green

Habitat for the species amber

Future Prospects green

Overall green
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Formoyle

T able 5-45. Population A ssessm ent for Form oyle.

Indicator Target Result Pass/Fail

Number of 
rosettes

>136 >136 Pass

Density >2 >2 Pass

Number of 
flowering heads lO’s lO’s Pass

T able 5-46. H abitat for the Species A ssessm ent for Form oyle.

Indicator Target Result Pass/F ail

Areas of S. hirculus >65 >65 Pass

Water level Water level should cover hand when 
pressed into the vegetation.

Water level 
covered hand Pass

Coverage of Sagina 
nodosa positive 

indicator species

2
Over 5x1 m velewes average Sagina 

nodosa should be present in >2 Not present Fail

Coverage of 
Molinia caerulea 

negative indicator 
species

Averaged over 5xlm^ releves Molinia 
caerulea % coverage should not exceed 

5 percent
<5% Pass

Coverage of Holcus 
lanatus negative 
indicator species

Averaged over 5x1 m xe\e\es Holcus 
lanatus % coverage should not exceed 

15 percent
<15% Pass

Vegetation height Averaged over 5x1 m releves 

vegetation height should > 15cm
>15cm Pass

Grazing
Over 5x1 m releves grazing levels 

should fall between 26 -  50%
0 - 2 5 Fail
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Table 5-47. Future Prospects A ssessm ent for Formoyle.

Activity code Location Influence Intensity Pass/F ail

Undergrazing Inside Negative Low Pass

Overgrazing Inside Negative Low Pass

Overgrazing Outside Negative Low Pass

Poaching Inside Negative Low Pass

Poaching Outside Negative Low Pass

Drainage Inside Negative Low Pass

Drainage Outside Negative Low Pass

Vehicle damage Inside Negative Low Pass

Peat cutting Outside Negative Low Pass

Degraded Peat Outside Negative Low Pass

Table 5-48. O verall assessm ent for Formoyle.

Attribute Assessment

Population green

Habitat for the species amber

Future Prospects green

Overall green
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Aghoo

Table 5-49. Population A ssessm ent for Aghoo.

Tndicator Target Result Pass/F ail

Number of 
rosettes >960 >960 Pass

Density >5 >5 Pass

Number of lO’s lO’s Passflowering heads

Table 5-50. H abitat for the Species A ssessm ent for Aghoo.

Indicator Target Result Pass/Fail

Areas of S. hirculus >170 >170 Pass

Water level Water level should cover hand when 
pressed into the vegetation.

Water level 
covered hand Pass

Coverage of Sagina 
nodosa positive 

indicator species

2
Over 5x1 m releves average 

nodosa should be present in >2 Not present Fail

Coverage of 
Molinia caerulea 

negative indicator 
species

Averaged over 5xlm  releves Molinia 
caerulea % coverage should not exceed 

5 percent
<5% Pass

Coverage of Holcus 
lanatus negative 
indicator species

Averaged over 5x1 m releves//o/cw5 
lanatus % coverage should not exceed 

15 percent
<15% Pass

Vegetation height Averaged over 5x1 m releves 
vegetation height should > 15cm >15cm Pass

Grazing Over 5xlm^ releves grazing levels 
should fall between 26 -  50% 0 - 2 5 Fail
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Table 5-51. Future Prospects A ssessm ent for Form oyle.

Activity code Location Influence Intensity Pass/Fail

Under grazing Inside Negative Low Pass

Overgrazing Inside Negative Low Pass

Overgrazing Outside Negative Low Pass

Poaching Inside Negative Low Pass

Poaching Outside Negative Low Pass

Drainage Inside Negative Low Pass

Drainage Outside Negative Low Pass

Vehicle damage Inside Negative Low Pass

Peat cutting Outside Negative Low Pass

Degraded Peat Outside Negative Low Pass

Table 5-52. O verall assessm ent for Form oyle.

