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MACULINEA ARION AS AN INDICATOR OF RARE NICHES IN SEMI-
NATURAL ACID GRASSLANDS IN SOUTH WEST ENGLAND AND T HE
ROLE OF MYRMICA SPECIES OF ANT.

By Zoé Randle

Anecdotal evidence suggests that habitat managédorethie Large Blue butterfly,
Maculinea arion benefits other rare species. Selected plantrarattebrate species
were monitored on a degraded site which was ungiaggestoration management for
the future re-introduction or natural recolonisataf M. arion. This study measured the
shift of the floral and invertebrate community irder to understand the species
composition and rate of successional changes iretestablishment of early seral,
semi-natural, acid grassland. Several UK Red DatzkBpecies increased on the
restoration site including the Pearl-bordered IFaity, Boloria euphrosynand the
Small Pearl-bordered Fritillarygoloria seleneThe increase in these two butterfly
species coincided with an increasé/inla riviniana, a food plant of these twBoloria
species, and ants of the geiygmica

A detailed study was undertaken to investigatgtioeesses explaining the increases in
Viola andBoloria species, with emphasis on their possible interastwith various
Myrmicaspecies. A key question was: Does manageme farion merely create a
scarce niche shared by a guild of other species,tbere a direct impact due to the
increase irMyrmica sabuletor otherMyrmica?

There was a positivielyrmicaaffect onViola density, due to the elaiosomes on the
seeds of botNiola species, which were highly attractive toMifrmicaspecies tested
but not to the other antB@rmicaspp.) inhabiting the study sitédyrmica scabrinodis
o) preferredViola lacteaseeds, the species\diola that coincides most within its
niche in the field. The relative density\dibla rivinianato V. lacteawas primarily
determined by microclimate, wit. lacteareplacingV. rivinianain the hottest niches.

Boloria euphrosyneviposition sites are also influenced by microclienand coincide
with the niche oM. sabuletj straddling the warmest microclimates occupied/by
riviniana and the coolest ones occupied\bylactea B. selenenhabits a cooler niche,
ovipositing mainly orV. riviniananearM. ruginodis.

Habitat management fod. arion increases the larval food plant and niches of both
Boloria species, but especially that®f euphrosyneThis is partially due to the
creation of a scarce niche that is shared by @ gdispecies and partly due to the
activity of Myrmicaspecies ants acting as ecosystem engineers.
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Chapter 1: Introduction

1.1 Introduction to Grasslands

The semi-natural grasslands of the UK and Europe baen created over thousands of
years as a result of man’s activities (Erhardt &ifias, 1991; Morris, 2000; Morris et
al., 1994). The majority of semi-natural habitaitshie UK and Europe have undergone
a dramatic decline in extent over the past 100sy@afallisDeVries et al., 2002). Many
that still exist are severely degraded and in riedgular conservation management
for them to maintain biodiversity value. The dena$¢hese habitats is a direct result of
human perturbations; changes in agricultural pcastare largely to blame (Thomas,
1995a). Conservationists are faced with the chgdleof conserving semi-natural

grasslands and the species that they support.

Habitats, particularly the Dorset heathlands (Wdl9190), have been directly destroyed
through urban sprawl and development, cultivatiblaind and draining of wetlands for
agricultural use. The fertilisation of land to iease productivity has also directly
contributed to habitat loss. The more indirect ddgtion of semi-natural habitats is due
to abandonment of traditional management practueh as extensive livestock grazing
and scrub management. The cessation of thesegastias allowed successional
processes to take place; vegetation has grownaind encroachment has reduced the
overall mosaic structure creating unsuitable camakt which ultimately leads to the
local extinction of species. Less mobile speciesusable to disperse and re-colonise
nearby habitats due to isolation and fragmentaifdhe landscape (Hanski et al.,
1996).

Early conservation attempts failed to save hab#atsspecies because intervention
methods were not adopted. It was thought that ekaiumethods alone would be
sufficient at saving a species or habitat. For gadamn the late 1920’s the Committee
for the Protection of British Lepidoptera acqui@dipman Valley in Cornwall as a
Large Blue butterflyMaculinea arionreserve. Wardens were employed to deter
collectors, the site was fenced to exclude gragtogk and the burning of gorddlex
europaeusvas prohibited. The vegetation grew and the biligerwent extinct within a
few years. (Oates, 1995; Thomas, 1995b). Many eamgervation schemes failed in

this way and lessons have been learnt. Succegsailes conservation requires an in
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depth knowledge of the target species ecology abidt requirements (Thomas,
1995a). Once these have been established thepaigpeomanagement methods can be
adopted and implemented to re-create and mairtaihabitat.

To conserve biodiversity two main approaches tataatmanagement can be adopted: a
species approach or a systems or process oriemtppedach. (WallisDeVries et al.,
2002). Successful ecosystem restoration requieesettestablishment of ecological
processes many of which involve plant and animeractions (Majer, 1989). Habitat
restoration is an important priority in conservatand is complementary to existing site
management (Morris et al., 1994). As a resulthainges to government policy,
Environmental Stewardship schemes now pay farnoeusdertake effective
environmental management, and restoration scheradsaoming more common
place. The mean decline of priority butterfly spsdnas been reduced by agri-
environment schemes; however, Warren et al. (2088 found that some schemes
actually exacerbate the decline of butterflies thguire habitat mosaics and scrub

edges.

The basic principle of conservation management &test the process of succession in
order to maintain the status quo in semi naturbitats (Fry & Lonsdale, 1991; Morris

et al., 1994; Oates, 1995). Grasslands in partidqidae a long history of intervention by
man. Grazing is the most commonly adopted managepnactice for acid grasslands,
calcareous grasslands and lowland heathlandsn@uattid coppicing are the methods
used to manage hay meadows and woodlands respecRestoration management can
be short or long term depending upon the time spare abandonment. Maintenance
management is generally continuous (Oates, 199&)kdme management being

repeated periodically.

My study system is a semi-natural acid grasslansamavithUlex europaeusnd
Pteridium aquilinumand therefore | am concentrating on the managemetitods
employed for this habitat; livestock grazing, wharkates and maintains a mosaic
sward structure, and controlled burning of scr@vazing animals such as cattle, ponies
or sheep have three main effects on vegetationlidagbn, treading and dunging
(Morris, 2000). Cattle trample and open up tadrse vegetation, creating small
openings within the turf which are suitable micres for seedling germination; they

browse scrub and generally eat longer coarse gras$erses and ponies are patchy
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grazers and are excellent at creating speciesmagaic structures that are favoured by
butterflies (Oates, 1995). Native breeds alsdredus fruticosalJlex europaeusand
coarse grasses, which prevents these from becgmaddematic. The combined force
of cattle and ponies is often favoured as a gramggne as their grazing habits
compliment each other. In contrast, sheep tenétegte a more uniform sward.
Grazing intensity and timing is critical for maimteng plant and animal biodiversity
(Watkinson and Ormerod, 2001).

Scrub management is an important factor in halestoration and maintenance.
Rotational winter burning dfllex andPteridium aquilinumis the traditional method of
controlling scrub encroachment in Dartmoor. Burnmgore effective than cutting for
several reasons: scrub regeneration is slowerjrmurs less labour intensive; burning
removes the dense litter layer and allows the eemerg of seedlings from the seedbank,
some of which are stimulated by fire to germin&i@. exampleViola species, the

larval food plant for Fritillary butterflies thrivafter burning events (Oates, 1995).

Conservation management of sites for the myrmetmphiarge Blue butterfly,
Maculinea arionhas been associated with an increase in the abcedad diversity of
other species, includingyrmica sabulet{M. arion’s obligate larval host); the
threatened butterflies, the Pearl-bordered FnisilBoloria euphrosyneSmall Pearl-
bordered FritillaryBoloria seleneThe GraylingHipparchia semeleand two species of
Violet, namelyViola rivinianaandViola lactea(a nationally notable species). The
relationships between some of these species at&meein; others are less well
understood making the relationship between thepalptons ambiguous. It is has been
previously established thiktyrmicaants create microhabitats and provide enemy free
space for certain plants (EImes, 1999) and Wiala species have a seed with an

elaiosome, an ant attractant that may aid seee@iapand or survival.

This thesis attempts to address these ambiguiti@scainvestigate the relationship
between ants, plants and other invertebrates trtast the ecological function of ants,
and ofM. sabuletiin particular, in determining community structuviehin their

ecosystem.
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1.2 The Ecology ofMaculinea arion

The Large Blue butterflyaculinea arion(figure 1.1) is the only member of its genus
present irthe UK. M. arion has an interesting and highly specialised lifdeyloeing a
social parasite of the red aM, sabuleti The butterflies are univoltine (i.e. one
generation per year) and typically occur in clopedulations occupying 0.5 — 5 ha of
grassland (Thomas, 1995b). The adults are slved lvith an average life span of five
to seven days and are on the wing from mid Juniélate July. They lay their eggs on
the tight unopened flower buds of Wild ThynTéymus drucefThomas & Elmes,
2001).After a week the egg hatches and the larva (heneediled caterpillar to
distinguish it from ant larvae) feeds on the flowerad. Once the caterpillar has
undergone its final moult it drops to the ground awaits adoption by its host avit
sabuleti. The caterpillar has a posterior dorsal nectaraomn its body and many pore
cupola (Malicky, 1969), that secrete solutions #rat ant in the genudyrmicais
attracted to (Frowhawk, 1924; Thomas, 2002). Thaepeatedly taps the caterpillar
with its antennae, causing the caterpillar to deameore solution. Several ants may be
involved in the adoption process which may takéaugn hour. The final stage in
adoption is the rearing up of the caterpillar, vilhievokes the ant to pick it up and take
it to the brood chamber in the nest (Frowhawk, 192v¥wmas, 2002). Normally ants
attack intruders to their nest, howewdr,arion uses chemical mimicry (Akino et al.,
1999), causing the ant to treat the caterpillag itk own larvae. Within the nest, the
caterpillar eats the ant brood until it undergoeggtion the following June and emerges
from the nest. The freshly eclosed butterfly tblmbs up the stem of a plant to inflate

its wings.

In Britain, M. arion occurs in the South West of England, on soutmtaslopes with

high densities oM. sabuletinests in close proximity tbhymusspeciesM. sabuletiis
adapted to a warmer climate than is common in BrifBhomas et al., 1989) and is
abundant only on south facing, tightly grazed swarfdess that 3cm (Thomas, 1995b;
Thomas et al., 1998). If the sward height incredsejust two centimetres the soll
surface temperature can be reduced by 5° C - If@n{as et al., 1989). This change in
microclimate creates unsuitable conditionsNbrsabuletiduring its colony growing
phases in spring and autumn, resulting in the exadvl. sabuletiand replacement by
Myrmica scabrinodisvhich is adaptetb a cooler niche (Thomas, 1980; ElImes and
Thomas, et al. 1992).
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1.3 Conservation ofMaculinea arion

M. arionwas always a localised species whose populatioindecsteadily during the
twentieth century. Despite attempts to consdtvarion from the 1920’s onwards, the
butterfly continued to decline. This led consemaists to believe that it was impossible
to maintain this species in Britain. However, nstific investigation intd\. arion’s
ecology had been undertaken until 1972, when intersfudies were started to identify
its exact requirements. The key finding of the 1093dy was tha¥l. arion was host
specific to a single anM. sabulet) rather than alMyrmicaspecies, as had previously
been believed. This restrictdtl arionto a much narrower niche within its traditional
grasslands than had been realised and showed Weék@tionists that sites must be
grazed to less than 3cm tall to support a populgfitiomas, 1980). Unfortunately this
information came too late to salk arionin Britain and by 1979 the butterfly was
extinct in the UK. Changes in the suitability ohgsland sites were due to modifications
in agricultural practices; farmers abandoned tiaalilt management practices such as
grazing with livestock and scrub clearance by mgriiecause these methods were no
longer financially viable. Rabbits declined fronetmid 1950s’ onwards, due to
myxomatosiswhich was itself encouraged by farmers. All thelsengesaffected the
Myrmicaant population dynamics dW. arion sites. The abandonment of grazing
changed the vegetation structure and thereforedihéemperature cooled. These
successional changes created unsuitable microaimanditions foiM. sabuletiand
populations of this ant declined to an extent whgtéey could no longer support the

populations oM. arion butterflies.

In 1983, with the new knowledge bf. arion’srequirements, optimum management for
M. sabuletiwas imposed on a former site in Devon, and a stmalllreintroduction
programme was attemptet¥l. arion eggs of a suitable race were collected from three
populations that comprised part of a single mefadfadion from Oland, South East of
Sweden. These eggs developed into final instargiéiars and were released on one of
the Devon sites. The following summer seven adutierged and formed a small
population. In 1986 additional individuals weré&raduced from the same Swedish
source, to reduce the chance of extinction thraigbhasticity and inverse density
dependent mortality of the previously introducedBrpopulation, and to increase
genetic diversity. Despite the weather conditidusng the flight period in 1987 being
sub-optimal, it was estimated that 2030 eggs wadx(Thomas, 1989). Twenty three
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generations later, . arion population exists on the reintroduction site whih
referred to, hereafter, as site ‘X’. By 2006, therere more than 25 sites in the south
west region of the UK that were occupiedMyarion. This was achieved by a

combination of natural colonisation and re-intratitut of adult butterflies.

Figure 1.1 : Maculinea arionon larval food planThymusspecies.
Photograph courtesy of J.A. Thomas.
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1.4 Habitat Restoration and Management on the Dartroor sites

TheM. arion sites in Devon are found on the culm measures®isauth east edge of

Dartmoor National Park. Site ‘X’ is approximately hiectares, site Y’ 10 hectares and

site ‘W’ has an area of about 2 hectares (figug. 1.

Figure 1.2: M. arion site, Devon. Legend@ite W — Degraded site undergoing restoration. Site W is
divided into 4 areas for this studgy{1 Pteridium aquilinumdominant;W2 dominated byAgrostis
curtisii, Erica cinereaand associated speci®83 & W4 Pteridium aquilinumdominantSite X — semi-
natural acid grassland mosaic with areaBtefidium aquilinum, Rubus fruticosasdUlex europaeus
scrub. AreaXG is the core semi-natural acid grassland areaeo$ite. AreaXB is an area of dense
aquilinumthat is unmanage&ite Y — restored semi-natural acid grassland site.
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The sites are semi-natural acid grassland mosaibgpackets olUlex europaeuand
P. aquilinumscrub. The species composition incluéega cinerea Agrostis curtisij
Leontodon hispidus, Pedicularis sylvatica, RpeeciesPolygala serpyllifolia,

Pteridium aquilinum, Teucrium scorodonia, Thymuscai, Potentilla erecta, Ulex

europaeusV. rivinianaandV. lactea.

M. arion occupies sites X and Y. Habitat restoration waggdn on site X in the mid
1970’s and this was extended 25 years ago to incatp a neighbouring hillside, site

Y. In addition, for this current study another oeation programme was started in 2003
to the West of site X, on site W, with the aim ateuraging natural colonisation and

creating conditions for a meta-populationMdfarion and its associated wildlife.

Habitat management fod. arion butterflies is aimed at creating suitable condsidor
the host anM. sabuleti Sward height is the most important factor to aderswhen
promotingM. sabuleti As stated previously. sabuletiis only abundant under UK
climates on swards less than 3 cm. ConsequéMitlgrion sites are intensively grazed
in spring and autumn to maintain the high densiifdd. sabuletinests. Dartmoor
ponies graze the sites from April to December. RBetwJanuary and March the ponies
are replaced by bullocks. Stocking densities d@yending upon climatic conditions;
during wet springs and autumns, they are reducegidm damage to the turf through
poaching. On average, the stocking densities &rbullocks per hectare per year and 1
pony per hectare per year. For three months spguinéflight period of the butterfly,

grazing animals are removed from the sites to atramipling of eggs and larvae.

TheUlex europaeusn sites undergoes a yearly rotational winter harcreate early
successional niches. Burning is a more effective @faontrollingUlex europaeus
compared to swiping, as it removes the litter laay@at growth is slowerP. aquilinum
which can also be invasive on these soils, is mathagtwo ways. Dense stands are
managed by controlled burning, which removes thesdenulch layer as well as the
dead fronds. Re-generation from the undergrourmbrhés is then cut during June and
July and sprayed with the herbicide, Asulam. Lesssd areas of bracken are rolled in
June or July to suppress encroachment. Duringdhlg stages of the restoratidn,
druceiwas plug planted to aid colonisation, becauserabspread was exceedingly

slow. No other plant species were sown or plantethe restoration sites.
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1.5 Habitat management forMaculinea arion benefits other rare

species

Preliminary studies suggested that alpha and hetlversity increased on sites
managed foM. arion (Thomas, 1999). The narrow niche createdatulineasites
appears to benefit several noteworthy insect spgefiie example the green tiger beetle,
Cicindela campestriand the Lesser Cockroadfctobius panzeriBoth are ground-
dwelling thermophilous insectlat have experienced large increases in population
density on the study site, site X (New et al., ,98%mas, 1999; Elmes & Thomas,
1992). Several declining butterfly species have alsreased, such as the Graylikig,
semeleHigh Brown Fritillary,A. adippeDark Green FritillaryA. aglaja,Pearl-
bordered Fritillary B. euphrosynand the Small Pearl-bordered FritillaB, selene
(Thomas & Elmes, 1989A. adippeandB. euphrosynare category 2 Red Data Book
species that have disappeared from c80% of knawa s 1980 — 2000 and declined to
low densities in most surviving populatiofs.seleneandH. semelere now considered
to be priority species and were added to the UKdBrsity Action Plan in 2007. The
increase in these fritillary butterfly species,lmth sites X and Y, confounding the
national trend, are attributed to a >100 fold iasein the pale dog violet, lactea

(itself a Nationally Notable species) and the comrdog violet,V. rivinianaon
Maculineasites (Thomas pers comm.; New et al., 1995). dodiands all four species
of fritillary lay their eggs on or very near Ybola plants, with the larvae of each using a
different violet growth form corresponding to diféait ages and successional stages

(Thomas et al., in press).

The evidence that habitat managementMoarion is benefitting other rare species

requires further tests and validation.

1.6 Maculinea as an Indicator of Biodiversity and an Umbrella sgcies

In the UKM. arion can be considered to be an indicator of earlyessgional, warm,
ephemeral niches within the grasslands the specmspies. Insects, especially
butterflies are ideal indicator species due the@cges richness, high diversity,
sensitivity to environmental change and their egicial function (Andersen, A. N., et
al., 2002; Hodkinson I. D. & Jackson J. K. 2005;ddaD. & Van Dyck, H. 2005;
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McGeoch M.A., 2007). Bioindicators are defined aspecies or group of species that
readily reflects the abiotic or biotic state of anvironment; represents the impact of
environmental change on a habitat, community aulasst of taxa, or of wholesale
diversity, within an ared (McGeoch M.A., 2007) The term bioindicator isidied into
three categories; environmental indicator; ecolalgiedicator and biodiversity indicator
(McGeoch M.A., 2007). Several terms are relatebiodiversity indicators including
umbrella species and flagship species (McGeoch N2@07).

Umbrella species arespecies whose protection serves to protect mamccorring
species (Fleishman et al., 2000). The criteria upon whétith species are selected are
determined by species rarity, sensitivity to hurdeturbance and the mean percentage
of co-occurring species (Fleishman et al., 200(héRge & Angelstam, 2004). There are
two types of umbrella species; those that are ddingrwith respect to habitat area, for
example large mammals; or site selection umbrslias as birds and butterflies
(Roberge & Angelstam, 2004). In the case of buiemrfarge habitat area is not an
indicator of habitat quality which is essential fmecies that have specific habitat
requirements. Lambeck et al (1997) suggest a &paties approach; identifying the
most sensitive species within the ecosystem t@aasm umbrella. This approach would
generally identify butterfly species as umbrellagexially since these taxa have
specific habitat requirements particularly in tHaival stages (Thomas, 2005; Thomas,
1993). Launer & Murphy (1994) found that consenmtimed at the Bay Checker
spot butterfly Euphydryas editha bayensisould protect 98% of the flowering plants

on occupied sites.

Whilst there has been much debate on the use obfela” species in conservation
planning (see Roberge & Angelstam, 2004), to datectexists a lack of published
studies examining how management of selectedfsitesnbrella species impacts upon
the wider community. Lepidopteran species have nmaore schedules for protection
and conservation in the United Kingdom than angpgihylogenetic order (New,

1997). Individual species are frequently targetgddnservation management and their
habitats therefore receive considerable finanok$tment. The ecology of several
Lepidopteran species is well detailed, making tingghly attractive as ‘flagship’
species: Popular and usually charismatic, species that pdeva symbol or focus for

conservation awareness and actiofCalow, 1999)
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In Europe at least, butterflies have experiencedtgr declines and more local
extinctions than other well studied groups; terirakvertebrates or plants (Thomas et
al., 2004). Butterflies appear to be representatfw@her insect groups (Randle et al.,
2005; Thomas, 2005; Thomas & Clarke, 2004) whoséogy is much less well known.
Minor changes in grassland habitat structure arected rapidly in rare Lepidopteran
species. Studies in the UK of the Large Blue bfljteM. arion showed that when
grazing was reduced on sites, the population dedlian times faster than that of the
host ant or plant species (Erhardt & Thomas, 1994aenidae are strong candidates
for consideration as Umbrella species due to timepbexity of their lifecycles (New
1997).

There are five species bfaculineabutterfly found across Europe, all of which are
considered to be globally threatened and are listetthe IUCN (World) Red Data Book
(Anon., 1990) as well as being included on the peam Red List of endangered
butterflies (Heath, 1981). Each of the speciesexagerienced one or more national
extinctions (Elmes & Thomas, 1992)aculineabutterflies are an important component
of European flora and fauna, some of the food pl#mt they rely upon are protected
species and the butterflies themselves are hastttemely rare species-specific
parasitoid wasps of the gerNsotypusandichneumonwhich have only been recorded
on 25 sites across Europe (Thomas & Elmes, 198&ulineaspecies form a close

knit ‘community module’ (Holt, 1984) of high cons@tion value.

Maculineaare often considered to be ‘Flagship’ species: tifedvare, endangered,
conspicuous organisms that catch the imaginatibioifias & Settele, 2004). One of the
aims of this thesis is to study whether they ase aildicators of biodiversity and
‘Umbrella’ species. A second aim is to test thedtkpsis that the characteristic
assemblages dyl. arion sites function as a community, being linked by rtregor

impact thatM. sabuletihas, when at high densities, on other selectestti@brates and
plants on these sites. In other wordsVlissabuletia keystone species, sensu Paine
(1966)?
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1.7 Biology ofMyrmica ants

Myrmicaare red ants with a Holarctic temperate distribu{ielmes et al., 1998). The
biology of Myrmicaants has been extensively studied in the laboréecause they are
very easy to maintain. However, some of their egickl characteristics such as colony
fidelity, nest site persistence and community stmechave been poorly studied, as field
studies of these ants can be difficult, (ElImed.etl898).Myrmicacolonies generally
have 200 — 500 workers and can have multiple qu@ginges, 1991b). Nests are
constructed in rotten wood, sphagnum moss, grasstiks and soil. Soil nests can be
under stones or under ground (Elmes et al., 1988ts that are constructed in moist
dense vegetation have solaria to improve insoldfimes, 1991b). Since most
Myrmicaspecies have overlapping niches there is alsogirgar-specific competition

in these zones. Most small colonies, especialyiynéounded ones, are destroyed by
differentMyrmicaspecies or absorbed by conspecifics, (ElImes & V&eardl982b). On
grazed grassland habitdlyrmicaant nest densities can sometimes exceed 1 peresqua
meter. Each nest site can be a permanent featuch vglifought over and occupied by a

succession of different colonies (Elmes, 1991Db).

In habitats wher&lyrmicacommunities exist, most new colonies are formed by
fragmentation of existing colonies (budding). Winerst sites are scarce, the strong
competition results in rapid colonisation of netesiby a bud of an existing colony,
which soon becomes a separate entity from the paodony (Elmes et al., 1998). It is
unlikely that other ant species can invade a site@ne or mordyrmicaspecies have
colonised an area, unless there is a change phiygcal conditions or new large areas
of habitat are created (Elmes et al., 1998; Elrh@81hb).

The primary consumers of insects and small vertebiia most terrestrial habitats are
ants (Holldobler & Wilson, 1990). Springtails, ders, aphids, adult and larval flies,
beetle and moth larvae are the main constituent4yomicaant diet (Brian, 1977,
Skinner and Allen, 1996). Kajak et al (1972) inigested the role oMyrmicaants on
meadow invertebrates. It was found that ants damrelte up to 40% of hatching
leafhoppers, 30% emerging dipterans and 49% of yspiders. Ants are therefore one
of the most effective invertebrate predators (Kagtakl., 1972) and are no doubt
responsible for the regulation of invertebrate papons (Brian, 1977). Generally,

foraging ants will concentrate on a resource thatomentarily in great abundance
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(Brian, 1977). Specialist aphid colonies are naamgd byMyrmica,whose secretions

probably form a large part of the diet.
1.8 Myrmica ants and Myrmecochory
Myrmicaants also consume large quantities of elaiosofiegd 1.3); these are fleshy

appendages on seeds that are adapted for antsdgisf&eed dispersal by ants is called

Myrmecochory, and was first described by Sernamd&f06.

il

— 1mm
Figure 1.3:Viola lacteaseed

Elaiosome

The elaiosome is a food source that consists tf &fids, sugars and proteins.
Elaiosomes also have a chemical constituent whiichcés ants and invokes carrying
behaviour. The fatty acid composition of elaiosonsemore similar to insect fatty acids
than to the seeds of the same species (Hughes £899l), suggesting that the
chemistry of elaiosomes has evolved to attractrticpdar suite of ant species. The
common chemical attractant found in elaiosomesglyckride 1, 2 — diolein.
Interestingly, 1, 2 — diolein is also found in insBaemoglobin (Hughes et al., 1994).
Free fatty acids such as oleic acid may also prerseed gathering behaviour (Marshall
et al., 1979; Brew et al., 1989; Skidmore & Heithal088). It is well documented that
oleic acid induces corpse carrying behaviour inesamt species, (Hughes et al., 1994).
When ants encounter attractive seeds, they take iaek to their nests and remove the
elaiosomes which are eaten by both the ants ananthlerood. The remaining seed is
discarded within or around the ant nest. Ant nastconsidered to be suitable micro-
sites for seed germination (Fenner, 1985) dued@ttumulation of organic matter and
detritus around them, which are higher in nutrigh# in non-ant nest soils (Beattie &
Culver, 1983).
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Myrmecochory is thought to benefit plants in sel’additional ways; 1) many
myrmecochores are found in habitats that are sutgdeequent natural burning events.
The presence of an elaiosome enables seeds tolawwithg by being taken down into
the ants nest. 2) Seed predation avoidance odmansgh myrmecochory as shown by
Turnbull & Culver (1983). In that study, ants imnegdly removed/iola nuttallii seeds
shed from capsules, taking them below ground imoniest, which is highly protected,
thereby enabling the seeds to avoid predation 8gnts and invertebrates above
ground. 3) Myrmecochorous seedqiigaspecies are dispersed by ants further than
their parental clones, thereby eliminating intrasiie competition from parent plants
(Holldobler & Wilson, 1990). 4) Interspecific conti®mn may be avoided - ants may
carry seeds to sites where other competing spgoiesless well (Holldobler &

Wilson, 1990). Culver & Beattie, (1980) also loolksdhe survival rates of\2iola
species in Southern England. Some seeds were glantant nests, others in randomly
selected micro-sites. The seedlings that survivesd Wwere on ant nests, they were also

larger and more numerous.

1.9 Myrmica ants influencing soil properties

Studies have found that the presence of ant nastsyluence soil nutrient and organic
matter content (Jakubczyk et al., 1972). Gammad85Rfound that nests dyrmica
ruginodison heathland were significantly more nutrient fiican non-ant nest sites one
meter away. Ants are important soil modifiers, ooty due to the accumulation of
nutrients. The building of galleries results inl soovement, thereby altering soil
structure, which in turn alters soil porosity resg in improved aeration and drainage,
(Petal, 1978). The increase in organic matter,lergte water retention capacity of the
soil, creates conditions that are ideal for plawt penetration (Petal, 1978; EImes,
1991a). The chemical defences of ant nests, inojuflingicides and bactericides,

almost certainly alter their immediate soil comnti@si.