Attribute Assessment

Population green

Habitat for the species amber

Future Prospects green

Overall green

National Assessment o f S. hirculus

Using the data from these flushes, the overall conservation assessment for S. hirculus is 

deemed favourable on a national basis.
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Table 5-53. Table giving overall conservation assessment of each S. hirculus flush.

Flush Population Species
H abitat

Future
Prospects

Overall C om m ents

Sheean A green green green green C urrently  no direct issues

Sheean B green green green green C urrently  no direct issues

Sheean C green green green green C urrently  no direct issues

Sheean D green green green green Currently  no direct issues

B ellacorick green red red red Issues w ith form er land use -  industrial peat rem oval 

issues w ith current grazing levels -  too  low.

Issues w ith vegetation height and negative indicator species

B arroosky green am ber green green Issues w ith the condition o f  the surrounding bog. 

Issues w ith past vehicle dam age.

Uggool green green green green Currently  no direct issues

Largan M or A green am ber green green Low grazing w as identified as an issue but vegetation height is w ithin range.

Largan M or B green am ber green green Low grazing w as identified as an issue but vegetation  height is w ithin range.

Sheskin A green am ber green green Low grazing w as identified as an issue as w as vegetation height. M ore D ata required.

Sheskin B green am ber green green Low grazing was identified as an issue as w as vegetation height. M ore D ata required.

Form oyle green am ber green green Vegetation height w as identified as an issue. M ore Data required.

A ghoo green am ber green green Low grazing w as identified as an issue. M ore D ata required.



5.7 Recommendations for Individual sites

The four sites at Sheean are considered to be in a favourable condition as are those at 

Uggool, Largan Mor A, Largan Mor B, Sheskin A, Sheskin B, Formoyle and Aghoo. 

These sites should be monitored on a five yearly basis to ensure no adverse conditions 

have arisen but not more frequent than this to preserve the fragile habitats.

The site at Bellacorick may be in a precarious condition. S. hirculus coverage is extremely 

patchy with the number of rosettes recorded standing at 700 (Table 2.4, Chapter 2). 

Immediate recommendations would be the removal of the fence surrounding it to 

encourage grazers such as sheep and deer. This should have the benefit o f opening up the 

vegetation and reducing vegetation height. The blocking of the drains by Bord na Mona 

will hopefully cause rewetting of the site and reverse the damage caused by years of 

industrial peat removal. Strimming of the vegetation is another management technique 

which has been suggested at other S. hirculus sites across Europe. An increase in a 

Swedish S. hirculus population following a period of haymaking which eliminated 

ligneous species and hummock forming mosses was noted by Ohlson as cited in Vittoz 

(2006). As in the past grazers have largely been excluded through fencing it is worth while 

trying the natural, less invasive method of unrestricted grazing first. If no beneficial results 

are seen through natural grazing, strimming prior to the .S’, hirculus flowering season may 

be worth considering with particular emphasis on the negative indicators species such as 

M  caerulea and H. lanatus. Yearly monitoring of S. hirculus abundance and other 

associated species composition and abundance would be recommended at this site.

The situation at Barroosky although generally considered favourable, with a large S. 

hirculus population, also has conservation concerns although not as immediate as 

Bellacorick. Ongoing dialog with the owner of the land should continue toeinsure no 

improvements are carried out on site. Monitoring the levels of M  caerulea on site is 

important here also. Monitoring on either a yearly basis or every second year would be 

recommended for this site.

The more intensive monitoring suggested for Barroosky and Bellacorick should be 

reviewed on a 5 year basis and a discussion taken to future monitoring levels at that time.

Steps taken to ensure the long term survival o f S. hirculus in Ireland:

• SACs have been designated/extended to include all known areas containing S. 

hirculus.
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• NPWS has funded this research project to study various aspects of the conservation 

biology of S. hirculus.

All known sites in Ireland are already within existing SACs.

5.8 Threats and pressures on S. hirculus on a national level.

As a result of this study the conservation status of S. hirculus in Ireland is recognised as 

favourable. There are, however, various potential threats and pressures that may impact on 

the survival of S. hirculus on a wider basis than the flush level assessed in Section 5.6. An 

introduction is given below to each threat and/or pressure identified, and this is followed 

by a statement of the actions recently completed or currently underway to address the 

threat. For the purpose of this thesis the threats and pressures are dealt with together as 

most fall into both categories. This is followed by a section on future actions. These are 

actions deemed necessary to ensure that any outstanding elements of the identified threat 

are fully managed and that no significant negative impact to the favourable conservation 

status of S. hirculus arises. The bodies responsible have been identified for ease of 

implementation.

The main threats and pressures are:

1. Habitat destruction

2. Forestry

3. Agriculture

4. Climate change

5. Loss o f genetic diversity

1. Habitat destruction - this includes windfarms, drainage, peat extraction and 

hillwalkers/botanical enthusiasts.

The flushes in which S. hirculus occurs are specialised habitats vulnerable to disturbance 

due to the high water table and quaking vegetation. As a result of this study it has been 

shown that changes in the surrounding bog habitat, the species composition in the flush
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and grazing levels of herbivores might lead to changes in S. hirculus abundance and to 

changes in reproduction ability. On the other hand, Bellacorick, the site under the most 

pressure, does not show a parallel reduction in genetic diversity. However, S. hirculus is a 

long-lived plant and the population may consist of old plants that no longer contribute to 

recruitment because of lack of suitable sites for seedling establishment. Measures taken 

now to improve conditions for S. hirculus at this site might ameliorate possible genetic 

bottle neck effects which could occur.

Windfarms

The national target prescribed by the European Renewables Directive (2009/28/EC) is for 

Ireland to source 16% of all energy consumed from renewable sources. Therefore, the Irish 

government is committed to increasing the proportion of renewable energy generated 

nationwide including wind farms. The current practice o f building wind farms on upland 

blanket bog could, therefore, be perceived as a threat to sites containing S. hirculus. 

However, as all sites are protected under national and EU legislation this threat is 

minimised due to procedures and information required before any work could be 

considered. The exception is the site at Bellacorick iron flush where permission has been 

granted to build a wind farm, some of which surrounds the site. Detailed hydro-geological 

studies were carried out as part of the Environmental Impact Study and Further 

Information required for planning permission. Planning permission has been granted 

although works have yet to commence on the project.

Drainage

In accordance with Section 31 of the European Communities (Natural Habitat) Regulations 

1997, where an operation or activity is carried out by the State that is likely to have a 

significant effect on a European Site, an appropriate assessment must be carried out on the 

implications for that site, in view of its conservation objectives. The operation or activity 

shall only be undertaken when it is ascertained that it will not adversely affect the integrity 

of the site and then, having regard to conclusions from the assessment (OPW 2006). Any 

drainage on or near these sites could be detrimental. The current protection of all the sites 

by their SAC status should mean drainage is now unlikely to occur. Maintenance of the 

existing hydrological regime at site, with improvement at Bellacorick, would appear
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essential. S. hirculus does not stand long flooding (Vittoz et al., 2006) and can take a 

number of years to recover from flood events (Naugzemys et al., 2006).

Peat Cutting

Any peat extraction on or near these sites would probably be detrimental to the species, but 

peat extraction is unlikely now to occur due to the protection o f all sites. The majority of 

sites are within large tracts of blanket bog far removed from any edge effects from small 

scale hand cutting of peat.