1.10 Ants and above nest vegetation

The influence of ants on soil properties at nasssill intuitively affect the vegetation
structure above ant nests. The gathering of myootewrous seeds is very likely to bias
above nest vegetation towards these species. KBy] found that flora on the

mounds ol asius flavusvere significantly different from that of non malwegetation.
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On the other hand, Elmes & Wardlaw (1982a) foun@vidence that plants aboivk
sabuletinests were responding to the physical changesitoasal vegetation that has
been generated by the ants. They hypothesizedhinaticrohabitat features of the nest
spot would determine the vegetation assemblagehensluitability forM. sabuleti
nesting. | now question that hypothesis siktygmicanests have been shown to
increase local soil nutrients and organic matted, lassuggest that in the longer term this

will influence above nest vegetation.

Also, as described above, the gathering of myrmemauis seeds by ants is likely to
alter the above nest flora. To test this hypothesiill assess the above nest vegetation
of MyrmicaandF. fuscaants and compare it with non-ant nest areas, peitticular
reference td/iola lacteaandV. riviniana (Chapter 3). IViola species are more
abundant near to ant nests compared to non-nest $jyypothesis that this is due to
the presence of an elaiosome\dnla seeds which is attractive to the ants. This idea i
tested in Chapter 4, which investigates the attraigess of different myrmecochorous
seeds found on the study site to different antispebat co-occur ther®lyrmicaants
may be responsible for the dispersaV/adla seeds and may influendfola

distributions, activities which may have knock dfeets for violet feeding fritillary
butterflies such aB. euphrosynandB. seleneThe increase in violet feeding fritillary
butterflies on sites X and Y can be attributed tdl@0 fold increase iNiola densities
which may, ultimately be due to the roleMf sabuletias a seed disperser. If confirmed,
this would qualifyM. sabuletias a keystone species Mr arion, B. euphrosynandB.

seleneon these sites.

1.11Myrmica sabuleti as a Keystone Species

The concept of keystone species was introduce@66 by Paine, who applied the
theory to predators in marine communities. Heestdlhat: tocal species diversity is
directly related to the efficiency with which préai®s prevent the monopolization of the
major environmental requisites by one spetieblills et al (1993) broadened the scope
of keystone species to include any species whaseval has strong effects on
community diversity. There has been much debate e validity of the keystone
species concept since its introduction (Simber308; Paine, 1995; Mills et al., 1993;
de Maynadier & Hunter, 1994; Power et al., 199@&)lo@ (1999) defines keystone

species as: “.ane upon which many other species in an ecosyst@end and the loss
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of which could result in a cascade of local exiimas. The keystone species may supply
a vital food resource...it may be a predatory spettias holds in check the populations
of certain herbivores which would otherwise ovemgareduce primary production
potential and lead to the loss of other herbivoransmals, together perhaps with

certain specific parasites and predatdrs.

The extinction of sea otters from the Pacific cea$tNorth America is perhaps one of
the most famous examples used to discuss the keystmecies concept. The extinction
of the sea otters led to an increase in sea urthiadavoured prey for sea otters). The
urchins overgrazed the giant kelp, the kelp becacedly extinct, and the fish and
invertebrate species that inhabited the kelp fomese lost (Ebenman & Jonsson, 2005).
Many other examples of keystone species existRs@eer et al., 1996). The problems

in identifying keystone species have been widelyad, for example by Ebenman &
Jonsson (2005), Power et al. (1996), Simberlof@&9de Maynadier and Hunter
(1994), Mills et al. (1993) & Paine (1995). Howewehat is accepted is that a keystone
species is not determined by its position withfloe@d chain; keystone status is not
confined to top predators (e.g. sea otters) withgiystem (Power et al., 1996). Keystone
species that affect their physical environmentubloburrowing in soil (kangaroo rats),
or building dams (beavers), for example can alsodvesidered as ‘Ecosystem

Engineers’ (Jones et al., 1994).

It is evident that the presence of ants in mangystems is fundamental to the
existence of communities. Ants are host to myrrpages and social parasiteéd.

arion is absolutely dependant upon the presence ondeigkities oM. sabuletiants to
ensure its survival. They are a key predator iir t@mmunities, often regulating the
population densities of other invertebrate faunaaid 1977). Ants are eaten and form a
substantial constituent of many other organismet, dioth at larval stage and as adults
(Skinner 1996). There is also no doubt that alatg @ vital role in the dispersal of
elaiosome bearing seeds, and aid germination ant/alof seedlings by creating
enemy free space and nutrient rich micro-sites. iigact on the composition of plant
communities will inevitably have knock on effects their specialist herbivores and
mychorizzae. It is therefore reasonable to comghiEt M. sabuletimay be a keystone

species and an ecosystem engineer within my sysigra.
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1.12 Aims of the Project

This thesis describes ecological experiments madé.@rion sites in the UK. The
purpose of this project is to address the follongngstions: (1) what is the impact of
targeted “single species” habitat management onlptpns of other selected
invertebrate and plant species on a degradedSitee\(V)? (2) What are the patterns in
re-colonisation rates of selected species? (3) t\Aflgathe processes behind these
patterns in re-colonisation rates of species? (é)ola populations enhanced by
increased populations M. sabuletior otherMyrmicaspecies, and is this facilitated by
the dispersal of their seeds into microsites slétédy recruitment and / or reproductive
success. (5) ¥iola populations do benefit from an ant associatioa taese benefits
manifested at the population level in other assediapecies such &s euphrosynand

B. selene- two violet feeding fritillaries?

Two non-exclusive hypotheses are tested; (1), tipellation increases i.

euphrosyne, B. selene, H. senaateViola species are attributable to habitat
management which creates a warm, early successiat in grassland which is
shared by this guild of species. (2) The increaséise aforementioned species may be
due to the direct or indirect effect Myrmicaants manipulating the community.
Population growth of Viola species on sites X and Y may partly be a result of

increased ant densitieg; lacteaandV. rivinianaare myrmecochores.

My first hypothesis is addressed in Chapters 26and Chapter 2, | describe the
patterns of re-colonisation, changes in speciemnalsiiges and microclimate on sites
prior to and during habitat restoration and managggrnin Chapter 6 the preferred egg
laying niches oB. euphrosynandB. selenan relation toViola species growth forms,
microclimate and co-occurring ant species are egplto find out if these share the

early successional niche that is created by haiitetagement favl. arion.

My second hypothesis is addressed in ChapteraBd4, which explore the direct and
indirect effect of selected ant species on thearacommunity. In Chapter 3 the
vegetation structure above ant nests is comparadrteant nest spots. Firstly, this
Chapter aims to establish if ants influence thest&tipn near to their nests, and
secondly, is there an association or co-occurrbrtgeen th&/iola species and

different ant species found on the study site? aBetural bioassay experiments
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investigating the seed preferencévbfrmicaspecies an&. fuscaants in the laboratory
are described in Chapter 4. This Chapter expldresrtechanism of myrmecochory in
vegetation manipulation. Chapter 5 addresses fhetaff M. sabuletion ant nest soil
nutrients. Nutrient content of nest soil is complaiee non ant nest soil in order to
explain the higher densities @fola species at nest spots. In addition to this, soil
seedbank samples were taken frigimsabuletinests and non-nest spoiola seed

density was assessed and compared between nesbraumest spots.
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Chapter 2: Monitoring the re-colonisation of floral and faunal
communities in degraded semi-natural acid grassland

managed for the reintroduction ofMaculinea arion

2.1 Introduction

In the UK and Europe, semi-natural grasslands hadpecialist species they support
are declining rapidly (van Swaay et al., 2006). figess in agricultural practices are
largely to blame, including chemical improvemeringsartificial fertilisers, herbicides
and insecticides; physical destruction throughivatiton or development; and
abandonment (Walker et al., 2004). Many remaigiragslands are degraded,
fragmented and isolated, making recolonisationdsyain species all but impossible
(WallisDeVries et al., 2002).

Fragmentation and isolation of habitat patcheddtwso the local extinction of species,
and this is particularly the case for insects (Har999). Insects respond rapidly to
environmental change due to their short lifecy¢Bsurn & Thomas, 2002), and many
species are ill-adapted to modern landscapes dineitorelative immobility and an
inability to remain dormant though periods of utaiile habitat conditions when their
narrow niches are temporarily unavailable (Bouriil@mas, 1993; Thomas et al., in
press; Thomas, et al., 2001). Many invertebrata beve an intrinsic conservation
value and play important roles in ecosystem prazfd/atkinson & Ormerod, 2001).
Previous studies have shown that insect commuiusrsity has increased with habitat
area (Steffan-Dewenter & Tscharntke, 2002), andresive grassland management has
been found to enhance both local and regional irieersity (Di Giulio et al., 2001).
Pdyry et al. (2005), report that intensive gradmthe most suitable method to maintain
and restore grassland biodiversityaculinea arionand several other butterfly species
that are at the northern edges of their rangdseitK inhabit warm, ephemeral, narrow
niches, whereas in central Europe the same speaw@sbroader niches and inhabit later
seral stages in grassland (Thomas et al., 1998rB&Thomas, 2002). This is due to
the macro-climate being up to 3°C warmer thandh#te UK (Thomas, 1993). The
narrower niches of many insects in the UK requitensive and frequent management

to maintain them (Thomas, 1996). The habitat mamagt on my study sites creates a
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mosaic of scrub and various sward structures, ésdpethose containing warm,

ephemeral, early successional niches.

Few studies have been undertaken to investigateegtieration of early successional
niches in semi-natural acid grasslands (Walket.e2@04). This Chapter describes the
re-colonisation of site W by selected plant ancentebrate species which are of
conservation interest. The site is undergoing rasitim by scrub clearance, bracken
control and grazing to re-create semi-natural gcagsland for the purpose of a
reintroduction and or natural re-colonisatiorMdculinea arion its host anMyrmica

sabuletj and other associated species.

Anecdotal evidence suggests that both alpha arddiediversity has increased on sites
managed foM. arion. It is thought that the creation of early sucaassi stages in
acidic semi-natural grassland, through habitat mameent on these sites, may be

responsible (EImes & Thomas 1992)

2.2 Research Aim

The aim of this study is to measure the shift efftoral and invertebrate community in
order to understand the species composition aedifauccessional changes in the re-
establishment of early seral, semi-natural, acidgjand. | test the hypothesis that
population increases Boloria euphrosyne, Boloria selene, Hipparchia skme
Cicindela campestriandViola riviniana are attributable to habitat management, which
creates a warm, early successional niche in gragsiehich is shared by this guild of

species.

2.3 Site Description

Site W is an abandoned semi-natural acid grass$iabiat with a sloping south west
aspect. The upper slope is rank semi-natural aeisstand, dominated ®grostis
curtisii, Erica cinereaandUlex europaeus. Viola riviniana, Viola lactea,tPuotilla
erecta, Thymus drucandPolygala serpyllifoliaare also present in low densities. The
lower part of the site is dominated by deRseridium aquilinumstands with a low

density ofViola rivinianain the under-story.

-20 -



Chapter 2: Monitoring re-colonisation of acid gtaesl communities

Targeted habitat management began on this siteanciM2003. The aim was to create a
suitable site for the future reintroduction andiatural recolonisation d¥fl. arionand

its associated species. Existivg arion sites (sites X and Y) are 300m and 900m away
from site W respectively. Prior to the commencenoémabitat management, the site

was split into 4 areas (figure 2.1);

W1. Area approximately 1775nf. Sparse grasslandgrostis curtisiiand
Viola riviniana present at low densitieRubus fruticosuandPteridium
aquilinumdominant.

W2. Area approximately 1066nf.Tall rank semi natural acid grassland
dominated byAgrostis curtisii, Erica cinereaandUlex europaeus.
Teucrium scorodonia, Viola riviniana, Viola lactd@otentilla erecta,
Thymus druceandPolygala serpyllifoliapresent at low densities.

W3. Area approximately 2877nf . Tall densePteridium aquilinumstand with
occasionaViola riviniana present in under- storey.

W4. Area approximately 3004nf . Tall densePteridium aquilinumstand with
occasionaViola riviniana present in under-storey.

Areas W1 and W3 underwent controlled burning in éa2003 to reduce the density of
P. aquilinum In June 2003, the regeneratidgaquilinumwas cut and sprayed with the
herbicide Asulam. The entire site was lightly gihreth cattle from May 2004 until
July 2004; unfortunately grazing was not reinstatedr to the completion of my study.
Controlled burning was undertaken on area W4 indd&004; however, further follow

up management was not pursued (Table 2.1).

Table 2.1: Timing of management treatments for each aredei/$

Burnt Cut & Sprayed Grazed
Wi March 2003 June 2003 May — June 2004
w2 n/a n/a May — June 2004
W3 March 2003 June 2003 May — June 2004
w4 March 2004 n/a May — June 2004
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Figure 2.1: Maculinea arionrestoration site WW1. Area approximately 177# parse grassland,

Agrostis curtisiiandViola riviniana present at low densitieRubus fruticosuandPteridium aquilinum
dominant. W2. Area approximately 1066nf .Tall rank semi natural acid grassland dominated by
Agrostis curtisii, Erica cinereaandUlex europaeus. Teucrium scorodonia, Viola riviraaViola lactea,
Potentilla erecta, Thymus drucandPolygala serpyllifoliapresent at low densitie®/3. Area
approximately 2877nf .Tall densePteridium aquilinumstand with occasionaiola rivinianain the
under- storeyW4. Area approximately 3004nf .Tall densePteridium aquilinumwith occasionaViola
riviniana in the under-storey.

Sampling in each study area of site W was stratifieproportion to the size of each
area. Quadrats were positioned along transecteglaooh that has been widely used for
many years (Kent & Cocker 1994). Thirty permanetfrd?2 quadrats were setup on site
W (5 each in areas W1 and W2 and 10 each in aré&aand/ W4), within which plants,
ant species presence and soil temperature weradegtoQuadrats of 2x2mz2 are
standard for NVC sampling. Recording of vegetgtamt species presence and
abundance and soil temperature took place durimgiummers of 2003, 2004 and 2005
in most cases. Control quadrats (2x2m2) were senupe target site X; five in an
existingM. arion grassland area and five in an unmanaged denaquilinumarea:

these were also monitored to compare to the mareged of site W.
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2.4 Methods

2.4.1 Vegetation Sampling and Statistical Analysis

Percentage cover of the different plant specieSimgach quadrat was recorded along
with vegetation height in June 2003, 2004 and 20tfvidual Viola lacteaandV.
riviniana plants the larval food plants fdBoloria euphrosyn@andB. selengewere
counted and recorded within a central 1m x 1m catafigure 2.2). Count data
provided a quantitative measure of species aburddre-management data were
collected in February 2003 (2003a) on site W. Thesesisted of percentage cover of
all plant species, absolute countd/adla species, and vegetation height within each
quadrat. However, it was not possible to use althese data in the analysis due to the
timing of data collection in subsequent years. llgeaeighbouring quadrats would
have received different management treatmentsablernrue rather than pseudo-
replication. However this is not practically or pichlly feasible on this site. Moreover,
foraging ants often stray a few metres into unbigthabitats, and therefore edge and
neighbour effects would be encountered by usindlgmatches for treatments. May
(1994) suggests that too many previous ecologtadies have been carried out at a
small scale, but recognises that larger scale gmalbstudies, in which changes in
whole populations rather than subsets of indivislwalbehaviour are measured, are
difficult to replicate due to scarcity of habitatdaabiotic variation. Replication of sites
was clearly not possible in this study since tlveeee no other existing semi-natural

acid grasslani. arion sites in the UK.

Vegetation data were analysed using Detrended §mrrelence Analysis (DCA),
available in CANOCO (Ter Braak & Smileau 1988) tweastigate the impact of
management treatments (burning, cutting, herbiafjdication and grazing) on the
vegetation communities’ within the different arefsite W. The control plots on site X

were also included in the analysis.

Vegetation height measurements were analysed tisgngon-parametric Kruskal-
Wallis statistical test followed by Mann-Whitneytékts, because the data were not
normally distributed despite transformation. Krusk#allis and post hoc Mann-
Whitney U tests were used in the analysi¥iola species abundance due to the non

normal distribution of the data.

-23 -



Chapter 2: Monitoring re-colonisation of acid gtaesl communities

2.4.2 Soil temperature

Soil temperature was monitored to assess the affdebitat management on
microclimate, in three randomly selected quadratscpmpartment on site W using
Tinytalk® data loggers. Data loggers were centrptigitioned within the permanent
quadrats (Figure 2.2); each was buried 1cm belevsthi surface and recorded soil
temperature every hour continually for 72 dayssTdepth was chosen since most
Myrmicabrood is kept at this level below ground (EIme382). At the end of the 72
days the data were downloaded in the field andiéta loggers re-launched. Data
logger locations were mapped and relocated usimgtal detector. Comparative soll
temperatures were also recorded on sites X andMmaptimalM. arion biotopes, and

on site X in the unmanagéd aquilinumarea.

Soil temperature data from 2pril to 15 June for 2003, 2004 and 2005 were caegha
Data were continuous between these dates forted and areas. Mean daily soil
temperatures for each management treatment warngl@i@d. Mean daily ambient
temperature data from the Plymouth, Mountbattenthezastation for 18pril to 15
June 2003, 2004 and 2005 were obtained from theQ¥fete to assist with

interpretation of the results; soil temperaturimisitively related to air temperature.

2.4.3 Invertebrate sampling and Statistical Analys

Changes in selected invertebrate species (Tabje@®Rifigh conservation interest were
monitored on sites W, X and Y. The number of adightings was recorded per unit
time across the site, a method that reliably messdifferences in population size
(Warren, Thomas & Thomas 1984). Counts were madedofiduals of the following
species observed within 5m of the recor@ereuphrosyne, B. selerté. semelgandC.
campestris.Monitoring was conducted between the hours ofri@ad 5pm, when
ambient temperature was above 17°C and there weasit60% sunshine, following
standard Butterfly Monitoring Scheme (BMS) methady (Pollard & Yates, 1993).
Survey dates varied depending upon the flight peoicthe adults, (table 2.2).

-24 -



Chapter 2: Monitoring re-colonisation of acid gtaesl communities

Table 2.2:Invertebrate species surveyed on sites W, X arehd,their adult flight periods. K. arion
flight period is detailed for information only.

Species Adult flight period
Pearl-bordered Fritillary — Boloria euphrosyne April — May
Small Pearl-bordered Fritillary — Boloria selene May — June
Grayling — Hipparchia semee May — August
Tiger Beetle —Cicindela campestris March — September
Large Blue —Maculinea arion* June — July

Peak hourly count data Bf euphrosyneB. selengH. semeleandC. campesti$or each
site were plotted and described. It was not possiblundertake statistical analysis on
these data due to the low number of true replichtesat the site scale, individual time

points within a site could not be true replicates 3 or 4).

2.4.4 Ant baiting and Statistical Analysis

Standard ant baiting methodology (Wardlaw et &98k) was followed in spring 2003,
2004 and 2005 and autumn 2003 on sites W and &ciord changes in the dominant
species present. Ant baits were placed at eaclercofrthe permanent quadrat and
checked after 30 minutes. Ant species were idexutiin the field with the aid of a hand
lens. The changes in the presence of ant spediestatvere compared at the quadrat

level using Mc Nemar’s test of net change.
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® ®
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@ - Ant bait X - Tiny talk
Figure 2.2: Diagrammatic representation of a typical quadsaiduin the sampling. Percentage cover of
the different plant species was assessed in the®2x@drat. Counts of individual selected plant specie

were recorded in a central 1xiquadrat (green area). Four ant baits were sejymadrat and in 3
guadrats per compartment a data logger recordetksgierature.

2.5 Results

2.5.1 Vegetation assemblage

Detrended Correspondence Analysis (DCA) is usagpidy ecological community

data. Data is detrended to eliminate the ‘archcéftehich is a mathematical artefact
that occurs when plotting data which lacks struetiretrending involves dividing the
first axis into segments (normally 26). The secard is rescaled so that its mean is the
same for each segment. Each segment has a meastgrhestandard deviation unit.

A difference of 4 standard deviation units indisatietal community turnover (Hill &

Gauch 1980). The axes are explained by ecologisaiht of the data or site.

Data for the plant species that occurred in quadr&t0.5% cover were included in the
DCA. The mean percentage cover for each speciesalaslated for each area of site
W, and the grassland aRd aquilinumcontrol areas on site X for each sampling event.
Figure 2.3 shows the DCA ordination plot of thdeliént plant species. Axis 1
(variance explanation, 24.3%, eigenvalue 0.66k&\ to represent the change in
microclimatic conditions due to the habitat managetnAxis 2 (explains 36.3% of the

variance) and represents the shift in the commustiitycture resulting from the different
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management treatments. Figure 2.4 shows the DCiairdn plot of each area within
sites W and X in each year sampling took place.ddieured arrows indicate the shift
in the vegetation community (as a result of manaagehfor each area. Cross
referencing figure 2.4 with the plant species friigre 2.3 indicates the plant species
that have the greatest affect on the ordinatiogsdhare shown in bold on figure 2.4. For
example, in 2004 . rivinianaand the ruderal ground flora that colonised ar&die

to the management (burning, cutting and sprayipglied’ the ordination for area W3
away from theP. aquilinum However, in 2005 the ordination reverted backaais the
P. aquilinumcommunity due a lack of follow-up management. nirf@ure 2.4 it is
clear that the grassland aRdaquilinumcontrols do not change between years;
therefore, the changes seen in the ordinationeobther areas are not due to random
fluctuations. In areas W1, W3 and W4 there is gdaffect ofP. aquilinumcontrol, but
in W3 and W4 the bracken returns rapidty.aquilinumcontrol appears to be more
successful in W1. The ordination plot shows Malacteais increasing in abundance in
area W2. The habitat management is targeted tovlaedgstoration and expansion of
semi-natural acid grassland on site W. Howevesdhesults show that during the

period of this study, this has not yet been achieve
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Figure 2.3: Detrended Correspondence Analysis ordination feampercentage cover of species
recorded within quadrats on sites W and X in 2QIR5. Axis 1 (explains 24.3% of the variance) and
represents the microclimatic conditions. Axis 2pfeins 36.3% of the variance) and represents tifie sh
in the vegetation communities due to managemeatrtrents. Species names: Agrocagrostis canina
Agrocurt, Agrostis curtisij Agrosto,Agrostis stoloniferaAquivul, Aquilegia vulgaris Baregro, Bare
ground; CarespCarex spp Centnig,Centaurea nigraCeraspCerastiumspp.; CirsspCirsiumspp.;
Epilsp, Epilobiumspp.; EriccinErica cinerea GlechhedGlechoma hederace#lolclan,Holcus lanatus
Hyacnon Hyacinthoides non-scriptusiypesp Hypericumspp.; Leonhisl.eontodon hispidyd.itter,
Litter; Lonicera,Loniceraspp.; PedisylPedicularis sylvaticaPlanspPlantagospp.; PoasfRoaspp.;
Polyser,Polygala serpyllifolia PoteerePotentilla erectaPteraquPteridium aquilinumRubufru,Rubus
fruticosus Stelsp Stellariaspp.; Teucscoleucrium scorodiumrhymdru, Thymus druceiUlexeur,Ulex
europaeusVerosp,Veronicaspp.; Viollac,Viola lactea Violriv, Viola riviniana.
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Figure 2.4: Annotated Detrended Correspondence Analysis didimaf the different treatment areas of
site W; W1, W2, W3 and W4 and the site X grassig@d) andP. aquilinum(XB) control areas. The
arrows indicate the ordination of vegetation comitie during the study period (03 — 2003, 04 — 2004
and 05 — 2005). The species that have the masttedh the ordination are in bold typeface (refer t
figure 2.3). Axis 1 represents the microclimatioiditions. Axis 2 represents the shift in the veieta
communities resulting from the different managentegdatments.
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2.5.2 Vegetation structure and soil temperature

Managed versus non-manadedaquilinumareas

Both P. aquilinumareas W1 and W3 were burnt in the spring of 20D&. vegetation
height data for these areas were compared to tin@naged®. aquilinumarea of site

X. The burning of thé. aquilinumsignificantly reduced vegetation height withinase
W1 (Mann-Whitney W= 15, P < 0.005) and W3 (Mann-Whitney, W55, P < 0.001)
in 2003 (table 2.2). The subsequent cutting andyspg of P. aquilinumre-growth in
areas W1 and W3 in July 2003 also showed a sigmficeduction in vegetation height
compared to the control area; W1 (Mann-Whitney3\5, P < 0.01) and W3 (Mann-
Whitney W, = 55 P < 0.01).

Pre-management vegetation height data was availabégea W4. This was compared
to the control area of site X. Results show thagetation height was significantly taller
in area W4 before management (Mann-Whitney3\.05, P < 0.005) and in 2004, after
managementMann-Whitney W = 96, P = 0.05) (table 2.3). This indicates that th
burning ofP. aquilinumin area W4 was not as successful as that in &aand W3.

In addition to this, area W4 did not under go tbkofv-up management of cutting and
spraying. This result highlights the importanceofitinuedP. aquilinummanagement

particularly wherP. aquilinumis well established, as in area W4.
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Table 2.3: Median vegetation height (cm) and Interquartile ¢gRemfor areas W1 — W4 and site X target
grassland (XG) and tHe. aquilinum(XB) controls from 2003 to 2005 Note that the area W4
measurements for 2003 are the pre-management reezsuts; this area was not managed until spring

2004.
2003 2004 2005

w1l

Median 11.75 9.66 14.59
IQR 9.29-12.69 6.22-18.10 11.89 - 18.67
w2

Median 15.63 19.13 Not recorded
IQR 13.31-35.47 9.04 - 28.56 Not recorded
W3

Median 18.03 11.60 17.41
IQR 12.41-21.64 5.125-21.70 11.77 - 22.03
w4

Median 155 135 11.531
IQR 144.75 - 164 117.5- 150 6.61-17.73
XG

Median 4.9 10 Not recorded
IQR 3.54-12.19 7.39-17.63 Not recorded
XB

Median 110 110 Not recorded
IQR 110-117.5 110-117.5 Not recorded

It is well documented that there is a correlatiebAeen vegetation structure and soil

temperature (Thomas et al., 1989). Table 2.4 shbatsthe soil temperature has

increased (relative to the ambient temperaturech gear) in areas whefPe aquilinum

has been managed compared to the un-marfgaguilinumareas. The manipulation

of the sward structure affects the micro-tempeeasrthe soil surface and is crucial in

determining the abundance and species of antsrrese
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Table 2.4:Mean soil temperature © C + S.E. from 15 April ®June for study sites and areas in 2003,
2004 and 2005:tMean ambient daily temperature °C + S.E. from 15il&p 15 June for 2003, 2004 and
2005 as recorded at the Plymouth, Mountbatten veeatiation. Data supplied by the Met Office.

2003 2004 2005
Site Mean + S.E. Mean + S.E. Mean = S.E.
W (whole site) 13.75+0.15 15.03+0.23 13.46 £ 0.15
W1 14.59 + 0.32 15.64 + 0.54 13.46 £ 0.30
w2 12.85+0.25 14.37£0.41 13.13+0.26
w3 14.56 + 0.29 15.46 £ 0.48 13.61+ 0.30
W4 12.99 + 0.23 14.66 + 0.41 13.65+0.31
X Grassland controls 14.35+0.31 15.59+£0.45 14.44 £ 0.31
X P. aquilinum controls 12.36 + 0.20 12.85+0.33 11.84 £0.22
Y Grassland controls 1471 +£0.31 1551 +£0.45 14.17 +0.33
Air Temperaturet 12.22 £0.29 12.73+£0.39 11.22 £ 0.24

Within site differences

Within areas W1 (Kruskal-Wallis; = 3.75, P = 0.154), W2 (Kruskal-Wallis; H

0.27, P = 0.6), and W3 (Kruskal-Wallis; H0.75, P = 0.416), vegetation height did not
differ significantly between years. However, therng of P. aquilinumreduced the
vegetation height in area W4 between 2003 (prertreat) and 2004 (Mann-Whitney
W; = 143, P < 0.005), and between 2004 and 2005 (Méhitney W, = 155.0, P <
0.001). Pre-treatment vegetation height data wet@vailable for areas W1 and W3,
but casual observations and photographs indicateatbimilar reduction in vegetation
height occurred within these areas. Compariny#yetation height between areas W3
and W4, to assess the effect of burning, showsauarprising result. Area W3 was
burnt in 2003, thus significantly reducing vegetatheight compared to area W4,
which was not burnt until the following year (Malikitney W, = 155, P < 0.001). The
same pattern was apparent in 2004 (Mann-Whitney X065, P < 0.001). This suggests
that burningP. aquilinumwas effective at reducing vegetation height. Hoevemo
significant differences in vegetation height wesarfd between areas W3 and W4
during 2005 (Mann-Whitney Y& 87, P = 0.19).
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Degraded grassland area versus target grasslaad are

Vegetation height within the grassland area of\8ité/N2) was significantly taller than
that of the managed target grassland area of qiiruskal-Wallis: H;= 4.84, P < 0.05)
(table 2.3). However, in 2004 there was no sigaiftadifference between the areas
(Kruskal-Wallis: Hy= 0.88, P = 0.347). This is due to the median \a&get height
doubling on the target grassland site. Additiona#getation height did not differ
significantly between years (Kruskal-Wallis:1H 0.27, P = 0.6) within area W2 despite
the introduction of grazing animals on the sitblg2.1 & 2.3).

2.5.3 Numbers olViola species

Differences inViola species within sites and between years

Total numbers of the UK Biodiversity Action PlanAB) priority species, the Pale
Heath violetV. lactea did not differ significantly between years acrege W as a
whole, (Kruskal-Wallis; H= 2.65, P = 0.266). Conversely, the numbey ofiviniana
across site W increased significantly, (Kruskal-WgaH ;= 43.36, P <0.001) between
the preP. aquilinumburn count in 2003 (2003a) and all subsequentsygable 2.5),
representing a 22.5 fold increase during the wktldy period. In contrasy,. riviniana
densities were stable on the controls on site Xhduhe same period (see table 2.6

below)

Table 2.5:Medians, Interquartile range (IQR) and significan€differences in numbers . riviniana
recorded in 1x quadrats on site W pre tRe aquilinumburn on areas W1 and W3 combined (2003a),
2003, 2004 and 2005. Mann — Whitney U tests haegte® of freedom.

2003a 2003 2004 2005
Median 4 15 64 90
IQOR 2-6.25 7.75 - 68 31-120 25-163

2003a

2003 W =492.0,P <0.001
2004 W =409.5P<0.001 W=724.0,P <0.0l
2005 W =420.0,P<0.001 W=652.0,P<0.005 W=76B.60.233

Differences in numbers &fiola species within areas and between years

No significant differences in numbers\éf lacteawere recorded within areas W1
(Kruskal-Wallis H,= 1.09. P = 0.58) or W2 (Kruskal-Wallis;H 0.01, P = 0.916)
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between years. Additionally,. lacteadid not colonise areas W3 or W4 during the
study period. These results suggest that the matitdt was not suitable f&f. lacteain
areas W3 or W4 (see Chapter 3 for further detailshhatV. lacteawas absent from the

seed bank.

Conversely, the number ¥ rivinianaplants increased within all areas of site W
between years; W1 (Kruskal-Walligg 9.73, P < 0.05), W2 (Kruskal-Wallis; ¥
8.71, P < 0.05), W3 (Kruskal-WallisgH 20.10, P < 0.001), and W4 (Kruskal-Wallis
Hs = 10.56, P < 0.01). Pair wise comparisons of betweears and within areas were

performed to display in detail where the differenoecurred (table 2.5.).

Changes irV. lacteaandV. riviniananumbers were also compared within the grassland
andP. aquilinumcontrol areas on site X. The data were not nogndhditributed after
transformation, so the non-parametric Kruskal-Vgakist was used. The results show
no significant differences in the numbenbflactea(Kruskal-Wallis; H = 3.72, P =

0.054) orV. rivinianaplants (Kruskal-Wallis; = 0.01, P = 0.917) between 2003 and
2004 within the grassland control area. The saattem was observed within tRe
aquilinumarea)V. lactea(Kruskal-Wallis; H = 2.22, P = 0.136). riviniana (Kruskal-
Wallis; H; = 1.00, P = 0.317). Thus the increase¥.imivinianaon site W can be

attributed to habitat management.

Differences in the density &fiola species between sites

In 2003, the number d&f. rivinianaplants in area W2 was not significantly different
from the grassland control area of site X (Mann-iMey W, = 32, P = 0.4), nor did they
differ in 2004 (Mann-Whitney W= 28, P = 1.0) (table 2.7). However, in 2004 areas
W1 (Mann-Whitney W= 15, P < 0.005), W3 (Mann-WhitneyW 15, P < 0.05), and
W4 (Mann-Whitney W= 18, P < 0.01) had significantly higher number¥ ofiviniana
plants compared to the sitePX aquilinumcontrol area (tables 2.6 and 2.7), suggesting
that theP. aquilinummanagement on site W is having a positive effad! ariviniana

abundance.
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Table 2.6:Medians, Interquartile range (IQR) and significan€eifferences in numbers . riviniana
recorded in 1x1fquadrats on site W within areas W1, W2, W3 andpAé. aquilinumburn (2003a),
2003, 2004 and 2005. Mann — Whitney U tests haegte® of freedom.

2003a 2003 2004 2005
W1
Median 10 81 175 132
IQR 4.75-15.25 25.5-130 76.5— 245.5 48— 220
2003a
2003 W =12, ns
2004  W=10,P<0.05 W =20, ns
2005 ~ W=10,P<0.05 W =23, ns W =30, ns
W2
Median 15 56 75 Not recorded
IQR 1-2.75 20.5 - 79 36.5-107.5  Not recorded
2003a
2003  W=10, P <0.01
2004  W=10,P<0.01 W =22, ns
2005 Not recorded Not recorded Not recorded
W3
Median 8.5 57.5 1235 250
IQR 35-85 10-57.5 35.5-1235 84.5 - 250
2003a
2003  W=64,P<0.05
2004  W=47,P<000l W=725 P<0.01
2005 ~ W=54 P<0005  W=69, P<0.01 W =79, P<0.
W4
Median 45 28.75 60.75 90
IQR 1-45 1.75-28.75 4.25-60.75 45-90
2003a
2003 W= 67.5, ns
2004  W=60.5,P <0.01 W =95, ns
2005 W=555P<0005 W=855 ns W =91, ns

Table 2.7:Medians, Interquartile range (IQR) for numbers/ofivinianarecorded in 1x1fhquadrats on
the site X grassland amd aquilinumcontrol areas in 2003 and 2004.

2003 2004
X Grassland
Median 73 66
IQR 40.5 - 88 40.5-113.5
X P. aquilinum
Median 0 0
IQOR 0-05 0-0
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2.5.4 Invertebrate recording: butterflies and GreenTiger beetle

All four study species colonised site W and twahafm increased during these
experiments (figures 2.5 — 2.8). None was presersite W in 2002; both the Pearl-
bordered fritillaryB. euphrosynand the Small pearl-bordered fritillaBy selene
colonised in 2003 and showed a steady increadeuindance from 2003 until my
recording ceased in 2005. The Graylithgsemeleand the Green Tiger beefle
campestricolonised site W in 2004, but both species sufferemall decrease in
abundance in 2005. In contrast none of the speoiesised the un-managéd
aquilinumcontrol area on site X even though the source lptipus were much closer.
These results suggest that the targeted habitegeament on site W has had a positive

influence on these Biodiversity Action Plan prigrihsects.

Figure 2.5 shows the large increas®ireuphrosyn@abundance from 2003 to 2005, this
is similar to that observed on sites X andBd6loria euphrosynevas absent from site W
in 2002. Counts oB. euphrosyn&vere greater on site Y in all years comparedt&ssi

W and X. It is unclear as to whether the increasimgnbers oB. euphrosynen site W

are due to emigration from sites X and Y.

140
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Sightings per Hour
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2002 2003 2004 2005

Year

—e— Site W —=— Site X Site Y

Figure 2.5Sightings per hour during the peak flight periodBo euphrosynerecorded on sites W, X and
Y from 2002 to 2005.
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B. selenavas also absent from site W in 2002. This speaé&msed the site in 2003
and increased greatly from 2004 to 2005 (figurg, 2a&hange that was mirrored on site
Y, the most distant site from W. On site &, selen@ncreased more gradually between
years. From 2002 to 2004 site X had the highesk peunts per hour fd3. seleng

however, in 2005 counts were greater on both Witesd Y.
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Figure 2.6Sightings per hour during the peak flight periodBo selengrecorded on sites W, X and Y
from 2002 to 2005.

200
180 -
160 -
140 -
120 -
100
80 -
60 -
40 - —
20 -
0 \

2002 2003 2004 2005

Sightings per Hour

Year
—e— Site W —=— Sijte X Site Y

Figure 2.7: Sightings per hour during the peak flight periodHo semelerecorded on sites W, X and Y
from 2002 to 2005.
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H. semelavas not present on site W in 2002 or 2003. It cskeh site W in 2004,
remaining in slightly lower numbers in 2005; in B0@fter my study ended, numbers
more than doubled on site W (D J Simcox pers conth.3emeléncreased greatly on
sites X and Y from 2004 to 2005 (figure 2.7).

C. campestripopulations increased greatly on site X from 20@004, and on site Y
from 2003 — 2004 (figure 2.8). In 200d@, campestrigolonised site W. However, in
2005 it experienced a small decline. This declise accurred on sites X and Y,
although due to the higher counts on these sit280d, the decline is more dramatic.
This may be due to cooler weather in 2005; howetersteep decline indicates that

this is more likely to be due to a population crash
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Figure 2.8: Sightings per hour during the peak flight period®@ campestrisrecorded on sites W, X
and Y from 2002 to 2005.

2.5.5 Ant baiting
Data were analysed using McNemars’ test with thieiang equation:

(PA- AP -1
A

2

X:

Where PA is ant species present at time 1 (i.ean§@003) but absent at time 2 (i.e.
autumn 2003 or spring 2004 or spring 2005). Coralgr&P denotes the number of
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baits where ant species were not present at ti(ne.spring 2003) but were present at
time 2 (autumn 2003, spring 2004 or spring 2008)e 5%, 1% and 0.1% critical

values of y* with 1 degree of freedom were 3.841, 6.635 an82®respectively.

Area W1 (Sparse grassland dndnerPteridium aquilinumarea)

Formica rufaattendance at baits declined significantly fromirgp2003 to spring 2004.
However, abundance of this ant increased agaif® 20 autumn-2003 and almost
spring-2003 levels (table 2.8 and figure 2.9). Dgrihis same time peridd. ruginodis
bait attendance increased to 85%, suggestingthaiginodisbenefits in the absence
of F. rufaand/or the change in vegetation structure. In gpoil2003,M. scabrinodis
was absent from area W1, but was present at 1d84aitsf in all later samples. This
result indicates that conditions are becoming blétéor M. scabrinodiswhich requires

a warmer micro-climate to that bf. ruginodis

18 ~
16
14

12 4

L[Iﬂ ‘ﬂ [Iﬂ

Spring 2003 Autumn 2003 Spring 2004 Spring 2005

Number of baits with ants present

@mF.rufa mM. ruginodis OF. fusca OM. scabrinodis m M. sabuleti

Figure 2.9: Number of baits attended by different ant speci¢beadifferent sampling times in area W1.
F. rufawas significantly less abundant at baits fromrgp2003 to spring 2004)(12 =3.2, P <0.05M.
ruginodisincreased significantly between spring 2003 anthg2004 ()(12 =4.9, P <0.05M.
scabrinodisincreased between spring 2003 and autumn 2qu3>:(4.5, P <0.05).

Area W2 (Semi-natural acid grassland area)

In the spring of 2003, only three ant speckesufa, F. fuscaandM. ruginodis,were
detected by baiting. All three species declinedificantly as W2 developed towards
open grassland (table 2.8, figure 2.10). Over #mesperiodM. sabuleti(the host ant
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of Maculinea arion) andM. scabrinodiscolonised the developing sward. Of thede,
sabuletiprefers shorter grassland niches where the miorate is significantly

warmer to that occupied . ruginodis(Chapter 3).

12 4

10

Number of baits with ants present
(2]

Spring 2003 Autumn 2003 Spring 2004 Spring 2005

OF. rufa @M. ruginodis OF. fusca OM. scabrinodis BmM. sabuleti

Figure 2.10:Number of baits attended by different ant specigseadifferent sampling times in area W2.
F. rufadecreased from spring 2003 to autumn 20}2’3 € 5.818, P < 0.05) and from spring 2003 to

spring 2004()(12 =4, P <0.05)M. ruginodisincreased between spring 2003 to spring Z(Wﬁ# 4, P
<0.05). Between spring 2003 and spring 2M%cabrinodisncreased ,()(12 =5.33, P <0.05)M. sabuleti
increased from spring 2003 to autumn 209(42(: 4, P <0.05) and from spring 2003 to spring 2004
(X7=7.2, P <0.01).

Area W3 (formefPteridium aquilinunarea)

There was a significant decreasd-irrufa attendance at baits from spring 2003 to
spring 2004 (table 2.8 & figure 2.1NL. ruginodison the other hand decreased
significantly from spring 2003 to autumn 2008B. fuscawas present at 5% of baits in
autumn 2003, a significant increase from spring32@0en this ant was abseh.

ruginodisis the most dominant ant in this area of site W.
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OF. rufa @M. ruginodis OF. fusca

Figure 2.11:Number of baits attended by different ant speatdke different sampling times in area W3.
F. rufadecreased between spring 2003 and spring 25}(224:(4.17, P< 0.05M. ruginodisdecreased

between spring 2003 and autumn 209@( =6.26, P < 0.05F. fuscaincreased between spring 2003
and autumn 2003,(’12 =4.5, P <0.05).

Area W4 (formefPteridium aquilinunarea)

F. rufashows a significant decline in attendance at aits bbetween spring 2003 and
autumn 2005 (table 2.8 and figure 2.1R2)fuscawas detected in trivial numbers in one
year.M. ruginodis’ presence at baits was stable between sampling timentil spring
2005, when it showed a significant increase andprasent at 55% of the baits (table
2.8 and figure 2.12). Area W4 was burnt in MarcB£2@and it is likely that the

reduction in bracken density aided colonisatiothcs area byM. ruginodis

-40 -



Chapter 2: Monitoring re-colonisation of acid gtaesl communities

30 +

25

20 +

15

10 -

Number of baits with ants present
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OF. rufa @M. ruginodis OF. fusca

Figure 2.12:Number of baits attended by different ant specigseadifferent sampling times in area W4.
F. rufadeclined between spring 2003 and autumn ZWI%# 5.06, P <0.05), spring 2003 to spring 2004

()(12 =12.5, P <0.001) and spring 2003 to spring 20)?% € 19.05, P <0.001F. fuscaincreased from
spring 2003 to spring 2004,\(12 = 4, P <0.05)M. ruginodisincreased between spring 2003 and spring
2005(x; = 8.45, P <0.01).
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Table 2.8: The number of times (and percentage of timesgufit ant species attended baits in each
area of site W and the grassland 8adquilinumcontrol areas of site X at the 4 sampling times.

Spring Autumn  Spring Spring

Area Ant species 2003 2003 2004 2005
n (%) n (%) n (%) n (%)
w1 F. rufa 5 (25) 4 (20) 0(0) 4 (20)
M. ruginodis 11 (55) 10 (50) 17 (85) 5 (25)
F. fusca 1(5) 0 (0) 0(0) 0 (0)
M. scabrinodis 0(0) 2(10) 2(10) 2(10)
M. sabuleti 0 (0) 0 (0) 0(0) 0(0)
w2 F. rufa 11 (55) 2 (10) 4 (20) 4 (20)
M. ruginodis 2(10) 5(25) 7(35) 6(30)
F. fusca 5 (25) 5 (25) 1(5) 2 (10)
M. scabrinodis 0 (0) 0 (0) 0(0) 3 (15)
M. sabuleti 0 (0) 1(5) 5 (25) 1(5)
W3 F. rufa 7 (17.5) 6 (15) 0(0) 12 (30)
M. ruginodis 27 (67.5) 14 (35) 31 (77.5) 21 (52.5)
F. fusca 0(0) 2(5) 0(0) 0(0)
M. scabrinodis 0 (0) 0 (0) 0(0) 0 (0)
M. sabuleti 0 (0) 0 (0) 0(0) 0(0)
w4 F. rufa 27 (67.5) 17 (42.5) 11 (27.5) 6 (15)
M. ruginodis 10 (25) 8(20) 9(22.5) 22 (55)
F. fusca 0 (0) 0 (0) 1(2.5) 0 (0)
M. scabrinodis 0(0) 0(0) 0(0) 0(0)
M. sabuleti 0 (0) 0 (0) 0(0) 0(0)
Control Areas
X Grassland F. rufa 0 (0) 0 (0) 0 (0) 0 (0)
M. ruginodis 0 (0) 0(0) 0 (0) 0 (0)
F. fusca 2 (10) 1(5) 0(0) 0 (0)
M. scabrinodis 3(15) 4 (20) 1(5) 1(5)
M. sabuleti 13 (65) 13(65) 17 (85) 18 (90)
X P. aquilinum F. rufa 14 (70) 5 (25) 0(0) Not recorded
M. ruginodis 12 (60) 1(5) 11 (55) Notrecorded
F. fusca 0 (0) 0 (0) 0 (0) Not recorded
M. scabrinodis 0 (0) 0 (0) 0 (0) Not recorded
M. sabuleti 0 (0) 0 (0) 0 (0) Not recorded

Site X Grassland Control Area

The attendance ®fl. sabuletiat baits increased significantly in 2003 to 20@bie 2.8
and figure 2.13). This suggests that optimal habi@nagement favl. sabuletiwas
achieved. There were no significant changdd.iscabrinodisor F. fuscaattendance at
baits during the study period. The ant communithimithis target grassland area is
very different compared to that of the site W restion areasM. sabuletiis the

dominant ant within this grassland area. The marinattendance favl. sabuletj on
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site W was 25% in spring 2004. Unlike the restorafireas of site 5. rufa andM.

ruginodiswere not detected during ant baiting on this taggassland site.
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Figure 2.13:Number of baits attended by different ant spedi¢seadifferent sampling times in the site
X grassland control arell. sabuletincreased significantly from spring 2003 to spri4 ()(12 =42,

P <0.05) and from spring 2003 to spring 2095_2(: 7.2, P <0.001).

Site XP. aquilinumControl Area

F. rufadecreased significantly in tii® aquilinumcontrol plots in 2003 to 2004 (table
2.8 and figure 2.14M. ruginodisattended significantly more ant baits in sprin@4£20
compared to spring 2003. The ant community in¢bistrol area is similar to that of
the formerP. aquilinumareas of site W, with both. rufa andM. ruginodisbeing

present.
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0 I I
Spring 2003 Autumn 2003 Spring 2004

Number of baits attended by ants
(o]

O F. rufa B M. ruginodis

Figure 2.14:Number of baits attended by different ant spedi¢seadifferent sampling times in the site
X P. aquilinumcontrol areaF. rufa declined significantly between spring 2003 andiaut 2003 ()(12 =

5.8, P <0.01) and between spring 2003 and sprifg 29{12 =5.1, P <0.01)M. ruginodisattendance at
baits significantly increased between autumn 20@Bspring 2004,0(12 =11.1, P <0.001).

2.6 Discussion

2.6.1 Habitat Management effects on Vegetation Assblage

In the Detrended Correspondence Analysis ordinggionproduced by CANOCO
(figure 2.4), theP. aquilinumand grassland control plots on site X remaineatiredly
static. This suggests that the changes that octwitbin areas on site W are not due to

random fluctuations and are a direct result of taalohanagement.

Vegetation assemblage in W1 and W3 changed signifli¢ within the study period.
Both areas showed re-establishment of semi-naderdigrassland as a result of earlier
P. aquilinumburning, cutting and spraying. The removal ofdeese litter layer,
through burning, enabled recruitment of seedlingsifthe seedbank. In addition to
this, areas of bare ground were created which alogermination of buried seeds or
seed rain (Fenner 198%). aquilinummanagement appears to have been more
successful in area W1 compared to areas W3 andaever,P. aquilinumwas less
abundant in W1 prior to treatment. Mean percentayer ofP. aquilinumin each area
was as follows; W1 (77%); W3 (100%) and W4 (98%)spite this W1 did not revert
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back to theP. aquilinumcommunity on the ordination plot. Area W4 reverteatk toP.
aquilinumcommunity quicker than area W3, possibly due &oldéick of follow up

cutting and spraying d®. aquilinumafter the initial burning treatment. The rhizomés o
P. aquilinumstore carbohydrates and if management ceasegdbeery ofP.

aquilinumis rapid (Lowday & Marrs et al,. 1992).

The grazing that was introduced on site W was mteinise enough to see any major
changes in vegetation assemblage in area W2. tetijrazing intensity of area W2 is
increasedM. arionis unlikely to re-colonise the area in the neanife due to the
vegetation being too tall and hence soil tempeedbaing too cool for high densities of
the host anM. sabuleti The ordination plot shows that in 2003, area \W@ the site X
grassland control plots were relatively similariewer, the grazing intensity must be
increased to ensure the appropriate micro-clinaiitions are available foa.

sabuleti

2.6.2 Habitat Management effects on Vegetation Stoture

The vegetation height within tH& aquilinumarea on site X did not differ significantly
during the study period. This indicates that thengje in vegetation height that occurred
within areas W1, W3 and W4 were directly due toitadlvestoration management. The
comparison of vegetation height between the siggassland control area and area W2
showed some interesting differences. Vegetatioghen area W2 in 2003 was
significantly greater than that of the site X gfasd control area; however there was no
significant difference between sites in 2004. Althb one might attribute this to the
introduction of grazing on site W, in fact the veg®n height within the site X
grassland control doubled. Additionally, despite tfitroduction of grazing animals on
site W in May 2004, vegetation height increasediwitirea W2 in 2004. However, the
Interquartile range of the data was reduced (t2ldg The convergence of vegetation
height between these sites is largely due to sigeadving taller. Had data been
collected from area W2 and the site X grasslandrobarea in 2005, | would expect it
to show that vegetation height had increased sogmifly on site W due to the removal
of the grazing animals in autumn 2004. The redaabfiM. sabuletiand increase iW.
scabrinodison area W2 in 2005 reinforces this argument (setan 2.6.5 for further

details).
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The only significant difference in vegetation heighross site W occurred within area
W4, this result was due to the data including peeragement vegetation height. These
data were included to act as a base line for aré@ahd also as an additional control
comparison between areas W1 and W3 which had medenanagement in the previous
season. What is clear from this comparison is tiaurprisingly, vegetation height is
initially reduced significantly after burning tiie aquilinum.The same results were
seen when vegetation height between areas W1 andéf8compared to site K
aquilinumcontrol vegetation height. The burning, cutting @praying management
reduced vegetation height in the managed areastin2®03 and 2004. Additionally,
the soil temperature in each of the managedquilinumareas increased after
management compared to the un-managed controlsdeation that vegetation
structure was altered. However, in area W4, degpitaing in spring 2004, there was
no significant difference in vegetation height beén this area and tie aquilinum
control area. This result highlights the importanteontinued?. aquilinum
management particularly in area W4 whBreaquilinumwas well established. Had
data collection been undertaken in the corrahquilinumarea in 2005, | would expect
there to be a significant difference in vegetatieight since the median vegetation
height for W4 was reduced to 11.5 cm by 2005.

Despite there not being an overall decrease intaége height across site W in its
entirety during the study period, it is clear frttme CANOCO DCA ordination that
vegetation assemblage altered. Fire temporarilyaesthe dominant flora (Mallik &
Gimingham, 1983). Ground flora re-establishment p@ssible in the absence of dense
P. aquilinumstands. In other studies fire has been shownctease species richness
during the five years after the burn (Calvo & Li902; Borghesio, 2009). However, in
order to controP. aquilinumdomination intense management is required fozastl
seven consecutive years (P. O’ Connor, pers con@utjingP. aquilinumtwice a year
produces a favourable long term control (Cox &04l7) as it reduces frond biomass
(Snow & Marrs, 1997). The introduction of grazingraals at a higher density, and/or,
for a longer period of time on site W would havel liae effect of trampling thie.
aquilinumand therefore broken up its regenerating staPdaquilinumis intolerant to
trampling by cattle and ponies (Kirby 1992). In #ida to this the gaps made by
trampling the vegetation would have enabled greséural recolonisation of plants
from the soil seed bank (Rook & Tallowin, 2003; Bl 2003).
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These early results represent satisfactory progoetbee restoration of semi-natural acid
grasslands of high conservation value, and my ohtens of an overall reduction
aquilinumdomination combined with a huge increase in grdiora that consisted
primarily of V. rivinianaare strengthened by the results of the CANOCO DCA

ordination and the statistical analysisvbfriviniana data.

2.6.3 Changes in the numbers ofiola species

The numbers of/. lacteaandV. rivinianadid not differ between years within the site X
grassland and site K. aquilinumcontrol areas. This is a clear indication that the
dramatic changes M. rivinianaon site W are a direct result of the habitat manaant
imposed upon the sit¥iola rivinianadensity increased from 2003a to 2005 by 13.2%,
29.4% and 20% in areas W1, W3 and W4 respectival$0% increase iW. riviniana
abundance occurred within area W2 from 2003 to 2B@vever, burning as a
management practice on the tallgrass prairiesdmtinerican mid-west did not have

any significant effect oNiola species abundance (Swengel, 1997).

The burning of thé. aquilinumwas followed by an increase in the abundandé. of
riviniana in areas W1, W3 and W¥. rivinianais a perennial plant (asis aquilinun)
and perennials have been shown to respond rapidiyrning events (Calvo & Luis,
2002). Burning ofP. aquilinumremoves the dense litter layer as well as the @bov
ground living biomass of the plant. Removal oklithas been shown to benéfibla
palustrisin wet fenlands (Jensen & Meyer, 2001). The cosatf bare ground enables
seedlings to establish free from competition (Besib, 2009). It is well documented
thatViola species thrive aftd?. aquilinumis burnt (Oates 1995). It may be tNavla
seeds require heat to stimulate seed germinatiolg(1974). Further research to
determine the effect of burning &f rivinianaseeds in the seedbank would be an
interesting avenue of further research. Anothetofamay be increase Myrmicaant
species, which | show, in Chapters 3 and 4, to lawveitalistic association witt.
riviniana. Thus, an increase M. riviniana (andMyrmica) abundance also occurred
after theP. aquilinumwas cut and sprayed. It is likely that this furtreduced the
competition from the regeneratBd aquilinumand enabled. rivinianaestablishment.
| also noted that not only weké rivinianamore abundant within areas W1, W3 and
W4 but the growth form or size class was noticealdffigrent; prior to the management

theViola plants were much larger, most probably due tactmpetition for sunlight
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under the dense canopyfaquilinum After the areas were burifjolas were much

smaller in size.

During the study perio¥. lacteadid not colonise areas W3 or W4, perhaps reflgctin
its absence in the underlying seedbank. Anotheotigsis is that the microclimatic
conditions within these areas were unsuitableHeirtestablishment (see Chapter 3 for
further details). This species did colonise areaahd was present in area W2 in small
numbers. Although it is too soon to see any sigaift increase iN. lacteaabundance,
in due course, this species is likely to increasabundance with increased grazing

intensity, as grazing will create larger areas wsiiltable micro-climatic conditions.

2.6.4 Invertebrates and management

The huge increases \h rivinianaon site W coincided with the colonisationif
euphrosyneandB. selenan 2003.Viola species are the larval food plants for both of
these Red Data Book butterflies. In addition, tl@&ADordination plot of plant species
(figure 2.3) shows that areas W1, W3 and W4 (whiegancreases iN. riviniana
occurred) also had an abundance of nectar sowcésef adult butterflies. In another
study the abundance Wfola was positively correlated with Fritillary butterfpresence
(Swengel, 1997).

Both B. euphrosynandB. selenavere breeding on site W by the spring of 2(®4.
euphrosyneshowed a relatively large increase on site W dutire study period this
was mirrored on sites X and Y. Several other pdpmria in the UK have also shown
significant increases as a result of habitat mamage (Fox, et al. 2006B. selenalso
underwent a large increase in numbers on site Wi #0804 to 2005. Again this species

was faring exceptionally well on sites X and Y.

In 2004,H. semeleandC. campestri€olonised site WC. campestriss a ground-
dwelling thermophilous insect which inhabits opearsely vegetated areas with bare
ground in which to oviposit (Pearson, 1988). Dutting study period areas W1, W3 and
W4 all shifted towards early successional stagensonities with an abundance of re-
colonising acid-grassland plant species and bamengt. The decrease @ campestris

on site W in 2005 may be due to the regeneratioR.ciquilinumcaused by a lack of
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follow up management on area W4 or may be duettoralgluctuations in the species

population. | suggest the latt€; campestriglso declined on sites X and Y in 2005.

H. semeldarvae feed on certain grasses; exclusivayostis curtisiion these edge-of-
Dartmoor sitesEggs are laid in small tussocksAfcurtisii that are growing in small
open patches of ground (Asher et al 2001; Thoméaswington 1991). The DCA
ordination for Areas W1 and W3 show tifatcurtisiiwas abundant in these areas in
2004 and 2005. In addition to this, | recordedgpeead ofA. curtisii from the edges of
area W2 into areas W1, W3 and W4. However, theaagds were not picked up in the
quadrat data because quadrats were positioned alorgects to minimise edge effects.
On reflection, quadrats along the frontiers ofdiféerent areas may have been
beneficial to my study to provide data about vetitaspread between areas. This

would have given firm evidence to my more anecdolslervations.