Botanical enthusiasts/students/hikers

There is always the concern when dealing with a rare plant of trampling damage by 

botanical students/enthusiasts particularly in such fragile habitats with bryophyte 

dominated communities. The removal of flowering heads as samples from small 

populations might impact on sexual reproduction by the removal of seeds and/or pollen 

from the population and therefore impact on the genetic diversity, as highlighted in this 

study. In Europe gathering samples for herbarium collection has also been highlighted as a 

problem (Vittoz et al., 2006, Kaesermann and Moser, 1999). Hikers are unlikely to be a 

problem as flush areas tend to be very wet and while interesting in the general 

environment, are likely to be avoided by hikers. All of the Irish locations of S. hirculus are 

reasonably isolated, and unlikely to attract anything other than very occasional visitors.

Forestry

Adherence to the Forest Service Guidelines and Requirement is a condition for all grant 

aided, approved and licensed forest activities. The Forest Service has provided information 

days on biodiversity, the Forest Biodiversity Guidelines and national and European 

legislation and obligations (e.g. Wildlife Act, 1976; Wildlife (Amendment) Act 2000; 

Habitats Directive, Birds Directive) to Registered Foresters and Forestry Companies. Any 

afforestation on or near these sites would likely be detrimental, but is unlikely now to 

occur due to the protection of all sites.
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Agriculture

The grazing regime pertaining to S. hirculus sites is o f critical importance to the survival of 

the species. Both overgrazing and undergrazing may cause a loss or decline in the species. 

Overgrazing can reduce rates o f flower production and fruit survival, while undergrazing 

can result in rank vegetation that can out-compete S. hirculus (Welch, 1993). S. hirculus 

needs low competition from species such as grasses sedges and peat bog mosses to grow, 

and light grazing may help open up the site thereby presenting recruitment sites. The 

current vegetation height and low coverage o f  S. hirculus in Bellacorick would appear to 

support this as the area is fenced o ff around most o f  its perimeter, reducing grazing 

significantly. Unfortunately we have no detailed historic data o f the plant in this site prior 

to drainage and fencing. Currently grazing does not appear to damaging the integrity o f  the 

flushes. The genetic analysis does not appear to highlight the cormection between high 

flower head removal and thus removal o f potential seedlings and the loss o f genetic 

diversity. However, in a long-lived clonal plant such as 5. hirculus it may take some time 

before excessive grazing leads to a reduction in the genetic diversity within the population.

Trampling by cattle is also identified as negative (Vittoz et al., 2006) but is unlikely to be a 

problem in Ireland due to the fact that the lands where S. hirculus grows are generally not 

suitable for cattle.

Climate Change

Climate change could potentially result in changes in the species composition and diversity 

o f the flush communities and result in rain/groundwater level changes across the Irish 

bogs. In order to determine the potential impacts o f altered water availability, hydrology 

and temperature, detailed ecophysiological experimentation would be required; as such 

there is currently no direct information on climate change impacts on S. hirculus. 

However, given its boreal distribution, it is likely that warming temperatures would 

adversely affect the species.

Many o f the bryophytes in the flushes where 5’. hirculus occurs are boreal relict species. 

Climate change might adversely affect the vegetation o f  these flushes and hence present an 

indirect threat to S. hirculus.

Although the range o f S. hirculus in Ireland has declined greatly since the 1900s this has 

been due to unfavourable past land management. The focus is now on the remaining sites
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which are well protected under current environmental legislation. The populations appear 

to be stable and along with the discovery of additional sites in the past 10 years allow the 

assessment of S. hirculus to be considered favourable.

Loss o f Genetic diversity

From this study it would seem that S. hirculus is not at risk of extinction in undisturbed 

sites. There appears to be moderately high genetic diversity within and between the sites 

surveyed and once the appropriate management recommendations are implemented the 

sites should continue in a favourable condition.

5.9 Management recommendations

The conducting of regular monitoring of the all sites particularly before during and after 

any licensed works are carried out is essential. This should include monitoring of the S. 

hirculus population, any other vegetation changes and water levels. Regular reviews 

should be carried out with all relevant bodies to insure that their procedures and written 

guidance are fully in compliance the EU and national law requirements for the protection 

of 5. hirculus.