Previous studies have provided evidence BhauphrosyneB. seleneH. semeleandC.
campestrishave all experienced population increases onXsis a result of habitat
management favl. arion (New et al., 1995; Thomas, 1999; Elmes & Thoma82).9
The results of my study clearly show that these fmecies are benefitting from habitat
restoration management for the future reintroductionatural recolonisation ®.

arion on site W. These sites, W, X and Y, are very irtgoarforB. euphrosyneB.
seleneandH. semelgin the south-west of England (Fox, et al. 20B8bitat
management on these sites, and at the landscdpearagst be maintained in the longer
term ensure the future survival of these speciefnfBn et al., 2007; Anthes et al.,
2008). In the light of climate change, which wifldoubtedly create unsuitable habitat
and environmental conditions, species that occsphaied habitat patches are
vulnerable to local extinction (Hanski, 1999). Habmanagement at the landscape
scale will provide species with a network of additl refugia to colonise and move

between, thus reducing the risk of local extinctama enabling long term persistence.
2.6.5 Ants and Habitat Management
The increase dfl. sabuletiat ant baits within the site X grassland contrebas

encouraging; it indicates that the targeted habitatagement is effective. In addition,

the vegetation height within the site X grasslaodtml| area did not differ significantly
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during the study period; this again is a good iatian that the grazing regime on site X

is correct.

Within the site XP. aquilinumcontrol area some changes in ant species did .o8oti
F. rufaandM. ruginodisdecreased from spring 2003 to autumn 2003; thislmadue

to the ants entering diapause in the autumn (Epeescomm.).

Changes in ant species assemblage within area¥#&/&and W4 showed similar
patterns. After the burning &. aquilinum,F. rufa declined significantly wheread.
ruginodis which had also been present in all areas, ineteahe decline if. rufa

may be directly due to mortality as a result offine (Swengel, 2001), although one
would also exped¥l. ruginodisto have declined significantly. Alternatively thehe
created by the fire was more suitable for recoliogs byM. ruginodis. In areas W1
and W3F. rufawas absent at baits in spring 2004, however, Werg present at a
small proportion of baits again in spring 2005.halagh the vegetation structure data
does not show any significant reduction in vegetatieight between years for areas
W1 and W3, largely as a result of the absenceehpnagement data, the vegetation
assemblage did change. Initially all the areas wadtelensd?. aquilinumstands with
very little vegetation at the ground level, witke thxception of W1, where ground flora
was sparse. The burning of tReaquilinumremoved the stands and dense ground litter
layer (figure 2.4). This enabled the seeds frond sa and from the seedbank to
germinate and colonise the bare ground. This im tveated suitable conditions for the
establishment df1. ruginodisant colonies at the expenseFofufa. F. rufaabundance
in areas W1, W3 and W4 may have been reducedesiti of theP. aquilinumburn
that created a warmer, drier and more open habgagcially in 2004 when grazing
occurred. Clear cutting of forests, which agairategs open, warmer and drier habitats,
have led to the local extinction Bf aquilonia(Vepséalainen et al 2000). Additionally,
the aphids and the extra floral nectaries that \abrendant amongst the derise
aquilinumwere temporarily eradicated in areas W1, W3 and Wereby removing the
main food sources &. rufa (Brian 1977; Vepsalainen et al 2000; Vepsalaireh a
Wuorenrinne 1978)-. rufais a territorial species that tends to excludeospecies.
The decline irF. rufaenabledVl. ruginodis(a submissive species whose activity is
suppressed bly. rufa) (Dauber et al 2006) to establish itself on thenbR. aquilinum
areas. However, the recoveryfofrufain areas W1 and W3 in spring 2005 may be
attributed to the removal of grazing animals antherre-establishment of extra floral

nectaries amongst the re-generath@quilinumstands.
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Myrmica scabrinodisnhabits a warmer niche thawh ruginodis,and was not detected
in any area of site W during my initial samplingipd (Table 2.8). By autumn 2003 it
had colonised W1 but it was not detected in W3l gipting 2005. This suggests that the
P. aquilinummanagement was more successful in this area cechpararea W3. The
cutting and spraying of the regeneraledquilinumin June 2003 created pockets of
habitat that were suitable for the establishmemd.a$cabrinodisn area W1. My
measurements of percenta@eaquilinumcover, taken in February 2003 (prior to
management) show that tRe aquilinumwas not as dense in area W1 (77% cover)
compared to W3 (100% cover) and therefore there afrapady have been some ground
flora established. This is also supported by th&NO&O DCA ordination which shows
that both area W1 and W3 ordinate towaRdgruticosusand the re-colonising semi-
natural acid grassland plants: however, W3 re\stk towards the. aquilinumarea
within the ordination (figure 2.4). This trend @aieflects the fact th&. aquilinum

management, particularly in areas W3 and W4, wasoatinued.

The ant baiting results from W2 are disappointiMgsabuletiincreased significantly
from autumn 2003 to spring 2004, but this was n@t @ the introduction of livestock
grazing on site W in spring 2004 because vegetdtght increased in W2 in 2004
(table 2.3). However, the animals’ hooves may lapened up bare patches of ground
within the rank vegetation which perhaps createrdssfprM. sabuletinests. If the
grazing intensity had been greater on site W dutiegstudy period, then the increase in
vegetation height would have been arrestedMinsiabuletiwould probably have
maintained a greater abundance. However, the rdrobgaazing animals in the
autumn of 2004 meant the increasdlinsabuletiwas short lived. This is supported by
the establishment &fl. scabrinodison site W by spring 20084. scabrinodiss

generally found in cooler niches than thos&losabuleti.Vegetation height did indeed
increase between spring 2004 and spring 2005,tadbesignificantly. If the sward
height increases by just two centimetres the sofase temperature can be reduced by
5° C - 10°C (Thomas et al., 1989). The relationbleippveen vegetation height and soil
temperature is explored further in Chapter 3. Unifweitely grazing was not
reintroduced on the site until after | had completas study. When this occurred,
sabuletiincreased rapidly from 0%-25% presence at ans limiareas W1-3 in 2003-05
to 80% presence in summer 2006, and the Mrsarion eggs were laid on the site in

summer 2006 (D J Simcox, pers comm.).
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2.7 Conclusion

The aim of this study was to measure the chandanglfand invertebrate assemblages,
and the rate of successional changes, in the ablesstment of early seral, semi-natural,
acid grassland on previously abandoned sites ddedrizyPteridiumor Ulex | tested

the idea that population increase®8ireuphrosyne, B. selene, H. semele, C. campestris
andV. rivinianaare associated with targeted habitat managemeht.farion andM.
sabuletj which creates a warm, early successional niclgeassland that is shared by
this guild of species. Subsequent Chapters expherenechanisms involved in the
increases oYiola andBoloria species. The close proximity of site W to sitesnd & is

a key factor in the rapid re-colonisation rate8oéuphrosyneB. seleneandH. semele.
Had the site been isolated, it is likely that thedatively immobile species would have
taken decades to appear (Asher et al 2001).

The results from this Chapter confirm that habitanagement favl. arion does

benefit other rare species (Elmes & Thomas 199&nkn the short period of time that
monitoring was undertaken on site W, it is eviddat the re-creation of early seral,
semi-natural acid grassland creates niches thabaleited by this guild. The Red Data
Book specie8. euphrosynandB. selenavere the first specialist butterflies to colonise
and breed on site WH. semelganother Biodiversity Action Plan butterfly spegjiand
C. campestrigolonised a year later, when the habitat condstiware more suitable for
them in terms of areas of compacted bare groursgigisl forC. campestrislarval
burrows) and spars&grostiscurtisii in relatively open conditions fai. semele

oviposition.

Clearer patterns were detected in the butterflg datmpared to the ant baiting data. The
butterfly species studied responded to restoratianagement quicker, confirming that
they are early indicators of changing habitat qudlfhomas 2004).

In the semi-natural acid grasslands being studial$o suggest thad. arionis an
umbrella species as defined by Fleishman et aDQ20he identification of the most
sensitive species within the ecosystem Nlearion, adopts the focal species approach
as suggested by Lambeck et al (1997). There hasrhaeh debate regarding the
usefulness or validity of umbrella species for sgeconservation (McGeoch, 2007;
Simberloff 1998; Roberge & Angelstam, 2004). Thé& gmactical example of

successful conservation using the umbrella spegipsoach has been the studyvof
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arion in UK grasslands, namely sites X and Y (Thoma$®,720 The main reasons why
this has been successful are because; the ecdiddyarion is clearly understood; the
cause of its extinction has been rectified by éngaguitable sites through management;
and lastly these restored sites have been monitorepproximately 30 years (Simcox,
et al., 2005; Thomas 2007).

Long term monitoring is vital for assessing changespecies abundance and habitat
quality. An understanding of the ecology of threat® species and the interactions
between species within the restored ecosystenssengal to ensure long term
conservation (Thomas, 1994). The following Chapégslore the role dlyrmicaants
as ecosystem engineers in the establidhearion grassland on sites X and Y, in order

to further understand the complex interactions betwthe study species.
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Chapter 3. Do Myrmica spp. andFormica fusca influence the
vegetation assemblage above their nests in grassisn

managed forMaculinea arion

3.1 Introduction

Several studies have shown that ants influenceepetation above their nests (EImes,
1991a). For example, King (1977) found that floretlee prominent mounds bfsius
flavuswere significantly different from that of non malwegetation. Conversely
Elmes & Wardlaw (1982a) suggested that nest spototmabitat features would
determine the vegetation assemblage and the difjtdbr nestingM. sabuletj a
species that does not form obvious mounds. Theyalidind any evidence that plants
aboveMyrmica sabuletnests were responding to the physical changesitoasal
vegetation that has been generated by the ants.|Hgestion their findings since
Myrmicanests have been shown to increase local soilemisriand organic matter
(Petal, 1980; Beattie & Culver, 1983) and | sugdieat in the longer term this is likely
to influence above nest vegetation. Also, as deedrin Chapter 1, the gathering of
myrmecochorous seeds by ants is likely to alteath®v/e nest flora. Transportation of
seeds by ants is expected to determine the spattabution of myrmecochorous
plants, with these plants growing in greatest abnnd close proximity of ant nests
(Lack & Kay, 1987). For example, seed dispersahibts has affected the distribution
patterns oPolygala vulgarisandViola curtisii in a primary dune valley in the
Netherlands: adult plants were more abundant weanttnests, and seedlings were
confined to the nest mound (Oostermeijer, 1989addition to this, Kovar et al. (2001)
found that in mountain grasslands there was a andem distribution of
myrmecochores; most were growing near to nestasius flavusTetramorium
caespitumandFormicaspp. However conflicting results have been foundtiver
studies. No spatial relationship was found betwéeta curtisii, Luzula campestriand
Polygala vulgarisand ant nests on the coastal grey dunes of FlaiiBetgium)
(Lehouck et al., 2004).

In Chapter 2, | showed that densities/abla riviniana have increased significantly on a
study site wherdyrmicaants had increased from low densities to become the

dominant ant genu¥iola seeds possess an elaiosome and dispersal ofséede may
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be facilitated byMyrmicaor other ant species on the study site, theretrgasingviola
species densities near to ant nests. To testypisthesis | will assess the vegetation
aboveMyrmicaspecies an&ormica fuscaant nests and compare it with non-ant nest

areas.

3.2 Research Aim

To determine whether the presence and abundarssdeufted plant species which
possess elaiosomegi¢la speciesPotentilla erectaand Teucrium scorodonjand
whetherAgrostis curtisiiwhich does not possess an elaiosome, are associated
respectively with ant-nests or with spots away fidgrmicaandFormica fuscanests
in the field. | also investigated the niche assmmof differentViola species and

Myrmicaspecies.

3.3 Hypothesis

a) AlthoughMyrmicaspp. and-ormica fuscado not noticeably alter the ground above
and surrounding their nest sites, it is hypothesibatViola species are more abundant
near ant nests due (i) to the presence of an elm@®nViola seeds which causes ants
to carry them to nests; (ii) to the probable exciu®f invertebrate herbivores from
ground close to nests which creates enemy freeespad (iii) to higher nutrient levels

near ant nests (Chapter 5).

b) Viola lacteainhabits a hotter niche thafiola rivinianaand may therefore be
associated with thermophilous speciedgtmicae.g. Myrmica sabuleti.Viola
riviniana has a cooler niche and may be more associatedMyitimica ruginodisan

ant species that also prefers a cooler niche.

3.4 Methods

3.4.1 Introduction to Study Site

The study sites are semi-natural acid grasslartieedge of Dartmoor National Park.

Some areas of the site have been undergoing haiatzgement and restoration from

dense scrub and bracken since 1975 to recMatalinea ariongrassland (Chapter 1).
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The entire site is intensively grazed by cattle padies and undergoes rotational
swaling (burning) of scrub. This creates a mosatweterogeneous habitat ranging from
early successional stages to mature gorse stahddlora is dominated b&grostis
curtisii, Ulex europaeusndErica cinerea The ant community is dominated by
Myrmica ruginodis M. lonag M. scabrinodisM. sabuletj M. scabrinodisnor),

Formica fuscaandF. rufa. Only the first six ‘species’, all of which havesimilar

colony structure, were used to test hypothesean@)b).

The niches of the maiyrmicaspp. are well known with each occupying a distinct
partially overlapping, realised niche that can beretd by soil microclimate. (Elmes et
al., 1998). However there is uncertainty abouttéix@nomic status of sonMyrmica
species, especial. scabrinodisvhich was recently shown to consist of at least two
(and perhaps several more) cryptic species (El286%).M. scabrinodigypically
inhabits a relatively cool moist niche situatedWmstn, but overlapping with, those of
M. ruginodis(cooler) andVl. sabuleti(warmer). However on these study sites, an
apparently identical ant which cannot (yet) beidggtished by chemical (S. Everett
pers. comm.), morphological (G. EImes pers. congenetic (J. Ebsen pers. comm.) or
physiological analyses (Randle & Wardlaw unpubldheso occupies a warmer and
drier niche even thaMl. sabuleti These two niches &fl. scabrinodisare distinct, non-
overlapping and predictable. For the purposesisfstudy, this latter form will be
referred to ad/l. scabrinodisyon. Similarly, an ant resembling. sabuleti but with a
much exaggerated projection on the antennal seagefound in the cool, shady
scrubland, beyond the optimal nichesvbfruginodis The World's two leading
Myrmicataxonomists, G.W. Elmes and A. Radchencko (p@&rsne.) cannot agree on
the taxonomic status of this form, but both hawevgionally identified it adl. lonae
which is it is called henceforth in this study. ther details regarding the division kit

scabrinodigtypes can be found in Elmes, et al. (1998).

3.4.2 Nest location and vegetation assessment

In 2004, a total of 93 ant nests were located usiagstandard methodology (Wardlaw
et al., 1998b) of cake crumb baits covered wittheatgpot saucer (10cm diameter). The
baits were put out in optimuiMyrmicaforaging conditions (i.e. time of day and
weather conditions) and checked 30 minutes laterkéf ants carrying crumbs were

followed back to the nest. Ants were identifiedhe field using a x20 achromatic hand
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lens. Nest entrances were marked using garders eamelabelled according to ant
species. FoukMyrmicaant species were studiddyrmica sabuletiM. scabrinodis, M.
ruginodisandM. scabrinodisyor). Formica fuscavas included in the study as the only
other ant present that had a similar abundanceealody structure tdlyrmica The

high densities of ant nests on the site meantidkation of paired non-nest spots in
similar conditions was difficult. It was therefonecessary to take a stratified random
sample across the site of non-ant nest spots iarapfly identical habitat between the
spots that contained marked nests. To identifyetheske crumb baits, put out during
optimumMyrmicaforaging conditions, were checked after 15 minéeshe presence
of ants — if a nest was present at the baiting, $petants would have come to the bait in
large numbers (>20 workers) within the given timam confident that if no ants
attended the bait then the spot was definitelyramest spot. Eighty-seven non-nest
spots were marked and numbered. Above nest vegretatis assessed within a 0.25m?2
sampling hoopMyrmicanests rarely extend further than 0.25m2 from t& entrance
(Elmes & Wardlaw, 1982a). Sampling hoops werereehon the nest entrance for nest
spots and on the garden cane for non-nest spogetaton assessment focussed on
selected plant species, nam¥lgla riviniana, V. lactea, Potentilla erecta, Teucrium
scorodoniaandAgrostis curtisii. Visual estimates of percentage coveAoturtisiiand
Viola spp. was recorded. Numbers of individual plantg.dactea, V. riviniana, P.
erectaandT. scorodoniavere counted and recorded. The individual couringlants

is a more appropriate measure when comparing abeed# relatively low density
species such agola spp. Turf height was recorded at four points witthie sampling

hoop using Stewart et al's (2001) direct method.

Williams (2001) recorded soil temperature and haight at 70 ant nests of 5 different
MyrmicaspeciesM. ruginodis M. scabrinodisM. sabuletj M. scabrinodisnor) and

M. lonae This data was analysed by me to ensure that iffieyethces detected in my
study were as result of differences between treatisn@e. ant nest or non nest) rather

than preferred niche differences\ibla spp.

3.4.3 Statistical Analysis

The data were analysed using General Linear MotiED¥XA (GLM ANOVA) after
count data were transformed using Log+1 and pesgentover data were arcsine

transformed (Dytham, 2003). Pair-wise comparisoasevperformed using Tukey
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95.0% Simultaneous Confidence Intervals tests topave differences between ant

species and non-nest spots.

There is a small yet significant difference betwaehheight and thus presumably
temperature at ant nest and non-ant nest spots.isTphossibly caused by sampling bias,
which may have occurred when locating non-nestsspigspite the care taken to ensure
that non-nests spots occurred within similar vetiggiato nest spots. In order to
eliminate this small potential bias, turf heightsasccounted for by using it as a

covariate in all of the analyses.

3.5 Results
3.5.1 The relationship between turf height and anbest temperature

Turf height is a significant predictor of ant nemnperature (figure 3.0; £70= 64.79, P
<0.001, R= 48.1%).
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Figure 3.0: Correlation between Turf height (cm) and Ant rtestperature °C at 72 ant nest spots. (F
70=64.79, P < 0.001, R= 48.1%). Data is from Williams 2001.

2001 Data - Relationship between Turf height anchJerature

Figure 3.1 shows the relationship found betweeinheight and nest temperature and
the distribution of the different ant species altimg temperature gradient. There is a

significant difference in turf height above diffateant species nests (Kruskal-Wallis; H
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4=54.48, P < 0.001) and in temperature,H41.21, P < 0.001) at different species’

nestsM. scabrinodis.or are found in the hotter shorter turfs, wherglasonaeare

found in the cooler longer turfs. All of the anesfes studied were significantly
different from each other with regard to turf hdifable 3.0). Ant nest soil temperature
differed between all ant species with the exceptiod. lonaeandM. ruginodis and of

M. scabrinodis.or andM. sabuleti(table 3.1 and figure 3.1).
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¢ M.lonae = M. ruginodis = M. scabrinodis < M. sabuleti x M. scabrinodis (HOT)

Figure 3.1: Correlation between Turf height (cm) and Ant rtestperature °C between 5 different ant
species data. Data is from Williams 2001.

Table 3.0:Results of Mann-Whitney comparisons of turf heigétween 5 different ant species nest
spots. Median, Interquartile range, test statiStfcvalue) and significance level (P value) areldiged.
Mann-Whitney tests had 1 degree of freedom.

Differences in Turf height between ant species nespots

Ant species M. lonae M. ruginodis M. scabrinodis M. sabuleti M. scabriti®yor
Median 19 6 3 2 1
Interquartile range 9.5-29.5 3.75-11.25 3-5 1-2 1-1
M. ruginodis W= 1515
P =0.0066

M. scabrinodis W=179.5 W=269.5
P =0.0001 P =0.0088

M_sabuleti W=225.0 W=372.0 W= 251
P <0.0001 P <0.0001 P =0.0002

M. scabrinodigiory W =171.0 W=299.5 W= 324.0 W= 419.0
P <0.0001 P <0.0001 P <0.001 P =0.0076
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Table 3.1:Results of Mann-Whitney comparisons of ant nespesatture between 5 different ant species
nest spots. Median, Interquartile range, tesissia(W value) and significance level (P valuey ar
displayed. Mann-Whitney tests had 1 degree of ieed

Differences in Ant nest soil temperature betweenra nest species

Ant species M. lonae M. ruginodis M. scabrinodis M. sabuleti M. scabrili®or

Median 29 28.2 321 36.1 39.05
Interquartile range 25.9 — 30.4 24.25-30.23 30.2 - 34.5 32.33-39.1 34.6 —43.7
M. ruginodis W= 163,

ns
M. scabrinodis W= 238, W= 296.5

P =0.0029 P =0.0019

M sabuleti W=379, W= 467, W= 428.5
P=0.0002 P<0.001 P =0.02
M. scabrinodigsor, W=231, W= 296, W= 1435 W =299,

P =0.0001 P<0.0001 P < 0.0004 ns

2004 Data - Turf height as an indicator of diffdrant species niches

The 2004 result, confirmed that significant difieces (GLM ANOVA;F 5 1g4= 12.25, P
<0.001) exisin mean turf height above different ant speciestispots, and also

compared non-ant nest spots.

Table 3.2 shows the differences in turf height &bihe nests of different ant species
and also non-nest spots using Tukey's pair-wisepasisons. Nests difl. ruginodis
andF. fuscawere found in taller vegetation comparedvtosabuletj M. scabrinodis
andM. scabrinodisnor) nests. Turf height was again talleMatscabrinodisompared
to andM. scabrinodisHor) nests. These measurements confirm earlier measotewfe
sward / niche differences in these species (Thahak, 1998) and justify using turf

height as a covariate in the GLM analysis.
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Table 3.2: Results of Tukey's pairwise comparisons of défezes in turf height between different ant spesésts and non-ant nests. Mean + S.E.,

test statistic (t) and significance level (P valaee displayed.

Ant species M. ruginodis |M. scabrinodis| M. sabuleti M. scabrinogdisr) |F.fusca |Non-Nest
Mean + S.E. 2261+3.3| 11.82+1.17  8.79+0,9802% 1.39 8.26 £0.43 8.26+0.43
M. scabrinodis t=3.422,
P = 0.0098
M. sabuleti t=5.700 t=2.509,
P<0.0001 |ns
M. scabrinodigyor |t =6.001, t=-3.331, t=-1.414,
P <0.0001 |P=0.0132 ns
Formica fusca t=-1.998, |t=1.090, t=3.170, |t=3.854,
ns ns P =0.0217 |P = 0.0022
Non- nests t=-6.326, |t=-2.995, t=-0.133, |[t= 1.461, t =-3.538,
P <0.0001 |P=0.0364 ns ns P = 0.0067
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3.5.2 Spatial distribution of Viola lactea near to and away from ant nests

Percentage cover df. lacteaaboveMyrmicanests and non-nest spots.

For the combine®lyrmicaspecies, percentage covenbflacteawas significantly
greater (GLM ANOVA; k 157=9.82, P= 0.002) at ant nest spots (mean 1.42)} 0.

compared to non-nest spots (mean 0.7 = 0.05).

Differences in numbers &f. lacteaplants between ant species nests and non-nest spot

When individual plant numbers rather than percemtaayer are comparediola lactea
is again significantly more abundant (GLM ANOVA; kg;= 25.73, P< 0.001) at ant
nest spots (mean 16.22 + 1.22) compared to nonesttspots (mean 12.4 + 0.87).

Differences in percentage cover\oflactea between different ant species’ nest spots

and non nest spots.

V. lacteawas significantly more abundant abdve scabrinodisnor), M. sabuleti,M.
scabrinodisandF. fuscanests compared td. ruginodisnests (table 3.3)/. lacteawas

more abundant abowd. sabuletinests compared to non-nest spots.
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Table 3.3: Differences in mean percentage cover (+ S.EVjiofa lacteaplants between 5 different ant species nests andahast spots.

Ant species M. ruginodis M. scabrinodis M. sabuleti M. scabrinodigm F. fusca Non-Nest
Mean * S.E. 0.320.15 1.28+0.28 1.93+0.49 1.43+0.28 1.58 + 0.45720+ 0.06
M. scabrinodis t=-4.057
P=0.0010
M. sabuleti t=-4.800
P=0.0001
M. scabrinodisnor) t=-3.916 t=-0.265
P=0.0018 ns ns
Formica fusca t= 4.205 t= 0.641 t=-0.142
P=0.0006 ns ns
Non- Nest t=2.760 t=-2.262 t=-3.987
ns ns t= 0.0013
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Differences in numbers &f. lacteaplants between ant species nests and non-nest spot

Again, a comparison between individual plants amdspecies shows th¥iola lactea
was more abundant near to nestMoBabuleti, M. scabrinodisM. scabrinodisyor
andF. fuscacompared tdVl. ruginodisnests (GLM ANOVA; Fs, 1g3= 10.38, P <
0.001) (table 3.4). Not only does this reflect pineference of/. lacteafor warmer
niches, but by using turf height as a covariate ¢serelation between turf height and
temperature in figure 3.0) in the analyses, thsxsh'true’ differences between ant

species.
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Table 3.4: Differences in mean (+ S.E.) numbenbla lacteaplants between five ant species nests and norspett

Ant species M. ruginodis M. scabrinodis M. sabuleti M. scabrinodigr) F. fusca Non-Nest
Mean * S.E. 4.00+1.84 15.88 £1.99 18.00 £2.434.42+ 2.33 15.62+ 2.56 12.40+ 0.87
M. scabrinodis t=-5.724
P<0.001
M. sabuleti t=-5.607
P<0.001
M. scabrinodisor) t=-6.198
P< 0.001
Formica fusca t=5.245 t=-1.311
P<0.001 ns ns ns
Non- Nest t=4.752 t=-1.925 t=-2.029 t=-3.538
P=0.0001 ns ns P=0.0067
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3.5.3 Spatial distribution of Viola riviniana near to and away from ant nests

Percentage cover df. rivinianaabove ant nests and non-nest spots.

Again all ant nest data were pooled and comparéd paoled non nest data. The
percentage cover of. rivinianawas significantly (GLM ANOVA; F; 157=10.76, P=
0.001) greater at ant nest spots (mean 1.65 + 6dfpared to non-nest spots (mean
0.51 + 0.51).

Differences in numbers &f. rivinianaplants between ant nests and non-nest spots

In contrast to their percentage cover, there wasignaficant difference ( k- 157=2.80,
P = 0.096) between the numbenbfrivinianaplants above pooled ant nest spots (mean
15.28 £ 1.51 S.E.) compared to pooled non-antspss (mean 8.10 + 0.76 S.E.).

Differences in percentage cover\gfriviniana between different ant species’ nest
spots and non-nest spots.

When considering individual ant species, percentayer of V. rivinianawas
significantly more abundant in 2004Mt ruginodisandM. scabrinodisnests compared
to M. scabrinodis.on and non-ant nest spots (GLM ANOVAsRgs= 5.08, P <0.001)
(table 3.5). This suggests a niche preferenc¥.bivinianafor cooler niches on the
study site and also that, when cooler niches caewiithMyrmicanest spotsy.

riviniana is found in its greatest abundance within 25 cra nést.

Differences in numbers &f. rivinianaplants between ant species’ nests and non-nest

spots.

There was a significant (GLM ANOVA,; £ 1s3= 5.02, P< 0.001) difference in the
number ofV. rivinianaplants between ant species and non-ant nest gyg#s), a
comparison of individual plants showed a similattgra to their percentage cover, with
Viola rivinianabeing more abundant dv. ruginodis, M. scabrinodigyl. sabuletiand

F. fuscanests compared to thoseMf scabrinodiswor (table 3.6).
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Table 3.5: Differences in percentage coven\bfrivinianabetween 5 different ant species nests and norspets.

Ant species M. ruginodis M. scabrinodis M. sabuleti M. scabmli®ory F. fusca Non-Nest
Mean * S.E. 3.75+1.49 1.70 £ 0.50 1.28+0.37 7&8.08 1.77+056 0.51% 0.05
M. scabrinodis t=1.385

ns
M. sabuleti t=2.264 t=1.204

ns ns

M. scabrinodisiory  t=3.4970 t=-2.930
P=0.0077  P=0.0437

Formica fusca t=-1.219 t=0.034 t= 2.5325
ns ns ns ns

Non- Nest t=-3.708 t=-3.305 t=-2.259 t=0.7451
P=0.0037 P=0.0143 ns ns
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Table 3.6:Differences in numbers &f. rivinianaplants between five ant species nests and norspet.

Ant species M. ruginodis M. scabrinodis M. sabuleti M. scabrinodigr) F. fusca Non-Nest
Mean = S.E. 26.93+£5.85 19.80+3.15 12.03+ 19317 +1.51 16.69+ 3.20 8.13+ 0.76
M. scabrinodis t=0.487

ns
M. sabuleti t=1.868 t=1.893

ns ns

M. scabrinodigyor)y t=3.769 t=-4.251 t=-2.967
P =0.0030 P =0.0005 P=0.0393

Formica fusca t =-0.427 t=0.013 t=1.523 t=3.642
ns ns ns P =0.0047
Non- Nest t=-2.504 t=-2.932 t=-0.909 t=2.62
ns P =0.0434 ns ns
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3.5.4Viola and Myrmica niche overlap

Combining the 2004 data fdf. lacteaandV. riviniana numbers, figure 3.2 illustrates
the preferred niches of the twkiola spp. in this study along side turf height, théelat
being an indicator of soil temperature. It is cléeatV. riviniana prefers a cooler niche
which coincides with the niche of the cooler loviegt speciedyl. ruginodisandM.
scabrinodis. In contrasty. lacteaprefers a hotter niche which coincides with thehei
of the hotter loving ant species suchvasscabrinodisqor). BothViola spp. co-exist

in abundance in a niche shared\bysabuleti
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Figure 3.2:Viola abundance across a temperature gradient. MeanarumibS.E. olViola spp. and mean
turf height +/- S.E. across knowMyrmica niche temperature gradient. As turf height desgea
abundance oY. lactea(a hot loving species) increases. In contrast dshight increases abundance of
V. riviniana(a cool loving species) increases.
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Figure 3.3: Correlation between Turf height (cm) and soil pemature °C at 22¥iola plants. (F, 220 =
76.09, P < 0.001, R= 25.7%).

Figure 3.3 shows the relationship found betweeinheight and soil temperature at
Viola plants. Turf height is significantly taller wheve rivinianaoccur compared to
whereV. lacteaoccur (Kruskal-Wallis; H = 16.87, P < 0.001) (figure 3.4). Intuitively
soil temperature is cooler wheéve rivinianaoccurs compared to wheye lacteais
found (Kruskal-Wallis; H, = 34.55, P < 0.001).

3.4 -
3.35 A
3.3 1 +
3.25 A

3.2 A

3.15 A %

31 T T T T T 1
0 0.5 1 15 2 25 3

Ln (mean temperature) Degrees C

Ln (mean turf height) cm

Figure 3.4: Correlation between mean turf height (cm) and nesdintemperature °C measuredvatla
lactea® andV. rivinianaA plants.
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3.5.5. Abundance oRgrostis curtisii near and away from ant nests

Percentage cover éfgrostis curtisiinear to and away from ant nests

The overall percentage coverAf curtisiiwas found to be significantly greater (GLM
ANOVA; F 1 186= 20.20, P< 0.001) at non-nest spots (mean 5931&S.E.)

compared to ant nest spots (mean 41.72 + 2.21. 3Ea)species leveA. curtisii cover
was significantly greater at all non-nest spots paraed toM. ruginodis M. sabuletiand
M. scabrinodisiest spots (table 3.7); it was also significantlyrenabundant &. fusca

nests compared td. ruginodisnests.
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Table 3.7:Differences between percentage covehofurtisii between 5 ant species nest spots and non-angpst

Ant species M. ruginodis M. scabrinodis M. sabuleti M. scabrinogigT) F. fusca Non-Nest
Mean * S.E. 21.36 £ 554 43.12+ 4.7742.86 + 3.06 44.67 + 4.74 55.42 +6.98 59.31 £ 3.16
M. scabrinodis t=-2.866
P =0.052
M. sabuleti t=-2.962 t=-0.132
P=0.0399 ns
M. scabrinodisory t=-2.806  t=0.466 t=0.368
ns ns ns
Formica fusca t=3.865 t=1.319 t=1.269
P =0.0019 ns P =0.8017
Non-nest t=5.108 t=-3.064 t=-3.402 t=0.7794
P< 0.001 P =0.0124 P=0.0041 ns ns
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3.5.6 Other plant species distributions in relatiorto ant nest and non-nest spots

Abundance oPotentilla erectanear to ant nests and non-ant nest spots.

Data were not normally distributed after transfaioraso were analysed using non-
parametric Kruskal-Wallis test. There was no sigaift difference (H=8.49, P =
0.131) in the abundance Bbtentilla erectanear to ant nests compared to non-ant nest

spots.

Abundance oflfeucrium scorodonia

The data were not normally distributed after transiation, so were analysed using a
non-parametric Kruskal-Wallis test. There was aisicantly greater abundance ©f
scorodonianear ant nests compared to non-nest spots=(HL.98, P = 0.035); and a
there appears to be a general trendrfacorodonido be more abundant near to

Myrmicaant nests that inhabit cooler niches (table 3.8).
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Table 3.8:Results of Mann-Whitney comparisons of percentayeicofT. scorodonigbetween 5 different ant species nest spots
and non-nest spots in 2004. Median, Interquanditegye, test statistic (W value) and significanaelléP value) are displayed.
Mann-Whitney tests had 1 degree of freedom.

Ant species M. ruginodis M. scabrinodis M. sabuleti M. scabrinodisory F.fusca  Non-Nest
Median 1 1 0 0 2 0
Interquartile range 0 - 14 0-5 0-1.75 0-0 0-6.5 0-2
M. scabrinodis W =487.5

ns
M. sabuleti W=863.0 W=10355

ns ns
M. scabrinodispory W =181.5 W =5925 W =1011.0

P=0.022 P=0.01 ns
F. fusca W=1985 W=476.0 W =834.0 W =166.5

ns ns ns P =0.007
Non-nest W=856.5 W=16165 W =2270.5 W =618.0

ns ns ns ns
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3.6 Discussion

Assessment d¥. lacteaandV. rivinianadistribution showed that both species were
more abundant or showed a higher percentage ceaerta ant nests compared to

equivalent non-nest spots.

V. lacteaabundance was greater above the nests of anespbat inhabited the hotter
niches in grassland compared to the ants livirthe@ncooler niches. In contrast,
riviniana abundance was greater above ant nests that caineitiethe coolest
available nichesThese results were consistent when using eitheep&ge cover or

counts of individuals as the recording method.

The findings of my study are consistent with thotd_ack & Kay (1987)Oostermeijer
(1989) and Kovar (2001) who found that the spatisdribution of some
myrmecochorous plants was influenced and deternbgedispersal by ants, the nest

areas having higher numbers of plants than suriograbils.

Viola niches

Figure 3.2 shows the distribution \giola spp. across a measured temperature gradient.
It is clear that although both species co-exisbsEthe temperature gradievit,

riviniana is more abundant at the cooler end of the specamuiV. lacteais more
abundant at the hotter region. Soil temperatuadfested by turf height. The shorter the
turf the more insolation reaches the soil and dadesmperature is increased, and vice-
versa (Thomas, 1993). Therefdfelacteais most likely to be more abundant in shorter
swards and/. rivinianamore abundant in taller swards. The results frlogtudy

show this clearly (figure 3.4).

Ant andViola niches

Viola spp. exhibit clear niche preferences, as do tke(figure 3.2). The study site has
a natural gradient up the slope ranging from coi$ &t the bottom to warm soils at the
top, a gradient that is amplified by grazing anchlovariation in turf height. Turf height
is well known to be a measure of microclimate (Thsrat al., 1998); and the results

from turf height measurements taken during thidystwoth confirm this and reflect the
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preferredMyrmicaspp. niches based on a temperature gradient €figQ). V.
riviniana occurs at higher densities in the cooler availaidbes and is thus most
abundant in the niche ranges of the cooler lovimgspecied. ruginodisandM.
scabrinodis In contrasW/iola lacteais more abundant in a warmer niche, which
coincides with théV. sabuletiandM. scabrinodisxor) ant niche. Numbers &f. lactea
plants were significantly more abundant abBvéuscanests compared #d. ruginodis
nests; this suggests thHatfuscainhabits a warmer niche thamruginodis
Additionally, V. riviniana plants were five times more abundant above négtsfosca
compared tdl. scabrinodisHor). This suggests th&t fuscainhabits a cooler niche
than that oM. scabrinodisor)and thaf. fuscainhabits a niche where bothola
species co-exist. Obviously, other attributes niche than just temperature vary
systematically along the slope, for example sqitdeand moisture. However,
temperature was found to be a useful correlateabienspace in this habitat (Thomas et
al., 1998).

Ant effects onViola distributions

At the extremes of the ant akbla niches (based upon the temperature gradient) it is
clear that sub optimal conditions for the differ¥itla spp. has a negative impact upon
Viola densities despite the presence of an ant nestetEnwwhen the optimurviola
niche coincides with ant nests, there are incredsedities irViola spp. compared to
optimum niches without ant nests. For examyldacteais a hot loving species as is

M. scabrinodisyor). V. lacteawas 1.5 (log scale) times more abundam at
scabrinodispor) nests compared to pooled non-ant nest spotsjgnitisantly less
abundant aM. ruginodis (a cooler loving species) nests compared to jpoots-ant

nest spots. In contragt riviniana(a cooler loving species) was 1.4 (log scale) $ime
more abundant near M. scabrinodisnests compared to non-ant nest spots. Using turf
height as a covariate in the analyses has ensuaéthese are ‘true’ differences
between ant species axla distributions, not just a reflection of niche @ifénces.

The non significant difference betwekh ruginodisnests and non-nest spots is likely

to be due to the small sample size which has haglance within the data.
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Ant / Viola interaction

The results of these studies suggest that themresd# ant nests in optimu¥fiola

niches is beneficial tWiola spp. distribution; there is an indication of sopwsitive ant

/ plant interaction, which is examined in Chapteyibla seeds have an elaiosome that
is attractive to ants and a large body of evidesuggests that elaiosomes facilitate seed
dispersal by ants (Giladi, 2006). Ants take thelsde their nests, eat the elaiosomes,
and discard the seed in or around the ant nester&8gpossible reasons have been given
for why plants that bear elaiosomes may benefihftbeir interactions with ants. (i)
Transportation to a nutrient rich micro-site neaan ant nesw¥iola spp. may be more
abundant near to ant nests within their preferiedenthan equivalent non-ant nest
spots due to elevated soil nutrient levels. Prevgtudies oMyrmicahave found that

the accumulation of nutrients and of organic madteant nests is greater than at non-
nest spots, (Petal, 1978), and that soil strudtuadtered resulting in improved aeration
and drainage (Petal, 1978; Elmes, 1991a). Theasere organic matter and hence
water retention capacity of the soil creates caonitthat are ideal for plant root
penetration, (Petal, 1978; EImes, 1991a). Thiothgsis is tested in Chapter 5. (ii) In
addition to the relocation of the seed to a suétabicro-site Viola seeds and seedlings
may also gain some protection from the ants froovalground seed predators due to
the removal of seeds to an underground refuggTfie creation of enemy free space
near to nest spots deterring invertebrate herbsy@ned attacks by ants may protect

Viola seedlings.

Myrmicaspp. seed preference is investigated in Chapiearatder to explain the
observed association betweénrivinianaand cool-lovingvlyrmicaspp., and that of.
lacteawith thermophilous ant species. Are the ants etihtha seed preference based
upon local adaptation and or experience, or deetBpscies co-occur due to a niche

overlap?

Agrostis curtisii

Agrostis curtisiidoes not posses an elaiosome and is less aburetartoM. ruginodis
M. scabrinodisandM. sabuleti nest spots compared to equivalent non-nest.spots
addition,M. ruginodisnests had significantly legs curtisiicompared td-. fusca M.

sabuletiandM. scabrinodisnests. This may be attributed to the soil condginear to
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M. ruginodisant nestsM. ruginodisinhabits cooler areas that have a deeper topsoil,
whereasAgrostis curtisiiis more abundant on shallow podsols (lvimey-Cd&g9).
Habitat management on the site is another faggnostis curtisiirapidly colonises
exposed ground after burning, (Ivimey-Cook, 199d).ruginodisdoes not occupy
recently burnt patches due to biotic factors sutud height and soil temperature. In
addition the increased percentage coveY.afvinianaplants near td/l. ruginodis nest
spots may enable these species to out-confpetartisiiin these areas, or ant nest spots

may not be suitable fak. curtisiigrowth due to various biotic factors.

Other plant species

Despite there being no significant differenc& irscorodonisabundance near to and
away from ant nests, there is a general trend fecorodonigo be more abundant near
to Myrmicaants that inhabit cooler nichés. scorodonids intolerant to heavy grazing
and does not persist in short turf (Hutchinson,8)9%his is reflected by its weak
association wittMyrmicaspp. which occupy niches that have taller turghgifor
exampleM. ruginodisandM. scabrinodisT. scorodoniaseeds possess an elaiosome
which may or may not be attractive to ants. ThelsedT. scorodoniaare shed in
September which is at a time when ants are prep&smdiapause and brood production
has stopped and feeding is greatly reduced. Thysaxrplain why there is no significant
difference in the abundance bf scorodonianear to and away from ant nests — the
seeds are not collected because they are ava#laliteod source at a time when the ants
do not require them. It may also be that the sgemiggenera of ants present on the
study sites did not find. scorodoniaelaiosomes attractive, for in Chapter 4 | show tha
there are marked difference in the attractivenés8ada seeds to ants of different

genera.

Potentilla erectavas more abundant kt. ruginodisnests compared to all the other ant
nests, and less abundanivatsabuletiandM. scabrinodisnests compared to non-nest
spots. This may be due to the seedB.afrectanot being attractive tM. sabuletior M.
scabrinodisas a food source because of their chemical cortiguogir size, or due to

niche or other biotic differences.

Much work has been carried out investigating antseed preference. Generally, larger

seeds with larger elaiosomes are preferred by(@ustermeijer, 1989; Mark & Olesen,
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1996; Gunther & Lanza, 1989; Brew et al., 1989;rilaa et al., 1996). However,
Hughes & Westoby (1992a) suggest that carryinggelaeed may expose foragers to
increased risk of mortality as they are more cangpis to predators. Therefore, the
yield provided by the elaiosome has to outweighrible of foraging mortality. The

larger the elaiosome, the more likely an ant isetdeve the seed. | suggest that the size
of thePotentilla erectaPedicularis sylvaticandPolygala serpyllifoliaclaiosomes
should be investigated as the size of these elaiesanay not outweigh the risk of

foraging mortality.

Another explanation to ant seed preference coulatiouted to the central foraging
theory. The overall assumption of central foragimgpry is that the greater the energy
expenditure to get to a foraging area, the morectige the ant is in choosing a food
item to take back to the nest (Holldobler & Wilsd890). Seed size and elaiosome size
are closely correlated (Edwards et al., 2006). Fnoyrown observations &f. lactea
andV. rivinianaseed and elaiosome size | suggest that elaiosomé®sla seeds would
be a more substantial resource when comparBdeoectaP. sylvaticaandP.
serpyllifolia. Nevertheless it was surprising that more specigselaiosomes did not
show the strong association wktyrmicaor F. fuscathat theViola did. However,
several previous studies investigating the spegilationship between myrmecochorous
plant distribution and ant nests have found thi¢dint ants exhibit specific seed
preferences (Oostermeijer, 1989; Lack & Kay, 19&hapter 4 investigates the
attractiveness of several seed typeBlyomicaspp. and-ormica fuscaants in the
laboratory in order to explain the differences lsnp assemblages near to and away

from ant nests found in this study.
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Chapter 4. Do Myrmica species and~ormica fusca ants
differentiate between myrmecochorous seeds found on

grasslands managed foMaculinea arion?

4.1 Introduction

Myrmecochory is a mutualistic relationship betw@émts and ants: the former produce
seeds which possess nutrient-rich appendages tai@medomes, while the ants provide
a mechanism for seed dispersal (Gammans et ab) 20@s considered that the lipid
fraction of the elaiosome is the most attractivestibtuent, promoting seed collection by
ants (Marshall et al., 1979; Skidmore and Heith4@88; Brew et al.,1989; Gammans
et al., 2006). Approximately 2000 - 3000 plant speare classified as myrmecochores
(Brew et al., 1989; Hughes & Westoby, 1992b; Ohkaved al., 1996). In general, seed
and elaiosome size are strongly positively coreeldEdwards et al., 2006) and seeds
with larger elaiosomes are more attractive to éDtstermeijer, 1989; Gunther &
Lanza, 1989; Westoby et al., 1991) because of ttréent content of a larger food
reward (Brew et al., 1989). Additionally the rembrate of seeds increases with seed
size and there is a weak correlation in removal aad elaiosome size (Gorb & Gorb
1995). Similar results were found by Mark & Oleg&896); seeds with larger
elaiosomes were collected first. Even within a pganus differences in seed
attractiveness to ants is apparent; seed weighgselme weight are seed removal rate
was greater iviola selkirkiicompared td/iola verecundgdOhkawara & Higashi,

1994). Other studies have found that the elaiostiamggdore ratio is the factor which
influences seed removal rate (Hughes & Westoby2t9&unther & Lanza 1989;
Servigne & Detrain 2008).

The benefits of this mutualism to plants have heiglely researched and are
summarised in Chapter 1. In contrast, researcdhti@ benefits of this relationship to
ants has been limited to date. Field studies byaMsr& Heithaus (1998) showed that
65% ofAphenogaster rudisolonies that were fed seedsSzingunaria canadesis
produced more gynes (reproductive females), thpsaming colony fitness. More
recently, laboratory based studies by Gammans €&@05) found that feedinglex
europaeuslaiosomes to artificial colonies bfyrmica ruginodisresulted in a 102%

increase in brood production and an average 48%ase in larval weight when
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compared to control colonies. Berg (1975) found thgrmecochory is a generalised
relationship between ants and seeds and that aezdsmoved by a suite of ants that
show no species specificity. Other studies havesiradar findings: Beattie et al.,

(1979) found no differences between ant specieslaspore preference; Andersen
(1988a) reports that seed dispersal distance anolviad rate tend to be characteristic of
the local site and therefore studies of single spedies can be used to characterise the
general ant—seed relationship at any site. Howewlegn investigating the fate ¥iola
seeds dispersed by ants, Culver & Beattie (198@)ddhat seedling emergence varied
depending upon which ant genus removed the se866 ¢6 seeds taken lyormica
species emerged in contrast to only 28% takellyamymica species and 5% taken by
Lasiusspecies). Sernander’s (1906 as cited by Lehouak €004)) laboratory
experiments showing ants to be actively transpgiieds led to the statement that a
spatial relationship between ant nests and myrniexes is expected in the field.
Such patterns have been observed in a numberdftiedies; Oostermeijer, (1998);
Lack & Kay, (1987) and Kovar et al., (2001) foutét myrmecochores were non-
randomly distributed and growing near to ant nddtavever, more recent field studies
by Lehouck et al. (2004) showed no spatial relatigos. While conflicting results have
been found, what is clear is that myrmecochorythagpotential to alter the assemblage

of plant species near or around ant nests in s@hbitats.

Results from Chapter 3 show that the vegetationvalbot nests differs from that of
non-ant nest spots on two grasslands that wereregisto supporiaculinea arionin
south-west England. Not all plant species whosdsspessess elaiosomes were more
abundant at nest spots compared to non-nest fpotispthViola lacteaandViola
riviniana were significantly associated with ant nest, aach&iola species showed an
increased association with the ant species thatpied its preferred niche. This Chapter
investigates the attractiveness of different sgpdg toMyrmicaspecies an&ormica
fuscain the laboratory to ascertain if myrmecochorthis mechanism responsible for

the high densities dfiola species near to ant nests recorded in the field.
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4.2 Aim

Williams (2001) found thaviola lacteaandViola rivinianawere significantly more
abundant near tblyrmicaant nests compared to paired non-nest spots.d8, 20
laboratory experiments were carried out to inveséighe relationship between the
seeds oViola lactea Viola riviniana, Agrostis curtisij Potentilla erectaAjuga reptans
and the antMyrmica scabrinodigor), Myrmicasabuletj M. ruginodisandF. fusca in

an attempt to explain the patterns found by Wilka®2001) and described in Chapter 3.
F. fuscawas included in this study as it is the only otb@mmon ant species apart from
the genusMyrmicathat is found on the study site that also haspuladion structure of
numerous small colonies. The only other abundainfamufa, occurs in a few

extremely large colonies.

Having established in the first year that the seédsth species dfiola were highly
attractive tavlyrmicabut not toFormicaants in the lab, further experiments were
designed in 2004 and 2005 to investigate whetlel¥ighrmica species that co-exist
most with eaclViola species in the field found them more or less ditra than their

congeners.

4.3 Methods

4.3.1M. sabuleti, M. ruginodis and F. fusca seed preference Viola spp. vs.A.
curtisii (2003)

In July 2003 twelve ant colonies, comprising foacle ofM. sabuleti, M. ruginodisind
F. fusca,were collected from site X. Four laboratory nedteach species were set up
in clear polystyrene boxes (12cm x 8cm x 2cm) WD workers. The boxes had fluon
(a non-stick chemical) wiped around the rims tosprg the ants from escaping. In
addition to workersMyrmicacolonies were given brood (20 pupae, 30 larvaedénd
pre-pupae) to encourage foragifgfuscacolonies had no brood since their nests do
not contain it at this time of year (Elmes, persag. Myrmicacolonies were fed
16mgDrosophilalarvae and 7mg sugar per weEkfuscacolonies were fed 20mg
Drosophilalarvae and 10mg sugar per week to maintain the satio of food per
biomass of these ants, whose workers are 40% ldrgeMyrmica High mortality was

recorded irfF. fuscacolonies in previous trials where they receiveglghme quantity of
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food asMyrmicaspp. (Randle unpublished). Food quantities arertééom Brian &
Abbot (1977) and Wardlaw et al (2000).

Each artificial nest contained a damp sponge coMeyea notched inverted plastic pot
as a central nest area. This was connected tbempolystyrene box (the foraging
area) with a 1m length of plastic tubing (figur&)4representing the average foraging
distance travelled bylyrmicain the field (EImes, 1975). All colonies were nained

at a constant ambient temperature df@ avoid confounding variables and given a 3

week acclimatisation period before observation hega

O // ;

Foraging tube
Central nest area Foraging area

with food pad
— g
10 cm

Figure 4.1: Experimental nest set up, central nest and foragiags to scale Foraging tube was 1m long.

Twenty seeds, 10. lacteaand 10A. curtisii (trial 1) or 10V. rivinianaand 10A.

curtisii (trial 2), were placed in each foraging area efftbur replicates of each ant
species. Observational bioassays were undertakenHour to record ant behaviour
and seed interactions. Each trial was repeatec twith an interval of 1 week between
trials. Data were collected on the number of ardéions, biting and carrying
behaviours of ants towards the seeds of differkmitspecies. Different behaviours are

defined below:

Antennation - Worker ant examines and touchesekd svith its antennae.

Biting - The ant uses its mandibles to investigate the arddites or chews at the
elaiosome.

Carrying- The ant picks up the seed using its mandiblestamees it.

Retrieval of seeds from the foraging area and alttndestination of seed after retrieval

were also recorded during the one hour behavidnioalssay.
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4.3.2Myrmica scabrinodis ¢or) seed preference (2004)

Behavioural bioassays were used to determiie gcabrinodis.or has a preference
for V. lacteaseeds which may explain the high densitieg.dactearecorded above
their nests (Chapter 3). Ten coloniesvbfscabrinodisHor) were collected from site Y
in July 2004 along with ripe seeds\¢flactea, V. riviniana, P. erecandA. reptans

The number of workers, number of brood, food qugmiovided per colony and
experimental nest design were the same as in ZD@8nty seeds, ¥. lactea 5V.
riviniana, 5 P. erectaand 5A. reptanswere placed in each foraging area of the
experimental nesk. erectaseeds (which possess an elaiosome) were introdoiced
the experiment to determine if these seeds wesalisaictive to the ant species studied.
If so, this may explain the lack of associationN®snP. erectaand ant nest vegetation
found in Chapter 3A. reptanswas used in the experiment since it is anothertpla
species found on the study site which possessemmsome. Observational bioassays
followed the same protocol as those of 2003. Tweaeds of each type were weighed
to examine whether mass may explain seed prefersimze Edwards et al (2006)
found that seed size and elaiosome size are closelglated. This would provide an

indication into seed preference based upon seeghtvei

4.3.3Myrmica ruginodis and Myrmica sabuleti seed preference (2005)

In Chapter 3 | showed th&t. ruginodisnests had high densities\éf rivinianaabove
them. Here | test the hypothesis thatruginodishas a preference foft. rivinianaseeds
which could explain their observed associatidnsabuletiinhabits the niche wheié.
lacteaandV. rivinianaoverlap.M. sabuletiwas also used in this experiment because its
realised niche is betweén. ruginodis,which has a cooler niche, aMl scabrinodis

wom, Which has a warmer niche. In July 2005 ripe se¢d5 lactea, V. riviniana, P.
erectaandA. reptansand ten colonies dfl. ruginodisand ten colonies d¥l. sabuleti
were collected from site Y. Again the number of kess, number of brood and food
guantity provided to each colony and experimengsk wlesign was repeated as in
previous years. The seeds used and the obserdtioaasays in this experiment were
consistent with the previous experiments. Howeseed retrieval data was not recorded

during this bioassay.
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4.3.4 Statistical Analysis

All behavioural data were transformed (Log +1) ¢hiave normality. Percentage of
seeds retrieved from the brood chamber was tramsfbiusing a standard arcsine
square root transformation to achieve normalityn@arisons between different ant
species behaviour towards the different seed sp@mee made using GLM Analysis of
Variance. Subsequent Tukey’s Pair wise Comparisa@re employed when significant

results were found.

4.4 Results

4.4.1.Myrmica sabuleti, Myrmica ruginodis and Formica fusca seed preference
(2003)

Seed preferencé&fiola lacteaversusAgrostis curtisii

When presented with a choice betw&eacteaandA. curtisii seeds, there are
significant differences in ant behaviour towards o plant species (figure 4.2). All 3
ant species antennat¥dlacteaseeds significantly more tha curtisii seeds (GLM
ANOVA; M. sabuletiF 1, = 450, P<0.001M. ruginodisF 1, ¢= 17, P=0.025F. fusca,
F1 6= 72, P=0.003). In addition boMyrmicaspp. bit and carrie¥. lacteaseeds
significantly more thar\. curtisiiseedsNl. sabuleti,F ; ¢= 170, P=0.001\.
ruginodis,F 1, ¢ = 104, P= 0.002) None of the ant species studied carAedurtisii at
all. M. sabuleti(F 1, 6 = 371, P<0.001M. ruginodisF 1, s = 2029, P<0.001) carried.
lacteaseeds significantly more th@n curtisii seedsThese differences are most likely

attributed to the nutritional benefit of the elao®es on th&/iola seeds.
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Figure 4.2: Comparison of mean number (x S.E.) of antennatibitis,g and carrying behaviours

directed toV. lacteaandA. curtisii seeds by the three ant species studied.
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Differences between ant species interactions Witha lactea

There were also significant differences observadiéen ant species in antennation
(GLM ANOVA,; F ; 2= 5.23, P = 0.014), biting (F23=23.45, P < 0.001) and carrying
(F 2, 23=37.22, P < 0.001) behaviour towakdacteaseeds (figure 4.2). Tukey’s post
hoc test showed thd. sabuleti(P =0.0483) ant. ruginodis(P = 0.0177) antennated
V. lacteasignificantly more thaf. fuscaV. lacteawas also bitten more byl. sabuleti
(P = 0.0008) ant¥. ruginodis(P < 0.0001) compared Eo fusca Carrying ofV. lactea
seeds was significantly higherh sabuleti(P < 0.0001) ant¥. ruginodis(P <

0.0001) compared tb. fusca

Differences between ant species interactions Aftostis curtisii

Antennation behaviour towards curtisii seeds differed between ant species (GLM
ANOVA; F ; 23=8.63, P = 0.002) (figure 4.2). Post hoc tesisgu$ukey’s test showed
thatM. sabuleti(P = 0.0285) ani. ruginodis(P = 0.0016) antennatéd curtisii
significantly more thai. fusca There were no significant differences in biting or

carrying ofA. curtisii seeds between ant species.

Retrieval of seed from foraging area

Retrieval ofV. lacteaseeds from the foraging area to the brood chautifered
significantly between ant species (GLM ANOVA; ko= 18.82, P < 0.001; figure 4.3).
Tukeys test showed thit. sabuletiretrieved almost 59% of seeds, (P = 0.0002)Mnd
ruginodisretrieved 65 % of seeds (P = 0.0001). In confrasitscadid not retrieve any
V. lacteaseeds. A 100% removal rate of the elaiosome freeds retrieved bylyrmica
spp. was observed wherdasfuscadid not remove the elaiosome from any of the
retrieved seeds or from those left in its foragangna. This suggests thatfuscadoes

not use the elaiosome on these seeds as a foazksour
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Figure 4.3: Mean percentage (+ S.E.) \df lacteaseeds retrieved by the three ant species from the
foraging area and taken to the brood chamber wittémest.