Forestry

It must be ensured that knowledge and consideration of the habitat requirements of rare 

species are taken into account in all Forest Service grant aided, approved and licensed 

activities. Continue to provide regular information days on biodiversity, the Forest 

Biodiversity Guidelines and national and European legislation and obligations (e.g. 

Wildlife Act, 1976; Wildlife (Amendment) Act 2000; Habitats Directive, Birds Directive) 

to Registered Foresters and Forestry Companies.
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Grazing

Endeavour to ensure that numbers o f sheep grazing at these sites is managed to promote 

optimal conditions for S. hirculus. Access for grazers should not be restricted although the 

numbers o f domesticated grazers on the Erris bogs, mainly sheep, should be kept under 

review.

Hill walkers/Botanists/other site visitors

The education of local nature groups, college students etc to the dangers o f upsetting 

fragile habitats should be carried out on a regular basis. Hill walking has caused damage in 

other mountainous areas for instance the Wicklow way and Diamond hill in Co. Galway. 

Here walkways have been constructed across blanket bog to protect the habitats. At present 

this is not a pressing issue in this part of Mayo but should the numbers of walkers increase 

it is a viable way of habitat protection.

5.10 Suggestions for further study

Following on from the results of the studies carried out in this thesis a number o f further 

studies are recommended to build on the knowledge gained here.

• One result of the pollination experiments was the fact that pollen limitation was 

found to occur at Sheean. Whether this is the case at other sites is unknown and 

should be investigated.

• Seed collected from the Irish populations and grown in the Botanic gardens could 

answer further questions about inbreeding and outbreeding. For instance, would 

pollen brought in from other sites improve seed set at other sites?

• Seed germination experiments and pollen viability would greatly enhance the 

knowledge gained in this study on S. hirculus reproductive biology.

• A study of the pollinators of S. hirculus, both composition and abundance, in 

Ireland would identify future possible threats as a results of changes in pollinator 

dynamics.

• Priority studies for S. hirculus would be collection and analysis of genetic material 

from the two sites from which the DNA extractions failed. This would enable a full 

picture of the genetic diversity of the all populations to be obtained. In addition,
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phylogeographic analysis of European populations is recommended to set the 

context for Irish material.

• Clonality and the number of genotypes present were studied at one site, Barroosky. 

Whether clonality as evident in other sites and at the same scale is unknown and 

this knowledge would greatly improve management efforts.

• An analysis of the vegetation in flushes where S. hirculus is absent was not 

included in this study. This could aid possible future attempts of establishing new 

sites for S. hirculus.

5.11 Concluding remarks

There are any number threats to the blanket bogs of Ireland and by association their flushes 

and rare species. These range from more immediate actions such as severe overgrazing, 

afforestation, peat cutting, burning, erosion, infrastructure development (Douglas, 1998) to 

those as yet unquantifiable such as climate change (Heijmans et al., 2008). Hopefully 

baseline studies of a single rare species such as S. hirculus will aid in the preservation of 

flushes which it has been illustrated requires not only their habitat of the flush to survive 

but also the landscape mosaic they exist within.
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Total Character Difference Matrix
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Q ll  
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Q16 
Q17 
Q18 

Q19 
Q20 
Q21 
Q22 
Q23 
Q24 

Q25 
Q26 
Q27 
Q28 

Q29

Q30 31
Q31 19
Q32 45

Q33 51
Q34 57

Q34.2 54
Q35 46

Q36 53
Q37 45
Q38 56

Q39 44
Q40 58

50 48

52 54 36
50 56 48 60

49 57 43 57 9
59 51 47 47 59 54

52 56 42 48 44 45 47

60 46 48 52 60 65 55 64

69 65 57 67 65 62 66 61 51

59 55 57 63 61 56 52 57 51 54

69 61 61 57 61 64 62 71 27 64

Appendix 1. Total C harac te r  difference between 40 samples of S, hirculits taken form a 8 x 5m grid in Barroosky.
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