Seed preferenc&fiola riviniana versusAgrostis curtisiitrial

As with V. lactea V. rivinianaseeds were more attractive to the ants compar&d to
curtisii seeds (figure 4.4). All three ant species antexth@ELM ANOVA; M. sabuletj
F1,6= 132, P =0.001M. ruginodis,F 1,6 =23, P=0.017 F. fuscaF 1,6= 75, P=
0.003) and bitN1. sabuleti,F 1 =41, P=0.008M. ruginodis,F=1 = 397, P<0.001F.
fuscaF 1 6= 19, P=0.022Y. rivinianaseeds significantly more th@n curtisii seeds.
However, onlyM. ruginodiscarriedV. rivinianaseeds significantly more th#n
curtisii seedgF 1 6 = 58, P=0.005). Again botdyrmicaspp. interacted with'.

riviniana seeds more that with. curtisii seeds.

Differences between ant species interactions Midia riviniana

Unlike V. lacteathere were no significant differences in anteromatfV. riviniana
seeds between ant species. However, there weliécaghdifferences in biting (GLM
ANOVA; F 5 23=14.35, P < 0.001) and carrying4{ks= 8.99, P =0.002) behaviour
between ant species (figure 4.4). Tukeys post éstoance again showed ti\at
sabuleti(P = 0.0271) ant¥. ruginodis(P = 0.0001) biV. rivinianaseeds significantly
more tharF. fusca. M. ruginodibit V. rivinianaseeds significantly more thaun.
sabuleti(P = 0.0478). Carrying of. rivinianaseeds showed the same patteri/.as
lacteawith bothM. sabuleti(P = 0.0278) an#l. ruginodis(P = 0.0013) carrying

significantly moreV. rivinianaseeds thaf. fusca
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Figure 4.4: Comparison of mean number (= S.E.) of observedramations, biting and carrying
behaviour toward¥'. rivinianaandA. curtisii seeds by the three ant species.
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Differences between ant species interactions Aftostis curtisii

As in theV. lacteaandA. curtisiitrial, antennation oA. curtisii seeds differed (GLM
ANOVA; F 5 23=4.29, P = 0.027) between ant species (figurg €dmparison
between ant species using post hoc Tukey’s testesththat onlyM. ruginodis
antennated\. curtisiimore (P = 0.0212)hanF. fusca Again, biting of seeds differed
(F2 23=12.98, P <0.001) between ant spediéstuginodisbit A. curtisii seeds
significantly more than bothl. sabuleti(P = 0.0003) ané&. fusca(P = 0.0017). There
were no significant differences in carrying &. curtisii seeds between ant species (F
23=1.14, P = 0.339).

Retrieval of seed from foraging area

Once again significant differences (GLM ANOVA3, ko= 6.99, P = 0.005) were
detected between ant species in seed retrievavioeingfigure 4.5). Follow up Tukey
tests showed that boM. sabuleti(P = 0.0164) anil. ruginodis(P = 0.0077) retrieved
more seeds thah fusca As observed in th¥. lacteatrial, F. fuscadid not retrieve any
V. rivinianaseeds to the brood chamber. Fifty two percent efisevere retrieved by.
sabuletiand 50 % by. ruginodis Again,F. fuscadid not remove any elaiosomes from
the seeds whereas ba#tyrmicaspp. removed 100% of the elaiosomes. This suggests

thatF. fuscado not eaV. rivinianaelaiosomes either.
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Figure 4.5: Mean percentage (+ S.E.) ¢f rivinianaseeds retrieved by the three ant species from the
foraging area and taken to the brood chamber witteémest.
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4.4.2Myrmica scabrinodis ¢or) seed preference (2004)

When laboratory colonies &f. scabrinodistor) were offered a choice of. lactea V.
riviniana, P. erectaor A. reptansseeds there were significant differences betwieen t
antennation responses of individual ant colonidd@NOVA; F g go=4.92, P=
0.001) and in the behaviour of all colonies toeatiént seed species {lo= 15.78, P <
0.001, figure 4.6). Post hoc testing using Tukeég& show thaV. lactea(P < 0.0001),
V. riviniana (P= 0.0001) and. reptangP= 0.0022) were antennated My scabrinodis
o significantly more that. erecta. Comparison of biting of seeds showed that there
was no significant difference between ant coloffes o= 1.26, P = 0.300) but there
was a significant difference between seed speEigsd{= 11.66, P < 0.001). lactea
(P=0.0001) and. riviniana (P =0.0053) were bitten significantly more tHarerecta
andV. lactea(P = 0.0017) was bitten more thaAnreptansWhen the frequency at
which ants carried seeds was compared, there waiginificant difference between ant
colonies, but there was a significant differencedf= 8.52, P < 0.001petween seed
speciesV. lacteawas carried significantly more th&h riviniana (P = 0.0013)P.
erecta(P = 0.0072) and. reptangP = 0.0008) (figure 4.7). These results indi¢hs
theViola spp.,V. lacteain particular were more attractive ¥b scabrinodisqor ants
than the other seeds.
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-92-



Chapter 4: Do ants differentiate between myrmecomimseeds?

o 8 T12
Q0 i
= ; L 1 E
S 5 08 o
o H T O
55 4 T 106 24
€+ 04 3 F
g 2 n
, T 02 c
c 1
@ o
O 0 -0
s =
> > > o
o\?’ .\QS Q,C\ \@9
& & Q} @Q
Ng R Q- <
g el

O Seed Carries B Seed Weight

Figure 4.7: Comparison of mean number (x S.E.) of observed sagging events dfl. scabrinodis
rom directed towards four seed species and their r@e&nE.) seed weight (mg).

Seed Weight

Mean seed weights differed significantly betweesacigs (GLM ANOVA; F3.76=

15.56 P < 0.001). Post hoc Tukey’s test showed\thdacteaseeds were significantly
heavier tharv. riviniana(P < 0.0001)P. erecta(P < 0.0001) and. reptangP =
0.0010).A. reptans seeds were significantly heavier tHanerectaseeds (P = 0.0503),
(figure 4.7). Edwards (2006) found that larger seleald larger elaiosomes. Mark and
Olesen (1996) found that seeds with bigger elai@soane generally more attractive to
ants. However, my findings conflict with these poas studies; althougil. lactea the
heaviest seed was carried significantly more tharother seeds; the lightest s&d
erectawas carried more (although not significantly $@rt bothV. rivinianaandA.

reptans

4.4.3Myrmica ruginodis and Myrmica sabuleti seed preference (2005)

In field observations | found th&t rivinianais associated witM. ruginodisant nests,
V. lacteaon the other hand were more associated Mitlscabrinodisror). The result
from theM. scabrinodis.or Seed preference laboratory experiment suggedtthiba

ant has a preference dr lacteaseeds, which could be a result of an evolutiowary
learnt association, or simply a preference fonibéet species possessing the larger

elaiosome. In this experimekt ruginodisandM. sabuletiwere presented with seeds
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of V. lactea V. riviniana P. erectaandA. reptango find out whetheM. ruginodisand
M. sabuletihave a particular preference for seeds of thet ey are most associated
with in the field.

M. ruginodisseed preference

There were significant differences in the antermm(lGLM ANOVA; F 3 ¢7= 10.27, P
< 0.001), biting (3, 67=29.11, P < 0.001) and carrying{k;= 3.02, P = 0.036)
behaviour oM. ruginodistowards the different seed species (figure 4.8)ofx up
Tukey test showed that antennatiorVolacteaseeds was significantly greater than
erecta(P = 0.0109) and. reptangP = 0.0088)V. rivinianawas antennated
significantly more tha®. erecta(P = 0.0002) and. reptangP = 0.0088)M. ruginodis
bit V. lacteasignificantly more thai. erecta(P < 0.0001) ané. reptangP < 0.0001).
Seeds oV. lacteawere carried significantly more th&h erecta(P = 0.0400) seeds.
These results are consistent with the findinghef2004 experiments whevéola spp.
seeds were antennated and bitten more than thesatbds offered as would be
expected by anoth&lyrmicaspp. However, in contrast to the scabrinodiSor
experiments conducted in 2004, there was no saamifidifference between carrying of
V. lacteaandV. rivinianaseeds (P = 0.8760). This therefore suggestdvhaiginodis
does not have a preference Yorrivinianaseeds, nor does it selectively choose the

speciesY. lacteg with the largest elaiosome.
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Fig 4.8: Comparison of Mean number (+ S.E.) of observed Wiehgal events oM. ruginodisdirected
towards four seed species.
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M. sabuletiseed preference

As with M. ruginodis,when presented with the different seed spebdlesabuleti
demonstrated a significant difference in antenmaieLM ANOVA; F 3 ;3= 13.13, P <
0.001), biting (K, 73=50.12, P < 0.001) and carrying4Fs=11.40, P < 0.001)
behaviours towards the different seed species (Eig19). Post hoc Tukey’s tests
showed thaV. lacteaseeds were antennated significantly more thaerecta(P =
0.0012) andA. reptangP = 0.0003). Antennation &f. rivinianaseeds was
significantly greater thaR. erecta(P = 0.0001) and. reptangP < 0.0001)V. lactea
seeds were bitten more thRnerecta(P < 0.001) ané\. reptangP < 0.0001)V.
riviniana seeds were bitten more than seedB.@recta(P < 0.0001) and. reptangP
< 0.0001) andP. erectaseeds were bitten more often tharreptangP = 0.0048)
seedsV. lacteaseeds were carried significantly more than anyefother seed species;
(V. riviniana P=0.0126P. erectaP = 0.0002 and. reptansP < 0.0001). This
indicates thaV. lacteaseeds are more attractiveMb sabuletithan the other seeds.
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Figure 4.9: Comparison of Mean number (+ S.E.) of observed Wiehgaal events oM. sabuletidirected
towards the four seed species.

-97 -



Chapter 4: Do ants differentiate between myrmecomimseeds?

4.5 Discussion

In the 2003 study, all three ant species cleartyvgu a preference towards the seeds of
theViola spp. over those @. curtisii. This is probably due to the presence of an
elaiosome owiola seeds which attracts ants. However, a study caotuéedy Delatte &
Chabrerie (2008) showed that the non-elaiosomargegrass seeds éfolcus mollis
Agrostis capillaris Deschampsia flexuosRoa trivialis, Holcus lanatusvere readily
collected byM. ruginodisin the French forest where their study was coretiiciThe
fact thatAgrostis curtisiiis less abundant near to nest spots comparectoest spots
in the field (Chapter 3) may be due to inter-spe@bmpetition; the increased
abundance o¥iola spp. near to nest spots may out-competeurtisiiin these areas.
On the other hand, ant nest spots may be lesbuftar A. curtisii growth due to other
abiotic or biotic factors.

Whereas alMyrmicaspecies tested showed a strong liking\famia seeds
observations of biting behaviour showed thatuscaresponded aggressively towards
them; this may warrant further investigation irtte themistry of elaiosomes. Perhaps
Viola seeds have evolved chemically to attigtmicaand actually to repel other ant
genera? If so, it is likely that ant specificitgshevolved in other plant species; for
exampleF. fuscahave been observed carryibéex europaeuseeds in the field
(Gammans pers comm.) yet in the laboratory thewdhtbe interest inViola species
compared to th&lyrmicaspecies studied.

Another explanation may be that the small sizénefdlaiosome oXiola species
compared tdJlex europaeusutweighs the effort in terms of energetics. M&arlesen
(1996) found that seeds with larger elaiosomes werterred byM. ruginodis Hughes

& Westoby (1992a) suggest that carrying a largel sesy expose foragers to increased
risk of mortality as they are more conspicuoupredators. Therefore, the yield
provided by the elaiosome has to outweigh theofdiraging mortality. The larger the
elaiosome, the more likely an ant is to retrieveedbed (Oostermeijer, 1989; Gunther &
Lanza, 1989; Westoby et al., 1991). | suggestttiatelatively small size of théola
elaiosome does not outweigh the risk of foragingtediby for F. fusca which is a

larger ant and is therefore more likely to carmgdseof other plant species that have
larger elaiosomes, such d&ex spp. However, if one applied central foraging tiyeo

this experimenty. lacteashould have been the preferred seed typ€ fiuscaas it was
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the largest available seed (in weight, figure 4J therefore would have the largest
elaiosome (Edwards et al., 2006). In factfuscashowed no such preference (figure
4.3). The findings of my study contradict thosdBefattie et al., (1979) who found no
differences in seed preference betwlbBmmicapunctiventris Lasius alienusFormica
subsericear Aphaenogaster rudisl therefore disagree with the statement thatatst
site, the study of a single seed species can lzbtasgharacterise the general ant — seed
relationships that occur there” (Andersen, 1988#arly, investigating only the role of
F. fuscaas a seed disperser on my study site would na dascribed the full ant and
seed interactions that occur in this system. Fustfzek in the laboratory and in the
field should be undertaken to investigate the ggeterences of. fuscato establish the
role this ant has as a seed dispersal vector withzommunity F. fuscaacts as a seed
disperser in beech-larch woodlands and has a &igntfeffect on seed germination
(Culver & Beattie 1980).

The second set of laboratory studies comparing&ierences t¥. lactea,V.

riviniana, P. erectaandA. reptansound on the study site are consistent with thklfi
data (Chapter 3). Both the 2004 and 2005 studiew shatViola seeds are more
attractive tavlyrmicaspp. than the other myrmecochorous seeds in tefms
antennation, biting and carrying behaviour. Howeirethe 2003 and 2004 experiments
all of the elaiosome-bearing seeds were eventaallgcted byMyrmicaspp. from the
foraging areas and taken to the brood chamberdlggwih the ants showing no
specific preference. This phenomenon clearly a@gsl slispersal, but in the field it is
only Viola plants that are significantly more abundant neamt nests compared to
non-nest spots. This could be due to many reaswlading the close proximity (1m)

of the brood chamber to the foraging area withenletboratory, which would mean that
in terms of central foraging theory that all seadsequally attractive in terms of
energetics (Holder Bailey & Polis, 1987), whereaathe field seeds are dispersed more
widely from the nest. There may also be a gredtendance of seeds in the field near to
nests due to myrmecochory in previous years; mgex@nts had a limited number of
seeds for the ants to collect. Finally, b¥ibla were abundant on the study sites, so if
Myrmicacolonies aggregated high densities of their sesalsd their nests, the
resulting violet plants may have outcompeted tleelliegs of other myrmecochorous

plants that were collected in smaller numbers (u& Beattie, 1980).
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In the 2004 studyy. lacteawas significantly more attractive M. scabrinodis;or, the
ant with whose distribution it overlaps most in fledd (Chapter 3) compared to its
attractiveness to othéyrmicaspp. This may be due to a local adaptation between
lacteaand/orM. scabrinodis;or that has evolved to enhance their mutualism,ishis
unlikely as species specific mutualistic interagcti@re rare (Stanton, 2003).
Alternatively, it may represent previous learningthe colonies used in this
experiment, since they were collected from thedneas of site Y wheré. lacteawas
abundant. HoweveM. ruginodis which shows a preference for cooler microclimates
has higher densities ™. rivinianaabove nests compared to other ant species (Chapter
3). In laboratory conditions this species doesshotv a preference . riviniang,

which may indicate a local adaptation being obstatesite Y However, seed
preferences are influenced by foraging strategee$istorical constraints (Peters et al.,
2003), therefore local adaptation is unlikely toabkactor in the seed preferenceMf
scabrinodisyon, AsV. lacteahave heavier seeds thenriviniana(figure 4.8),0ne

might expect alMyrmicaspecies to prefer seeds of this particMila species.
However, onlyM. scabrinodisxor) the ant with which it associates in the field
demonstrates a significant preferende ruginodis,which is associated wity4.

riviniana in the field, took mor#/. rivinianaseeds compared Y lacteabut not

significantly so.

Further studies to investigate the chemical contjposof Viola elaiosomes compared
to elaiosomes oA. reptansandP. erectamay indicate why/iola seeds are more
attractive to the ant species studied. Chemicalpomition of elaiosomes differs
between species (Fischer et al., 2008; Lanza,et332). The size / mass giola
elaiosomes may be a factor\fipla attractiveness to ants (figure 4.V)ola lacteahad
the greatest weight of the seeds used in the 2qQf&rienent and may therefore have a
larger elaiosome than the other species. Edwafii6j2found that seed size and
elaiosome size are closely correlated, the biggeseed the bigger the elaiosome.
However, in the 2004 experiment | found that tiyptier seeds d?P. erectawere carried
more than the heavier seedsvofrivinianaandA. reptansIn my study only 20 seeds of
each type were weighed. | suggest that a largeplsasize and a comparison of
elaiosome to seed mass ratio be investigated er dodfurther explain the ant seed
preferences found in these experiments. Ohkawarig&shi (1994) investigated ant
dispersal in twd/iola speciesy. selkirkiiandV. verecundaT hey found that mean seed

weight, elaiosome weight, and seed removal rategneater inV. selkirkiicompared to
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V. verecundaThey also showed thityrmica kotokuitook moreV. selkirkiiseeds than
V. verecundaeeds. However, there was little difference idignd fatty acid
composition of the elaiosomes. They concludedVhaelkirkiiwas more dependent
upon dispersal biyl. kotokuithanV. verecundaPerhap$. erectaandA. reptansare

less dependent upon ant dispersal thavibka species studied in my experiment?

Conversely a study conducted by Servigne & Detf2008) found that the smaller
seeds oChelidonium majusvere removed faster than the larger onegiola odorata
by bothLasius nigerandMyrmica rubra This could be explained by the fact that the
elaiosome oC. majusconstitutes 50% of the overall mass of the diasglonbert
2006). However, when the afbrmica polyctenavas presented with these two seed
types, this ant removed the odorataseeds more quickly (Gorb & Gorb 2002).
Another study which contradicts my findings is tbatmbert (2006). Seeds of
Centaurea corymbosahose elaiosomes are 11 times smaller than thoBepiforbia
characiaswere more attractive to ants. This suggests #iationship between
elaiosome size and ant attraction is quite compteriy study | can only elude that it
maybe the seed size and thus the potentially laigéysome oV . lacteathat accounts
for the ant preference of this seed. Thereforevenwae for future work could be to

investigate the elaiosome/diaspore ratio of thes@emy study.

These laboratory studies have shown tfiata seeds are highly attractive to ants and
the general trend for higher densities/afla plants near to ant nests compared to non-
nest spots (see Chapter 3) can in part be attdiotthe presence of an elaiosome
which acts as an ant attractant. Seeds are callecig carried back to the ant nest
where the elaiosome is removed and the remainied &y be discarded near to the
nest (Culver & Beattie 1980; Higashi et al., 1986ters et al., 2003), suggesting a
potential explanation for the higher densitie¥wfla plants near to nests compared to
equivalent non-nest spots. These results arestensiwith other studies that have
found spatial relationships between ant nests ayrchecochores (Oostermeijer, 1989;
Lack & Kay, 1987; Kovar et al., 2001).

One of the potential benefits to plants with myrowwrous seeds is that seeds are
transported to nutrient rich micro-sites such d@sasts (Beattie & Culver, 1983). In
Chapter 5, | investigate whether or Mtsabuletiant nests are more nutrient rich

compared to equivalent non-nest spots andiafa seeds are more abundant in ant nest
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soil seed-banks compared to equivalent non-ness$.sphis will determine if these are
contributory factors to whyiola plants are more abundant near to ant nests cothpare
to equivalent non-nest spots.

Whatever the mechanism behind Mgrmica/ Viola interaction, there is one probable
consequence — this interaction is likely to hapesitive effect on fritillary butterflies
whose larvae feed oviola spp. In Chapter 6 the preferred oviposition nichavo
species of fritillary butterfly are assessed tceasin whether the observed increase in
populations of these butterflies on the study sgehlie to habitat management or as a

result of the direct or indirect impact of ants.
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Chapter 5: Do Myrmica sabuleti ant colonies influence soill
chemistry and soil seedbank composition on a sematural
acid grassland site

5.1 Introduction

5.1.1 Nest Chemistry

Ant activities such as nest building, the accunioiabf food and detritus and the
production of excreta can influence the physical @imemical properties of ant nest soil
(Dostal, 2005; Frouz et al., 2003; Frouz et alg30Many studies have found that ant
nest soil differs from adjacent soil in terms odql nutrients, temperature, soil porosity,
organic content and pH (Beattie & Culver, 1983aRett978). Nests often provide
conditions that increase germination and estabkstirauccess for seeds (Culver &
Beattie, 1980; Beattie & Culver, 1983; Hanzawal ¢t1®98). For example,
experimental planting of seeds in ant nests hasstioatCorydalis auregplants
develop faster, flower earlier and have improvedrawintering than those planted in
adjacent soil (Handel & Beattie, 1990). These figdi are consistent with Davidson &
Morton (1984) who found th&cleroleaena diacanthandDissocarpus bilflorus
seedlings grew better on ant mounds compared tormmmmds. Root and shoot biomass
was greater in seedlings Biicalyptus obliqu¢hat were grown in soil from
Aphaenogaster longicepests (Andersen, 1988jormica canadensiandMyrmica
discontinuaant nests are richer in phosphorus compared towsutting soils (Beattie &
Culver, 1983). More recentijjlyrmica ruginodisnests were found to be higher in
phosphorus and potassium compared to non-nest(&aitemans, 2005Rolygala
vulgarisandViola curtisii, whose seeds possess elaiosomes, have been dobed t
more abundant in ant nest soils compared to nohsods, and in addition to this, the
nest soils in this study had enhanced levels aiggaam, nitrate and potassium
(Oostermeijer, 1989).

These studies support the nutrient enrichment Ingsi$ of myrmecochory. However,
conflicting results have been found in other redeaRice & Westoby (1986) found that
there were not elevated levels of available patassir nitrate in soil close to the roots

of emerging myrmecochorous seedlings. Bond e(191) investigated the soil
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chemistry ofAnoplolepisspp.; and concluded that seeds were transporteattient

poor micro-sites.

5.1.2 Soil Seedbank

Seedling establishment is limited by the avail&bitif suitable micro-sites (Dostal,
2005). Newly emerging seedlings are highly serssitovcompetition from the
surrounding vegetation. Grazing animals create gafiee vegetation through
trampling, thereby minimising competition (BullocQ00). Burrowing animals and
insects also create gaps (Dostal, 2005). Sourceseaf for plant re-colonisation are
seedbanks, seed rain from adjacent vegetationedocktion by animals. Plant
regeneration from the seedbank influences the &adton and structure of plant
communities. Seedbanks are vital for the restmmaind conservation of plant

communities (Thompson et al., 1997).

Despite the importance of seedbanks’, few studie®s mesearched the effect of ants on
them (Dostal, 2005). Seed density and species csitigpowithin the seedbank are
likely to be influenced by ants for several reasdiie relocation of seeds through
myrmecochory is likely to alter seedbank compositimne would expect an increase in
the density of the preferred species’ seeds neamttoests. Perturbation of the soil
though nest building activities is likely to moweesls around within the soil profile. In
addition, scarification of seeds and elaiosomeorathhas been shown to have a small

yet positive effect on seed germination in somatgléCulver & Beattie, 1980).

5.2 Research Aim

In Chapter 3, | established thébla species are more abundantMyrmicaant nests
compared to non ant nest spots. This can be atdbo part to the gathering ¥iola
seeds (Chapter 4), but may also be as a resutit afcéivity enhancing their nest soil
chemistry or of increased survival in these spatstd their avoidance by insect
herbivores for example. In this Chapter | investiggthe soil chemistry dflyrmica
sabuletiant nests to find out N1. sabuletinest spots are richer in plant nutrients than
surrounding soils. In addition, the content of Weakeeds near #d. sabuletinests is
compared to non-nest spots, to ascertain whethemegpchory influences the species

density and composition of the seedbank.
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5.3 Hypotheses tested

Viola species are more abundankiatsabuletinest spots compared to non ant nest
spots due to (i) an increase in soil nutrient} higher densities d¥iola seeds in the

seedbank as a result of myrmecochory.

5.4 Methods

5.4.1 Soil Nutrients

In July 2005, seveM. sabuletinests were located using standard ant baiting
methodology (Wardlaw et al., 1998). Paired non-spsts were located 1 m away from
the nests, where the vegetation structure, cownaoro-topography were
indistinguishable from that around the nests. Timalers oiViola plants were counted
at nest and non-nest spots to provide baselineofidlt@ potential seed rain for the soil
seedbank study. Nest and non-nest spots were @gdawea 30 cm x 30 cm square to a
depth of 30cm. Ant nest samples were returnededathoratory and the ants removed.
The samples were then sieved to remove vegetatidistanes. A sub-sample of 300mg
was sent to Anglian Soil Sciences, Lincolnshire,doalysis of pH, potassium,

phosphorus, ammonium nitrogen, nitrate nitrogenrandture content.

5.4.2 Soil Seedbank

SevenM. sabuletinests and paired non-nest samples were collestabd@ve and sorted
in the laboratory. The upper two centimetres ohesample were extracted using a
sharp knife, representing the sector in which leiaeeds were found to be
concentrated in earlier studies (Bullock, 1996) Témaining sample, which provides a
complete picture of the seedbank, was analysedaepa Samples were sieved
through a 4mm mesh and air dried. Sub-sample voluagerecorded and the soil then
spread to a depth of 2cm in trays standing in adbedhshed sharp sand, and placed in
a greenhouse. From August 2005 until August 200 rging seedlings were identified
and counted to examine the association of soiltse®d’ with ants. All grasses, with
the exception oAgrostis curtisij were pooled and categorised as “other grasses”,

because of the difficulty of accurate identificatiof grass seedlings.
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5.4.3 Statistical Analysis of Soil Nutrient Data

Data were analysed using the non parametric Manitiéfhtest. Although the samples
were paired, analysis using a paired t-test wapirepriate due to the small sample size
(Dytham, 2003).

5.4.4 Statistical Analysis of Soil Seedbank Data

Seedling index was calculated by dividing the nundfeemerged seedlings by the
volume of soil sown multiplied by 1000 obtain thewmber of emergences per litre.
These data were converted to proportions, arceamsfiormed and analysed using One-
way ANOVA.

5.5 Results

5.5.1 Soil Nutrients

There were no significant differences betwdgrsabuletinest and non-nest soils with
respect to pH (W= 67.5, P > 0.05), phosphorus {W54.5, P > 0.05), potassium {W
53.5, P > 0.05), magnesium (W 52.0, P > 0.05), ammonium nitrate {W¥53, P >
0.05) or nitrate nitrogen (W& 49, P > 0.05). However, soil moisture was sigaiftly
lower in M. sabuletinest soil compared to non-nest spots 8A82, P = 0.01) table 5.1.

Table 5.1:Median, Interquartile Range (IQR) and statistiégghBicance of chemical properties between
M. sabuletiant nest and non-nest soil.

Nest Non-nest Statistical Significance

pH 44(42-45) 42(41-43) W, = 67.5, P = 0.06
Phosphorus mg/l 10 (10 - 11) 10 (9 - 11) W, =545 P= 0.84
Potassium mg/l 151 (146 - 181) 162 (127 - 196) W;=53.5,P=094
Magnesium mg/| 105 (96 - 126) 112 (99 - 119) W, =52.0,P=1.0

Ammonium Nitrogen mg/kg 32.7 (15.7 - 57.8) 33.5(18.1-41.6) W;=53.0,P=1.0

Nitrate Nitrogen mg/kg 3.65(3.63-15.9) 6.95(3.19-21.7) W;=49.0,P =0.70
% Moisture 241 (215-27) 29.7(275-34.3) W,;=32.0,P=0.01
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5.5.2 Soil Seedbank

A total of 1114 individual seedlings of 20 diffetespecies emerged from the soil
seedbank; one speciAscurtisii (the dominant grass of the study site) formed ©8%
the emerging seedlings. There were 4 different negaohorous seeds in the seedbank
(Viola lactea, Viola rivinianaUlex spp. andPotentilla erectqy Nineteen percent of the
seedlings were myrmecochorous, 25% of which emeirgedM. sabuletinest soil

compared to 18% from non-nest soil.

M. sabuletinest sub-samples combined versus Non-nest sudesiogmbined

Combining the emergence results from the uppetlantbwer samples favl. sabuleti
nests and non-nests showed that there was noisagitlifference in the proportions of
seedlings emerging from nest and non-nest soil (XN® ; ;= 1.72, P = 0.201) table
5.2. However, it is worth noting th&t rivinianawas almost twice more abundant in ant
soil compared to non-ant soil. The total numbemgfmecochorous seedlings emerging
from ant-soil and non-ant soil did not differ sificéntly (ANOVA F 1 27= 0.72, P =
0.405), neither did the number of non-myrmecochsseedlings (ANOVA k. 7=

0.72, P = 0.405) table 5.2.

UpperM. sabuletinest soil compared to upper non-nest soil

A total of 16 species were identified from all thgper soil samples. Of these 11 species
emerged from th&l. sabuletinest soil samples, in contrast 14 species wenedfau

trays containing non-nest soil. Overall the projporof seedlings did not differ between
treatments (ANOVA k, 13= 0.19, P = 0.67). Emergence\dgbla riviniana (ANOVA

F 1 13= 7.03, P <0.05) seedlings was significantly higihem the uppeM. sabuleti
nest soil compared to the equivalent non-nest(tadile 5.3). However, adjusting tRe
valueusing Bonferroni’'s method, which eliminates typartors resulting from multiple
comparisons, the number ¥6f rivinianaand seedlings are not significantly different (P
> 0.003125) between treatments. Of the three epdhat were more abundant in ant
soil, two had myrmecochorous seeds. Comparisotteegroportion of seedlings
(ANOVA F 1 13= 0.19, P = 0.669), myrmecochorous seedlings (ANGV/A3= 1.00,

P = 0.337) and non-myrmecochorous seedlings (AN®\{A3s= 1.00, P = 0.337)
between nest and nest soils show no significafgrdifices (table 5.3). This suggests
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thatM. sabuletiis not concentrating myrmecochorous seeds ingbdlzank near to

their nests.

Lower M. sabuletinest soil compared to lower Non-nest soil

Fifteen species emerged from the lower sampM.afabuletinest soil compared to 18
species from the non-nest soil. The proportionmyfmecochorous seedlings and non-
myrmecochorous seedlings did not differ signifitaiable 5.3). These results again
indicate thaiM. sabuletiis not affecting the soil seedbank compositiorpdeevithin the

soil profile.

Table 5.2:Proportion + S.E. of seedlings per litre of so#ttlemerged fronM. sabuletinests (upper and
lower soil samples combined) compared to non-n&sisnotes myrmecochorous species.

Median number of seedlings per litre

Mean proportion of seedlings per/ 1+ S. E.

Species Nest Non-nest
Agrostis curtisii 58.93 +5.38 57.34 £5.49
Betulaspp. 1.778 £ 0.832 1.366 + 0.765
Carexspp. 1.789 £ 0.741 2.284 + 0.867
Cirsciumspp. 0+0 0.446 £+ 0.446
Epilobiumspp. 4.67 +2.05 1.24 £ 0.698
Erica cinerea 211+2.11 2.04+2.04
Filago spathulata 0.569 + 0.32 1.432 +0.97
Galiumspp. 0.162 10.16: 0.651 +0.47
Leontodon hispidus 0£C 1.097 +0.!
Oxalis acetosella 0+0 0.297 +0.205
Plantago major 0+0 0.311 £0.217
Potentilla erect& 6.72+2.03 8.96+1.98
Rubus fruticosus 0.292 £ 0.292 0.813 £0.454
Sagina procumbens 3.03+1.37 1.79+1.32
Taraxacumagg 0xC 0.408 £ 0.40
Ulex spp.* 7.87 £ 2.6 5.08 £ 1.2
Veronicaspp. 0.146 £ 0.14 3.37x 2.0
Viola lactea 273+151 243+1.13
Viola riviniana* 6.96 + 2.05 3.21+1.32
Other grasses 2.249 £ 0.908 543+231
Myrmecochorous seedlings 24.28 £ 4.34 19.68 + 3
Non-myrmecochorous seedlings 75.72 £ 4.3 80.32 +!
Number of species 15 20
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Table 5.3:Proportion + S.E. of seedlings per litre of soilegged from the upper and lower soil samples

from M. sabuletinests and non-nests. * denotes elaiosome bearaty s

Upper Soil Samples

Mean percentage of
seedlings = S.E.

Lower Soil Samples

Mean percentage of
seedlings £ S.E.

Species Nest Non-nest Nest Non-nest
Agrostis curtisii 60.9 + 8.67 62.03+6.82 56.97+7.01 52.66 + 8.76
Betulaspp. 1.71+141 1.85+1.01 248 +1.43 0.246 £ 0.25
Carexspp. 1.096 +0.82 2.48+1.24 252+1.44 2.05+1.08
Cirsciumspp. 0x0 00 00 0.893 £ 0.90
Epilobiumspp. 2.86 +2.86 1.7+1.32 6.48+3 0.775 +0.55
Erica cinerea 0+0 422 +£4.22 4.08 £4.08 0+0

Filago spathulata 0.28 £0.28 0.858+0.60 2.86+1.85 00
Galiumspp. 00 0.325+0.33 00 1.301 £ 0.92
Leontodon hispidus 00 0x0 0x0 219+1.76
Oxalis acetosella 0+0 00 0.348 £ 0.35 0.246 +0.25
Plantago major 0+0 0x0 0.376 £ 0.38 0.246 £ 0.25
Potentilla erect& 8.8+3.18 4.63+251 11.18 £ 3.47 6.74+1.84
Rubus fruticosus 0x0 0.583+0.58 0.357+0.36 1.268 £ 0.83
Sagina procumbens 2.58 +1.49 3.48+2.42 010 3.57 £ 2.56
Taraxacumagg 0£0 00 00 0.816 £ 0.82
Ulex spp.* 7.78 £2.77 7.96+4.8 5.66+1.78 45+1.85
Veronicaspp. 0x0 0.292+0.29 1.79%+141 496 +£3.9
Viola lactea 2.04 £ 2.04 3.42 +£2.37 2.83+1.15 2.04 £2.04
Viola riviniana* 10.13+£293 3.8+2.51 1.78 £1.03 4.64+241
Other grasses 1.84+1.39 2.66+1.26 0+0 10.8%%
Number of species 11 15 14 18
Myrmecochorous 28.75+5.67 19.81+6.53 21.45+4.23 17.92 + 4.47
seedlings

Non-myrmecochorous 71.25+5.67 80.19+6.53 78.55+4.23 82.08 £ 4.47
seedlings

Total percentage of 24.84 17.07 30.32 27.78

seedlings

Differences withinVl. sabuletinest soil (upper v lower)

No significant differences were detected in the hanof seedlings, species,

myrmecochorous seedlings or non-myrmecochoroudisgedetween the upper and
lower M. sabuletinest soil samples (table 5.4). However, numbeseetllings in the

upper soil sample were greater than in the lowerpdas.V. rivinianaseedlings were
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more abundant in the upper portion of nest soilgamad to the lower sample. These

results suggest that the ants may be accumulatyngnetochorous seeds near the nests.

Table 5.4: Statistical significance of the proportions of deegs, myrmecochorous seedlings and non
myrmecochorous seedlings per litre of soil, comgavihin M. sabuletinest samples and within non-
nest samples.

Statistical Significance

Proportion of seedlings Lower Nest So Upper Nor-nest Soil
Upper Nest Soil kF13=1.73, P =0.213

Lower Non-nest F113=0.02, P = 0.877
Proportion of myrmecochorous

seedlings

Upper Nest Soil k13 =1.33,P= 0.271

Lower Non-nest F113=0.59, P = 0.458
Proportion of non — myrmecochorous

seedlings

Upper Nest Sc F113=1.33,P= 0.27
Lower Non-nest F113=0.59, P= 0.458

Differences within non- nest soil (upper v lower)

Comparing the number of seedlings, species, myroterous and non-
myrmecochorous seedlings within the soil profilaiagshows no significant differences
(table 5.4). Again, as with thd. sabuletinest soils, greater proportions of seedlings

emerged from the lower soil samples compared tapiper samples.

Viola abundance near to sampling locations prior toesaifivation

The number oViola plants above soil sampling spots was recorded twisoil sample
excavation. There were no significant differencetsveen the number &f. lactea(H;
=0.00, P =0.949) ov. riviniana(H; = 0.15, P = 0.701) plants recorded abble
sabuletinests compared to non-nest spots. The small saizgl®f ant nests versus
non-nests may not have been large enough to strepatitern of significantly more
Viola plants near ant nests described in Chapter 3leEab shows the actual numbers
of plants recorded in the field prior to sampleasation and the potential seed
production of those plants. Seed production is dapen Moore (1958) who found that

a singleV. lacteaplant produces an average of 500 seeds per year.
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Table: 5.5: The number oWiola spp. plants recorded abolk sabuletinests and non-nests in the field
prior to soil excavation. On¥iola plant produces on average 500.8 seeds per yearpdtential seeds
column is calculated from the number of plants réed multiplied by 500.

Number of Viola plants recorded in the field

V. lactea

M. sabuleti nest 8

12
18
18
6

10
23
95
2

16
12
23
3

13
26

Total

Non-nest

Total 95

V. riviniana

1
0
11
10
38
7
7
74
1

19
26
17

81

Potential seeds

4500
6000

14500
14000
22000
8500

15000
84500
1500

12000
8000

14500
11000
19500
21500

88000

5.6 Discussion

There are five non-exclusive benefits of myrmecogho plants: (1) fire avoidance
(Holldobler and Wilson, 1990); (2) herbivore avaida (Turnbull & Culver, 1983); (3)

reduction of intra-specific competition (HolldobkerWilson, 1990); (4) reduction of

inter-specific competition (Holldobler & Wilson, 20); and (5) relocation of seeds to
nutrient rich micro-sites (Beattie & Culver, 19&%tal, 1980; Oostermeijer, 1989;

Folgarait, 1998). Ant nests are thought to be antrich micro-sites due to the

accumulation of detritus and organic matter (F@dafd998). In this Chapter | studied

benefit (5).

Soil Nutrients

The decreased soil moisture conteri¥lasabuletinests detected in my study may be

beneficial forViola germination as these seeds are prone to mildewe(Groves, pers

comm). It is unlikely thaViola species are more abundanhatsabuletinests
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compared to non-nests (Chapter 3) due to a chamg@linutrients as the soil chemistry
results show no significant differences in nutrselétween treatments. Studies by Rice
& Westoby (1986) found that levels of availablegesium or nitrate were not elevated

in the soil near to the roots of emerging myrmeoochs seedlings. Bond et al., (1991)

discovered that the soil chemistryAufioplolepisspp did not differ from surrounding

soils and that therefore seeds were transportaedtt@nt poor micro-sites.

These findings are contradictory to previous wotkch has shown that nestshf
ruginodiswere higher in plant nutrients and soil moistina@nt surrounding soils
(Gammans, 2005). | hypothesise that the differencessults may be related to the
differing colony size of the two speciddyrmica ruginodiscolonies are significantly
larger, containing up to 6560 workers comparedtsé ofM. sabuletiwhich contain a
maximum of 2000 workers (Czechowski et al., 206@)wever, on my study Sitd.
sabuleticolony size rarely exceeds 200 workers (Thomasa&diw, 1992). Activities
of larger colonies will intuitively have a greatdfect on surrounding soil compared to
a smaller colony. However, previous research hawstihat even small ant colonies
differ from surrounding soils with respect to smibperties; Lydford (1963) as cited in
Culver & Beattie (1980). One possible explanat®that theMyrmicacolonies on
these study sites are highly dynamic (Thomas, 1991J non-nest samples may have
been taken from spots that supported coloniescienteyears. In addition, the study
carried out by Gammans was conducted on Dorsehlaeat an ecosystem that is
exceedingly poor in nutrients (Webb, 1986), whareases in soil nutrients as a result

of ant activities are more likely to be detectahken in acid-grassland habitats.

Soil Seedbank

The total number of species emerging from non-se$tvas greater than that lf.
sabuletinest soils. King (1976) also found that the visgded content of non-nest soils

was greater than in. flavusant mounds.

In my studyV. rivinianaandUlex europaeusvere twoof the four myrmecochorous
seedlings to emerge from the upper sample ofModabuletinests in greater

proportions than from the equivalent non-nest gdthough the results were not
statistically significantyiola rivinianaabundance in the combined upper and lower nest

samples was twice that of the combined non-nespEardditionallyV. rivinianawas
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almost three times more abundant in the upfpesabuletinest soil compared the
control. This indicates thal. sabuletimay be gatheriny. rivinianaseeds particularly
as there was no significant difference in the nunatb& . rivinianaor V. lacteaplants
recorded above the nest spots compared to the egtrspots immediately prior to soil
excavationViola lacteawas present in low numbers in bath sabuletiand non-nest
soils. This was surprising, particularly sincehe field,V. lacteais associated with the
warmer niches inhabited Y. sabuleti(Chapter 3) an¥. lacteaseeds are attractive to
M. sabuletiin the laboratory (Chapter 4). Alternatively, #msociations reported in
Chapter 3 may not be due to ant activity at althpps the vegetation assemblage and
the suitability for nestingyl. sabuletiis determined by the microhabitat features (Elmes
& Wardlaw 1982a).

Both the proportions of seedlings and myrmecoch®saedlings were greater in nest-
soil compared to non-nest soil on the study sikesE findings are inconsistent with
those of Dostéal (2005) who compared the emergehseeallings from the soils &f
flavus Formicaspp. andretramorium caespitumests and control plots. Dostal found
that control plots contained more seeds than antha®and that myrmecochores were
most abundant in control plots. This may be dusetd predatiorfetramorium

caespitumis a granivore (Gammans, 2006).

Seedlings were more numerous in the lower soil $sssmgmpared to upper samples for
both nests and non-nests. This is inconsistentthéHindings of Bullock (1996) who
found greater numbers of viable seeds in the uppiéprofile. However, | hypothesise
that this result may be explained by the dynamtanesof theMyrmicaspecies on the
study site moving nest sitBlyrmicaspecies ant nest density on the study site is
approximately 0.5 nests pef {Thomas, pers comm.), therefore much of the site is
influenced by ant activity. Additionally, Dostald@5) found that the abundance and
diversity of seeds declined with soil depth; howeteis trend was not observed in ant
mounds due to ant perturbation. He concluded #ed selocation by ants did not
contribute significantly to the seedbank at higigtsite. Conversely my results suggest
thatM. sabuletidoes contribute to the seedbank on my studyHite percentage of
myrmecochorous seedlings in the upbkrsabuletisoil was 7% greater than that of the
lower nest soil, whereas non-myrmecochorous seglivere similarly numerous in
both upper and lower portions of nest soil. Itlsavorth noting that in the upper soil,
where ant influence is likely to be greatest, 9%erseedlings of myrmecochorous
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plants emerged from ant nest samples comparedhégthon-nest soil. This suggests
that the presence M. sabuletinests may influence myrmecochorous seedling

recruitment.

The results of this study are very interestinghim field bothViola spp. are more
abundant near to ant nests compared to non-neist §plmapter 3). However, the results
of this study show that this is not due to relamafViola seeds to a nutrient rich
micro-site. The reduction of intra-specific competi is another theory that can be
discounted: in the fiel¥iola spp. are more abundant near to ant nests comjzaneh-
nests (Chapter 3). Although the total number otibegs emerging from non-nest soil
compared toVl. sabuletinest soil was not significantly greater, the nundfespecies
that emerged was. This suggests that inter-spexfigpetition is reduced nearb

sabuletiant nests.

The field data (Chapter 3) indicate that ant npetside benefits t&iola spp. that non-
nests do not. Previous work carried out by Hanzeina., (1988) and Davidson &
Morton (1984) found that seedlings survive bettenat nests compared to non-nests,
but so far a definitive explanation has not begored. | hypothesise that the increased
survivorship of seedlings near to ant nests congp@reon-nests found by Hanzawa et
al., (1988) and Davidson & Morton (1984) is dueviarker ants that deter herbivorous
insect predators during the seedling stage. THaJwe avoidance hypothesis could be
tested in the field using barriers to exclude gebdwelling phytophagous insects,
particularly when the plants are in their vulneeattedling stage; these are likely to be
the main herbivores excluded Myrmicaworkers, which seldom climb more than 1cm
above the soil surface (Thomas, 2002). Testindnémbivore avoidance hypothesis may
also explain why higher densities\dibla spp. were also found nearFormica fusca

ant nests (Chapter 3), althoulghfuscadid not carryiola spp. seeds in the laboratory
(Chapter 4), in the field the worker ants wouldedetvertebrate herbivores. In addition
to this, the microbial properties of bdttyrmicaspp. and-. fuscaant nests may benefit

the establishment of seedlings near to nests.

Increased levels of bacteria and fungi (Petal, 19@RBubczyk et al., 1972) have been
found in ant nest soil compared to adjacent sBisdl, 1978; Jakubczyk et al., 1972).
However, processes such as humification are del@etal, 1978). This suggests that

the ants are suppressing the activity of Actinongles (humifying bacteria) (Petal,
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1978). Itis therefore reasonable to hypothesiaedther bacteria and fungi occurring
within the nest are manipulated by the a¥isla spp. are prone to damping off (Clive
Groves, pers comm.), soil borne bacteria and patimgause seedlings to rot at the soil
level (Pedersen et al., 1999). These bacteria atitbgens may be less active within ant
nests and therefore damping off is less of a prolfte Viola spp. germinating near to
ant nests thereby increasi¥@la spp. density at nest sites. Again, this could &rpl

why Viola spp. are more abundant near to dthrmicaspp. and-. fuscaant nests in

the field. Investigating the microbial propertidddferent ant species nests’ combined
with testing the herbivore avoidance hypothesgvery interesting avenue for future

work.

An alternative hypothesis is that the removal afadomes and scarification of seeds is
the key toViola spp. success on ant nests. It has been repbeethe effect of
scarification and elaiosome removal may increasg#rmeability of the seed testa to
nutrients Mayer (1963) as cited by (Culver and Beat980). However, the effect of
elaiosome removal on germination varies betweedssé@bstein & Rockwood (1993)
found a significant increase in germination ratewklaiosomes were removed from
Sanguinaria canadensgseeds. Elaiosome removal also increased the gerarimate

of Viola striataby 80%. However, Blois & Rockwood (1986) foundtteiiosome
removal had no effect on germination\Gbla pensylvanicaln preliminary trials |
found that the removal of elaiosomes increased igation rates irV/. lacteaandV.
riviniana, but the sample size was too small to detect atisstal significance. In
contrast, Connor (2004) found the opposite. In [stddies seeds were planted in
ericaceous compost, perhaps a repeat experimerf ast nest soil would show more

consistent results.
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Chapter 6: Oviposition niche preference oWiola-feeding
fritillary butterflies ( Boloria spp.) in semi-natural grasslands

managed forMaculinea arion

6.1 Introduction

The Pearl-bordered Fritillargoloria euphrosyndives in small colonies of up to a few
hundred individuals. They occupy early successibaaitats within dry open deciduous
woodland with a history of continual coppicing, eandroadleaved woodlands with a
mosaic of age structures created by clearing gpoldmgéng (Greatorex-Davies et al.,
1992). In Northern and Western areas of the UKeding colonies are often found in
well drained rough grasslands with bracken andegscsub (Warren, 1992), such as
sites W, X and Y.

B. euphrosyn@opulations have suffered a 60% disappearandeindccupancy of
10km squares in the UK over the past 20 years evghitviving populations are, on
average, about 10% the mean size of 1976. This snikee of Britain's fastest
declining butterflies; thus, it is a priority Biodirsity Action Plan species (Asher et al.,
2001; Fox et al., 2006). This decline is attributedhabitat loss due to the reduction in
traditional coppicing of woodlands and the abandeminof traditional farming on
rough grazings. This species is increasingly retstlito rough grazing and scrubby
grassland sites that have abundant bracken, godseialets, the larval food plant
(Barnett & Warren, 1995a). But again these rougtsgjand sites are becoming
unsuitable foB. euphrosynéue to changing management practices. On marg site
grazing and burning have been abandoned, resittiagall rank sward with bracken
and gorse domination, which shades\digla plants and creates a build up of litter
(Warren & Oates, 1994). Traditionally, bracken waBected and used as animal

bedding, an activity that has long since ceased.

The adults oB. euphrosynare univoltine and on the wing from late April ietarly
June. During this time they feed primarily Ajuga reptangPorter, 1992; Asher et al.,
2001). Femal®. euphrosynéutterflies generally lay their eggs in areas \sttiort
vegetation wher¥iola species are abundant (Thomas & Lewington, 199Ayr&v and

Oates (1994) founB. euphrosynéreeding on the edge of Dartmoor wh¥rela cover
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was between 5-25%, grass species were sparseeandviér of dead bracken was high
(40 -100%). In an open coppice habitat in DoBetuphrosynevas found to be highly
selective in choosing a suitabléla on or near which to deposit an egg (Thomas et al.,
unpublished). However, Shreeve as cited in Poi@9Z%) states th&3. euphrosyne
females usually lay their eggs away fréfimla and do not land oXiola plants before
selecting an oviposition site. The egg stage ofitaeycle is between 11 and 20 days.

B. euphrosynever winters as larvae amongst leaf litter. Thunements of the larval
stages of the lifecycle are far more specific tthense of the adults. A warm
microclimate is essential f@. euphrosynéarvae in order for successful development

into the pupal stage of their life cycle (Barneti®arren, 1995a; Thomas, 1989).

Despite being found in a wider variety of habitdsnpared td@. euphrosynethe Small
Pearl-bordered FritillaryB. selenghas suffered a 52% decline in the UK over the pas
20 years (Asher et al., 2001; Fox et al., 20B86%elenean inhabit damper grasslands
thanB. euphrosynecoppiced woodlands and woodland glades and olg=(iThomas et
al., unpublished; Barnett & Warren, 1995b; Thomalkefvington, 1991) Again habitat
loss through the reduction of coppice managememisigonsible for this butterfly’s
national decline. The abandonment of grazing amdibg activities on rough grassland
sites has led to scrub, bracken and gorse encraadtand has created unsuitable
conditions for the persistence of the butterflid&(ren & Oates, 1994).

B. seleneadults are univoltine and are on the wing from Maly until the end of June.
They coexist witlB. euphrosynebut in coppiced woodlands they select areas for
oviposition that are at a slightly later succesal@tage (Thomas et al., un published;
Barnett & Warren, 1995a; Thomas & Lewington, 19%l)selenénas been observed
depositing eggs on host plants as well as at the bfrestuca rubravhereViola
palustriswas growing (Shreeve as cited by Porter 1992)i&ue studies of oviposition
sites have shown that females lay their eggs wihere is 5-30% cover dfiola, grass
cover of between 0-60% and dead bracken cover-4000 (Barnett & Warren,
1995b).

The habitat requirements and management regimés fuphrosynandB. selenen
woodland habitats are relatively well researchdwb(fas et al., un published).
However, less is known about their requirement®ugh grasslands (Greatorex-Davies
et al., 1992; Barnett & Warren, 1995b; Barnett &veéa, 1995a). The creation of an
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early successional niche through targeted manageioravl. arion on the study sites
has resulted in an increase in the populationbedd two rare fritillarieB.
euphrosynandB. selengChapter 2). The management practices employetese
sites may be indicative of the niche requiremehth@se butterflies and could be used

on other rough grazing sites.

6.2 Research Aim

On sites X and Y, both fritillary species have gased in contrast to severe national
and regional declines, and this has been attrittiotédth the increase ®f lacteaand

V. rivinianaat the sites and to the abundance of early succedgirowth-forms. Since
| have already established thé&bla seeds are ant dispersed (Chapter 4)\aalkh

plants are more abundant near to ant nests comfmaresh-nest spots (Chapter 3), this
Chapter aims to identify the preferred ovipositoche of bothB. euphrosynandB.
seleneand to determine whether the increase in thesétiterfly speciess directly
attributable to the increase Yfiola species and / or to the character of the micratéab
in which the newviola plants are growing. Oviposition spot data willdeenpared
betweerBoloria species to determine species differences. Thethgpis is that habitat
management favl. arion creates a scarce niche shared by a guild of soasgEecies,

and that this is further enhanced by the presehbyomicaants in the ecosystem.

6.3 Methods

In May 2003, egg laying femaR. euphrosynéutterflies were followed around site Y;
88 oviposition spots were marked with a cane abdlled. The attributes of the micro-
habitats of a random sample of violets from acthesviolet population on sites were
assessed in comparison to oviposition sites; GBeoformer were also marked with a
cane and labelled (table 6.1). The characterisfiedl selected plants were measured at
the time of oviposition, including the random ldoas, using a circular quadrat of
0.04m2 centred on canes. Turf height was recortdémliapoints within the sampling
hoop (Stewart et al., 2001). Percentage covdfiah spp., grasses, dead brackel
bare ground were assessed along with additionalatathe number of individuals of
Viola spp. and size class of the individuals. Sizescleess determined by the size and
growth form of violets, (figure 6.1).
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I 2 I3
Figure 6.1: Violet size classes — 1. Small leafy compact vi®eErect and less leafy violet, 3.  Similar

to stage 2 but has larger leaves and is more erelcérger leaves, sprawling and vigorous violéte T
violets illustrated are actual size (Thomas etuadpublished).

Soil temperature was measured using a temperatobe gmmediately adjacent to
canes at a depth of 1cm. All temperature measuresmere recorded on the same day.
The location of each oviposition site with regai@surrent management practices was
also recorded. Management on this site is cyclarad, was recorded as follows; 1 —
Burnt in current year, 2 — Burnt last year, 3 —iBurl<2 years ago, 4 Burnt >2<3 years

ago, 5 — Burnt >3 years ago.

In May 2004B. euphrosyneviposition spot preference was assessed onWitaisd Y
(table 6.1). On site Y, 52 oviposition spots wer@ked, while 59 oviposition spots
were marked on site W. Fifty random violet locatiavere assessed on both sites.

Sampling methodology followed the same protocahg003.

Twenty twoB. seleneand 21B. euphrosyneviposition spots were assessed in May
2005 on sites X and Y respectively (table 6.2;dmpare and contrast the preferred
oviposition niche of each species. Standard atinigaising sugar cubes was carried
out at botiBoloria species’ oviposition spots to ascertain whetherghvas any niche

association betweddyrmicaspp. andBoloria spp.
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6.3.1 Statistical analysis

Data were transformed to meet the requirementseoptincipal component analysis.
The following transformations were applied: arcsaggiare root for percentage cover
variables; Logy for mean vegetation height and Legfl for violet size class. Principal
component analysis (PCA) was used to reduce thablas collected into a smaller
number of components that describe the underlyimgdsions of the data (Pernetta et
al., 2005). Principal Components with an eigen eat> 1 were used in further
analysis (Pernetta et al., 2005). Correlationfiefdriginal values to the PC values
greater that 0.4 were considered important (F2080). Analysis of Variance
(ANOVA) was used to compare the resultant PC sdoeéseerB. euphrosyne
oviposition spots with random violet sampling laoas; B. euphrosyneviposition
spots between sites; aBd euphrosyneviposition spots between yeaBs.euphrosyne

andB. seleneviposition spots were also compared using ANOVA.

6.4 Results

6.4.1B. euphrosyne oviposition spots versus random sampling locationsite Y
2003.

On site Y in 2003, microhabitat variables were rded for a total of 88 oviposition
spots and 65 random locations (table 6.1). Eleragiables were analyzed using
principal component analysis; the four factors picet cumulatively explained 69.4%
of the variance within the data (table 6.3). TheARRcluded missing values from the
analysis and therefore data for 84 oviposition sjpoid 56 random locations were
analysed. The first PC was negatively correlateti e vegetation cover (table 6.3).
Oviposition spots occurred in areas where live taggm cover was low compared to
random locations. Positive principal component@ses indicated sites that had taller
vegetation (figure 6.2). Negative scores were iile of sites with high numbers of
size class 2 violets. The third principal compdneas positively correlated with
percentage cover of dead bracken and negativetglated with percentage cover of
grass (table 6.3 and figure 6.3). The fourth ppatcomponent was positively
correlated with percentage cover of bare groundramabers of size class 4 violets.

There was a negative correlation with percentagercof dead bracken (table 6.3).
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Table 6.1:Mean (= S.E.) of each microhabitat variable reedrtbrB. euphrosyneviposition spots and random locations.

Percentage Cover Violet Size Class
N  Vegetation heightBare ground Dead Live Grass Violets 1 2 3 4 Soil Temperature
(cm) Bracken Vegetation °C
Site Y 2003
Random 65 175.87+31.92 5.06+1.36 4.23+1.02 .07714.38 33.26 +3.72 10.39+1.66 0.42+0.14 72@¢0.15 0.89+0.18 2.12+0.24 20.74+0.5
Oviposition 88 3.26 +0.22 13.06 £2.25 18.99 #92.353.15 + 3.64 18.97+2.40 4.47+0.70 1.88240. 1.72+0.22 0.70+0.12 0.81+0.15 25.23+05
Site Y 2004
Random 50 126.52+34.03 5.01+151 6.29+2.27 .463.66 296+4.16 1020+1.32 192+0.36 226 0.94+0.20 05+0.12 27.75+1.06
Oviposition 52 6.49 +1.22 451+1.19 53.5+5.1127.01+2.76 7.89+2.03 494+1.17 532+157 14%0.26 0.18+0.07 0.06+0.03 26.39+0.67
Site W 2004
Random 50 103.45+31.13 23.8+3.99 25.03+4.3B.1+3.52 8.15+2 .48 18.21+259 2.26+0.43 37%0.24 0.92+0.25 0.74+0.14 30.90 + 1.19
Oviposition 59 12.07 +1.46 15.08+2.9 37.42#3.433.13+3.15 0.90+0.40 10.23+1.23 1.25%0.22.05+0.26 1.91+0.25 0.37+0.08 25.94 +90.7

Table 6.2Mean (+ S.E.) of each microhabitat variable reedrtbrB. euphrosyneviposition spots on site Y afgl seleneviposition spots on site X in 2005

Percentage Cover Violet Size Class
Species
N Vegetation height Bare ground Dead Bracken  Live Grass Violets 1 2 3 4 Soil Temperature
(cm) Vegetation °C
B. euphrosyne 21 4.95+2.73 35.95+3.61 22.14+4.47 42.14+5431.76 £1.12 1952+ 1.92 1.67+0.20 2.14+0.2448¢ 0.16 0.00+0.00 17.28+ 0.14
B. selene 22 6.00+0.64 591+3.13 64.32+6.32 29.32+5.20.91@ 0.53 1341+2.36 0.14+0.14 0.55+0.24 8260.51 0.09+0.09 1558+ 0.16
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Table 6.3: Principal component loadings, eigenvalues andgmeagie of variance explained by the first
five PCA components on the microhabitat variabéeorded on site Y in 2003. Component loadings with
absolute values greater than 0.4 are considereoriarg (Field, 2000), and are presented in bold.

Principal component loadings

1 2 3 4
Eigenvalue 3.09081.7331 1.6126 1.1914
Soil temperature® C 0.339-0.227 -0.29 0.351
Vegetation height /cm -0.272 0.471 0.184 -0.078
Dead bracken (% cover) 0.079-0.27 0.419 -0.501
Live vegetation (% cover) -0.4 -0.303 -0.333 -0.043
Grass (% cover) -0.27-0.191 -0.58 -0.161
Violets (% cover) -0.364 -0.146 0.383 0.393
Bare ground (% cover) 0.3980.186 0.018 0.418
Number of size class 1 violets 0.2830.368 0.065 0.068
Number of size class 2 violets 0.0250.544 0.239 0.083
Number of size class 3 violets -0.2460.197 0.224 0.095
Number of size class 4 violets -0.3730.011  0.03 0.491
Percentage of variance explained 28.115.8 14.7 10.8
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Figure 6.2: The relationship between PC1 and PC2 scores f&. &iphrosyne
oviposition spotsa ) and 56 random locatice$ ¢n site Y in 2003
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To assess wheth&: euphrosyneviposition spots were different to random violet
locations the resultant PC scores were compared ésialysis of Variance (table 6.4).
B. euphrosyris oviposition spots were significantly differeisttandom locations for
PC 1 (Fy, 138= 90.40, P <0.001) and PC 24(3s= 30.20, P < 0.001). However, there
were no significant differences between oviposispots and random locations for PC
3 (F1,138= 3.26, P = 0.073) and PC 4 scores, (gs= 1.87, P = 0.174)

These results show that the microhabitd®.ae¢uphrosyneviposition spots consist of

short vegetation that has a low coverage of livgeta&tion combined with high

numbers of size class 2 violets compared to randohat locations.
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Table 6.4:Mean Principal Component Scores (+ S.E.BoéuphrosynandB. seleneviposition spots
and random violet locations recorded in 2003, 2804 2005 on 3 adjacent sites in Devon.

Mean + S.E.
Site Y 2003 N PC1 PC 2 PC 3 PC 4
B. euphrosyneviposition spot 84 098017 0.68+0.12 0.16 £0.12 -0.10+0.12
Random spot 56 -1.360.15 -0.45+0.18-0.24+0.19 0.15+0.14
Site Y 2004
B. euphrosyneviposition spot 46 0.9¥0.21 0.82+0.09 0.06+0.17 N/A
Random spot 48 0:93+0.2: -0.79+0.26 -0.05+0.17 N/A
Site W 2004
B. euphrosyneviposition spot 44 -0.50+0.18-0.42+0.16 0.33+0.1¢ 0.12 +0.1:
Random spot 52 0.59+0.270.49 £ 0.25-0.39 £ 0.2¢ -0.14 +£0.2:
B. euphrosyne oviposition v oviposition
Site Y 2003 84 -0.45+0.19-0.37 £0.15 0.32+0.12 -0.02 £ 0.13
Site Y 2004 46 0.81+ 0.17 0.67 £ 0.23-0.59 £ 0.17 0.04 +£0.12
B. euphrosyne oviposition v oviposition
Site Y 2004 46 0.45+0.25045+0.17 0.77+0.14 0.18+0.14
Site W 2004 41 0.50+0.2: -0.50+0.2¢-0.86 +0.2: -0.21 +0.17
B. euphrosyne v B. selene oviposition
B. euphrosyne 21 19+0.2¢ 041+0.2:-010+01¢ N/A
B. selene 22 1.82+0.2¢ -039+03: 0.10+026 N/A

6.4.2B. euphrosyne oviposition spots versus random sampling locationsite Y
2004.

On site Y in 2004 micro habitat variables were rded for a total of 52 oviposition
spots and 50 random locations (table 6.1) althavghg to missing values data from

46 oviposition spots and 48 random locations weckided in the analysis. The same
variables as in 2003 were analyzed using prinapaiponent analysis; the three factors
produced cumulatively explained 62.4% of the var@awithin the data (table 6.5).
Principal Component 1 scores were positively catesl with the percentage of dead
bracken and negatively correlated with live vegetaand grass cover (figure 6.5).
Negatively correlated Principal Component 2 scardiated sites with high numbers
of size class 4 violets and increased vegetatigghhéigure 6.5). The third principal
component was positively correlated with percentameer of violets and increasing

numbers of size class 1 violets and negativelyetaied with percentage cover of grass.
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Table 6.5: Principal component loadings, eigenvalues andgmeagie of variance explained by the first
three PCA components on the microhabitat variatdesrded on site Y in 2004. Component loadings
with absolute values greater than 0.4 are congiderportant (Field, 2000), and are presented id.bol

Principal component

loadings

1 2 3
Eigenvalue 3.0644 2.4376 1.358
Soil temperature ° C -0.293 0.304 -0.135
Vegetation height /cm 0.157 -0.509 0.113
Dead bracken (% cover) 0.409 0.255 -0.106
Live vegetation (% cover) -0.45 -0.191 -0.328
Grass (% cover) -0.44  0.023 -0.422
Violets (% cover) -0.301 -0.22 0.545
Bare ground (% cover) -0.231 0.324 0.348
Number of size class 1 violets -0.159 0.315 0.481
Number of size class 2 violets -0.363 0.031 0.046
Number of size class 3 violets -0.156-0.316  0.036
Number of size class 4 violets -0.021-0.439 0.14
Percentage of variance explained 27.9 22.2 12.3

Analysis of Variance of the PC1 and PC 2 scoresdaiB. euphrosyneviposition
spots and random locations reveals a significdfgréince (k. o= 39.15, P < 0.001)
and (F1 92=33.57, P < 0.001) respectively. There was gnoiicant difference in PC 3
scores betweeB. euphrosyneviposition spots and random locations (§= 0.20, P =
0.653) (table 6.4).

These results again showed tBatuphrosyneviposition spots coincide with areas
where live vegetation is sparser, shorter, sizesclaviolets are fewer and percentage

cover of dead bracken is higher than random violsdtions.
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Figure 6.5: The relationship between PC1 and PC2 scores f&. 46iphrosyneviposition spotsi ) and
48 random locationss( ) on site Y in 2004.

6.4.3B. euphrosyne oviposition spots on site Y years 2003 and 2004

The microhabitat variables for 88 oviposition spaisorded in 2003, and 52 oviposition
spots recorded in 2004 on site Y were next analysedmbination using PCA. Again
missing values were excluded and therefore 84 20{(®sition spots and 46 2004
oviposition spots were analysed (table 6.1). The fwincipal components with eigen

values greater than 1 explained 70.1% of the vanatithin the data (table 6.6).
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Table 6.6: Principal component loadings, eigen values andgreage of variance explained by the first
four PCA components on the microhabitat variabéeerded on site Y in 2003 and 2004. Component
loadings with absolute values greater than 0.£ansidered important (Field, 2000), and are preskeimt
bold.

Principal component loadings

1 2 3 4
Eigenvalue 2.803 2.3487 1.3899 1.168
Soil temperature ° C 0.136 -0.328 0.17 -0.2
Vegetation height /cm -0.083 0.535 -0.054 0.032
Dead bracken (% cover) 0.197 0.483 -0.235 -0.233
Live vegetation (% cover) -0.512 0.011 0.071 0.27
Grass (% cover) -0.378 -0.086 0.241 0.539
Violets (% cover) -0.419 -0.086 -0.45 -0.267
Bare ground (% cover) 0.198 -0.506 0.093 -0.171
Number of size class 1 violets -0.027 -0.258 -0.66 0.157
Number of size class 2 violets -0.277 -0.155 -0.301 -0.14
Number of size class 3 violets -0.35 0.095 0.22 -0.402
Number of size class 4 violets -0.34 -0.043 0.252 -0.484
Percentage of variance explained 25.521.4 12.6 10.6

The percentage cover of live vegetation and peagentover of violets were negatively
correlated with PC 1. Vegetation height and petaggn cover of dead bracken were
positively correlated with PC 2; there was a negatiorrelation with bare ground
(figure 6.6). Principal Component 3 scores wereatiggly correlated with size class 1
violets and the percentage cover of violets (figiu@& 6.7). The percentage cover of
grass was positively correlated with PC 4. Violdtsize classes 3 and 4 were

negatively correlated with PC 4.
Figure 6.7 indicates that oviposition spots in 26@d low percentage cover of live

vegetation which consisted primarily of size classgolets. In 2003 however,

oviposition spots were higher in live vegetationa with fewer size class 1 violets.
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Figure 6.8 The relationship between PC 2 and PC 3 scoreB4fBr euphrosyneviposition spots on
site Y in 20036 ) and 4B. euphrosyneviposition spots on site Y in 200l ( )

Analysis of variance comparing PC 14(fs=19.16, P < 0.001), PC 2 (f2s= 15.14,

P < 0.001) and PC 3 scores Bareuphrosyneviposition spots in 2003 and 2004 differ
significantly (F1128= 20.37, P < 0.001). Between years there wasgrofiant
difference in PC 4 scores (f2s= 0.08, P = 0.780).

These results show thBt euphrosyneviposition spots were significantly different
between years. In 2003 oviposition spots had a peghentage cover of short live
vegetation, high bare ground coverage and low nusniifesize class 1 violets and low
percentage cover of violets overall. Conversel2004 vegetation at oviposition spots
was taller yet sparser and consisted of high nusniesize class 1 violets. Possible

explanations for these differences can be foursgation 6.5.
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6.4.4B. euphrosyne oviposition spots versus random sampling locationsite W

2004.

In 2004, 59 oviposition spots and 50 random spaewassessed on site W. Of these,
46 oviposition and 48 random spots were analysed®4 owing to missing values.
The variables recorded were the same as thosalszton site Y in 2004 and 2003, and
were again compared using Principal Component Amslyour factors had eigen
values greater than 1 and these explained 72.@#%eofariance within the data (table
6.7).

Table 6.7: Principal component loadings, eigen values andgreage of variance explained by the first
four PCA components on the microhabitat variabéesrded on site W in 2004. Component loadings
with absolute values greater than 0.4 are congidenportant (Field, 2000) and are presented in.bold

Principal component loadings

1 2 3 4
Eigen value 2.6606 2.1778 1.7603 1.3878
Soil temperature ° C 0.51 0.059 0.004 0.228
Vegetation height /cm -0.368 0.059 -0.356 -0.23
Dead bracken (% cover) -0.238 -0.444 0.064 0.33
Live vegetation (% cover) -0.176  0.601 -0.065 -0.015
Grass (% cover) 0.084 0.423 0.195 -0.421
Violets (% cover) 0.116 0.371 -0.138 0.6
Bare ground (% cover) 0.477 -0.134 -0.104 0.033
Number of size class 1 violets 0.362 0.151 0.263 -0.016
Number of size class 2 violets -0.203 0.151 0.557 0.14
Number of size class 3 violets -0.312 0.144 0.222 0.442
Number of size class 4 violets -0.012 0.185 -0.607 0.179

Percentage of variance explained 24.2 19.8 16 12.6

Principal Component 1 scores were positively catesl with soil temperature and
percentage cover of bare ground (table 6.7 & figu83. A positive correlation was
apparent for live vegetation and grass cover fordiyal Component 2 scores (figure
6.9). Percentage cover of dead bracken was nebatiogelated with PC 2. Numbers
of size class 2 violets were positively correlawgth PC 3; whereas numbers of size
class 4 violets were negatively correlated withd@@gure 6.10 and 6.11). The fourth
principal component scores were positively coreglatith percentage cover of violets;
increasing numbers of size class 3 violets andthadya correlated with percentage

cover of grass.
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Figure 6.9 The relationship between PC 1 and PC 2 score$6/Br. euphrosyneviposition spotsi )

and 48 random locationg ( ) on site W in 2004

C
o
X
(8]
g
S 51
3
@ 44 i
° °
o 3 o o * 0
(<) = ()
S o
8 o 2 [ ] [ ] °
© c m mg = n
& g o~ 1 ] - °
g je) (@) = , tl “ ‘.
o & O gl " e . ® °
g 87 .I"...,. . ° " .. [ X ) () °
o g -14 [ ] F. ma ™
o L -
= -2 o " . o
© o ¢ L
& 3 - "
S
g8
v % 3 2 -1 0 1 2 3 4 5
£ PC 1
[} .
o Soil Temperature °C and Percentage cover of banengr
[
o

2]
% A 2 - ° - ", [ ] [ ] °
S ° - u u
T/r) u o® m B - -. ¢
14 ] L
<_(@ b » ] "' on
© qea” "
o °
N - (] ‘-
%) 0+ = " oo =® °
o™ n » = = °
O - E .
& o = ° d
Q -1 : = m B
2 . °c °
P [ ]
(_% 21 ° ° LA
o
I L Y '.8 L4
v 0 -3
-4 -3 -2 -1 0 1 3 4 5
PC 2
Percentage cover of live vegetation and grass >
< Percentage cover of dead bracken

v
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Figure 6.11 The relationship between PC 1 and PC 3 score46fBr euphrosyneviposition spotsll )
and 48 random location® () on site W in 2004

The PC scores were analysed using one way ANOWbhopareB. euphrosyne
oviposition spots and random violet scores. Ovipasispots and random location
scores differed significantly for PC 1 (k4= 11.96, P = 0.001), PC 2 {Fy4=9.99, P =
0.002) and PC 3 (Eg4= 7.37, P = 0.008). There was no significant défece between
oviposition spots and random violets for PC 4 (z= 1.22, P = 0.273).

B. euphrosyneviposition spots occurred in areas that wereiogmtly cooler, had
higher numbers of size class 2 and higher percerdager of dead bracken than
random spots. These results appear to contradisétfound for site Y in 2003 and
2004 where oviposition spots occurred in micro egthat had short sparse vegetation,
where soil temperature is likely to be warmer coragdo random violet locations (see

Discussion).

6.4.5B. euphrosyne oviposition spots on site Y 2004 and site W 2004.

Principal component analysis was performed on daitacted in 2004 from 4B.
euphrosyneviposition spots on site Y and 84 euphrosyneviposition spots on site
W (table 6.1). The four principal components getezt@&xplained 71.1% of variance
within the data (table 6.7). Principal componemids positively correlated with

percentage cover of dead bracken (table 6.6 &digut2) whereas percentage cover of
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live vegetation and violets had a negative relatigm with PC 1. Vegetation height was
negatively correlated with PC 2. Percentage cof/grass was positively correlated
with PC 3. Soil temperature and percentage covba ground were both negatively
correlated with PC 3. Increasing numbers of siae<P violets were negatively
correlated with PC 4; whereas high numbers of dass 4 violets had a positive

relationship (figure 6.13).

Table 6.7: Principal component loadings, eigenvalues andgmtage of variance explained by the first
four PCA components on the microhabitat variabée®rded on sites Y and W in 2004. Component
loadings with absolute values greater than 0.£ansidered important (Field, 2000) and are preseinte
bold.

Principal component loadings

1 2 3 4
Eigenvalue 2.6602 2.2032 1.9543 1.0062
Soil temperature ° C 0.074 0.338 -0.446 -0.044
Vegetation height /cm -0.047 -0.473 0.168 -0.392
Dead bracken (% cover) 0.445 -0.31 0.075 0.11
Live vegetation (% cover) -0.482 -0.087 0.27 -0.042
Grass (% cover) -0.199 0.317 0.409 0.064
Violets (% cover) -0.466 -0.14 -0.232 0.207
Bare ground (% cover) -0.107 0.307 -0.508 -0.254
Number of size class 1 violets -0.249 0.325 0.261 0.387
Number of size class 2 violets -0.36 -0.021 -0.013 -0.546
Number of size class 3 violets -0.281 -0.38 -0.266 0.089
Number of size class 4 violets -0.151 -0.305 -0.278 0.513
Percentage of variance explained 24.2 20 17.8 9.1
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The resultant PC scores were compared betweenYsdad W to determine B.
euphrosyneviposition spots differed between sites. One WBYDVA shows that the
PC 1 scores (F 5= 7.92, P = 0.006); PC 2 scores;(ks= 9.82, P = 0.002) and PC 3
scores (R, g5=44.71, P < 0.001) differ significantly betweeétes. There was no
significant difference in PC 4 scores;(ks= 3.41, P = 0.068), this indicates that
oviposition occurs near to size class 2 violetdoth sites. These results suggest Biat
euphrosyneviposition on site Y occurs where there is a lpghcentage cover of dead
bracken and a low percentage cover of live vegwtatnd violets. Conversely
oviposition on site W occurs where there is lessddaracken and higher percentage

cover of taller live vegetation.

6.4.6B. euphrosyne oviposition spots on site Y in 2005 compared 8. selene
oviposition spots on site X in 2005.

In 2005 the microhabitat was assessed &.2duphrosynand 22B. seleneviposition
spots (table 6.2). Three principal components wigfenvalues greater than 1 were
generated by the PCA (table 6.8). Cumulatively theglain 75.4% of the variance
within the data. AlImost 50% of the variance is exptd by PC 1 alone. However, none
of the microhabitat variables have absolute compowalues greater than 0.4. Despite
this the PC 1 scores do indicate a trend. Thebkas that have the greatest positive
influence on PC 1 are size class 1 and 2 violets;gntage cover of bare ground and
soil temperature © C. Dead bracken has the stronggstive correlation with PC 1
(table 6.8 & figure 6.14). Violets of size clasSeand 4, percentage cover of violets and
percentage cover of live vegetation were negatigelyelated with PC 2. Violets of size

class 4 were negatively correlated with PC 3 scores
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Table 6.8: Principal component loadings, eigenvalues andgmeagie of variance explained by the first
three PCA components on the microhabitat variatdesrded aB. euphrosynandB. seleneviposition
spots on sites X and Y in 2005. Component loadinigfs absolute values greater than 0.4 are congidere
important (Field, 2000) and are presented in bold.

Principal component

loadings
1 2 3
Eigenvalue 5.2584 1.896 1.1495
Soil temperature ° C 0.308 0.078 -0.275
Vegetation height /cm -0.278 -0.248 0.383
Dead bracken (% cover) -0.392 0.112 -0.098
Live vegetation (% cover) 0.242 -0.419 0.323
Grass (% cover) 0.303 -0.182 0.374
Violets (% cover) 0.268 -0.433 -0.201
Bare ground (% cover) 0.365 0.263 -0.044
Number of size class 1 violets 0.369 0.044 0.175
Number of size class 2 violets 0.37 -0.041 -0.051
Number of size class 3 violets -0.21 -0.514 -0.642
Number of size class 4 violets -0.04 -0.431 -0.19
Percentage of variance explained 47.8 17.2 10.4
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Figure 6.14 The relationship between PC 1 and PC 2 score@2Br seleneoviposition spots on site X

in 2005 @ ) and 2B. euphrosyneviposition spots on site Y in 20G® ( ). N.B: MNoof the PC 1 variable

scores have an absolute value >0.4, however thables included on the PC 1 axis have the strongest
influence and therefore illustrate a trend.
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Comparing PC scores f@&: euphrosyn@ndB. seleneviposition spots using one way
ANOVA show that only PC 1 scores differ significignF 1, 41 = 86.28, P < 0.001).
There was no significant difference in PC 2 (= 3.93, P = 0.054) or PC 3 (F1 =
0.36, P = 0.555) scores.

B. euphrosyneviposition spots coincide with high numbers akstlass 1 and 2 violets
where there is a low percentage cover of dead bradBonverselyB. selene

oviposition spots occur where the are fewer viotétsize class 1 and 2; dead bracken is
abundant and percentage cover of bare ground is low

The ant baits a@. euphrosyneviposition spots had 100% attendancévbysabuletj

whereas. seleneviposition spots had 100% attendancévbyuginodis

6.5 Discussion

The results of this study clearly show tBateuphrosyneoes not oviposit in random
locations. The same is true for many other spegfibsitterfly including the lolas Blue,
lolana iolas(Rabasa et al., 2005), the Marsh fritillaByphydryas aurinigLiu et al.,
2006; Bulman et al., 2007) and the Duke of Burgyhtimaeris lucinaSparks et al.,
1994; Anthes et al 2008).

In 2003B. euphrosyneviposition spots on site Y occurred where livgetation was
short, sparse and consisted of high numbers ofctass 2 violets. In 2008.
euphrosyneviposition spots coincided with a higher percgetaover of dead bracken,
a lower percentage cover of short live vegetatimh grass and few size class 4 violets.
However, size class 1 violets were more abundaoNipbsition spots (mean 5.32 +

1.57) compared to random locations (mean 1.92 &)0.3

The relationship between shorter vegetation andneasoil temperatures was clearly
highlighted in Chapter 3. Although in this studude temperature measurements were
taken, in most cases other factors such as siparses vegetation (which are indicative
of a warm microhabitat) were variables which weenstrongly correlated with
oviposition spots than temperature. These conditaye indicative of an early
successional niche. Dead bracken appears to liveglamportant forB. euphrosyne
oviposition because the larval stages use it fekipg. However, the abundance of

violets growing in the preferred size classes (}&2t occur in the warmer available
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niches are likely to be equally as important agldeacken because violets are the

larval food plant foB. euphrosyne

The results fronB. euphrosyneviposition preference on site W are interestifigere
was a preference for oviposition spots to be cabien the random sample of violets
assessed. | suspect that this is most likely owortge very open conditions of the site.
The bracken was burnt on this site in areas W1Vd8dn March 2003; W4 was burnt in
March 2004. The well established dense stand akibraand deep litter layer had
prohibited the establishment of ground flora fmasiety of reasons (see Jensen &
Mayer 2001). The burning created large patchdmoé ground upon which re-
establishment of ground flora other than violets wi@w. The removal of the litter
layer in wet-fen meadows has been shown to enhiote palustrisseedling
establishment (Jensen & Mayer 2001). AlthoBgleuphrosynéas shown a preference
for warmer microclimates in which to oviposit otesY (as is indicated by the short,
sparse vegetation) it is likely that the openndsste W creates conditions that are too
hot for oviposition, hence the preference for coolposition niches to avoid the
desiccation of eggs. Anthes et al., (2008) fourad ith lucina exhibited oviposition
electivity with regard to solar radiation and huityidbn different sites in Germany.
Despite the differences between sites in vegetatiarcture, on site W there was once
again a positive correlation between ovipositioots@nd size class 2 violets, thus
reiterating the importance of violets of the preddrsize class for the larvae to feed
upon. In other words on site W in 2004, the swaad wo open and short that the small
class 2 violets (figure 6.1) represented the tallegetation present duririgy

euphrosyneviposition.

The conflicting results from the studies on sité"Y2003 and 2004 are interesting. Clear
differences can be detected betwBeruphrosyneviposition spots in 2003 and 2004.
In 2004, oviposition spots were found in areas wather and sparser vegetation
compared to 2003. In addition to this, the 2003 osition spots had fewer size class 1
violets and less overall cover of violets than @2. This difference is most likely due
to the mean daily temperature being hotter in 2@@pared to 2003 (Chapter 2). The
butterflies may have been laying their eggs whieeerisk of desiccation was lower
(Anthes et al., 2008; Janz & Nylin, 1997). Althougdibitat management may be a
contributing factor too. Most of the ovipositionop in 2003 occurred in areas that had

been burnt the previous year, whereas in 2004 raggyg were laid in areas that had
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been burnt two months previously. Although vegetatieight was taller and sparser in
2004 than in the previous yearigtlikely that the microclimatic conditions at
oviposition spots between years were very similgg t the relationship between
vegetation structure and temperature (Chaptera88)dl development is sensitive to
micro-climate conditions (Anthes et al., 2008; Muyp2007). As for the higher
numbers of size class 1 violets at oviposition spo®2004, again this is likely to be due
to the recent burning activities on the site, fesbf violets being common after
burning (Oates, 1995).

The differences in oviposition spots between 3iteand Y could be a result of the open
and hot conditions on site W. Oviposition spotssite W occur in areas which are more
vegetated, where there is less dead bracken cothfzasite Y. Violets of size class 1
are younger and are likely to occur in more openhlaotter regions. On site W these
regions are too hot f@. euphrosyneviposition, hence an association with size chss
violets which co-occur within the preferr& euphrosyneviposition niche on site W.
This theory is supported by the fact that there masignificant difference in
temperature or bare ground cover (PC 3) betweea ¥itand Y. Therefore the
microclimate at oviposition spots was very similéis result reinforces the importance
of warm microclimates foB. euphrosyneviposition. Additionally, work carried out by
Anthes et al., (2008) shows tHhat lucinapreferably oviposits oRrimula species in

shaded areas, with increased vegetation coveruh-$éacing slopes in central Europe.

One of the problems that was encountered when congda. euphrosynandB. selene
oviposition spots using PCA was the fact that dedpC 1 explaining almost 50% of
the variance in the data, none of the microhab#aables had absolute component
value greater than 0.4. A larger sample size mag paoduced PC scores greater than
0.4. However, what is clearly evident is the strarflyence of size class 1 and 2 (i.e.
small, young) violets, a relatively high percentageer of bare ground and high micro-
temperatures in determinimploria species ovipositiorB. euphrosynandB. selene
differ in their preferred oviposition niches. OragainB. euphrosyneviposition spots
were positively correlated with violets of sizesddl and 2 whereds selene

oviposition spots had a negative relationship si#e class 1 and 2 violets.

B. selenaviposition spots occurred in areas that had hdrigercentage cover of dead

bracken where there was little bare ground. Algiotemperature did not have an
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absolute value greater than 0.4, it did show alttewards being positively correlated
with B. euphrosyneviposition spots as opposedBoseleneThis suggests th&.
euphrosyneviposition spots are warmer than thos®o$eleneThis finding,
combined with the fact th&. euphrosyngrefers a more open vegetation structure for
oviposition, suggests that these two fritillariehabit different successional nich8s;
euphrosynen early nicheB. selena slightly later one. Similar niche differentiatjo
albeit not at such a micro scale has been detéetieeerBoloria seleneandB. bellona
butterflies that inhabit wet prairies in the MidstéJSA (Swengel, 1997). The results
from the ant baiting at oviposition spots also suppthis:M. sabuletj an ant that
prefers warm, early seral niches was present ab#b near t@®. euphrosyne
oviposition spotsM. ruginodis an ant that prefers cooler later niches was ptedeall
baits near td3. seleneviposition spots. However, it is unclear as tcettler the high
densities ofthe ants at oviposition spots is due to high neasy in the area or
whether the oviposition spot coincides with theafpng niches of the particular ants.

The baiting data suggest that it is the former, aBBattended baits in most cases.

In my study bottB. euphrosynandB. selenéhave been shown to be highly selective in
choosing a suitable place in which to ovipoBiteuphrosynereferred to lay eggs near
to larval food plants that are relatively smalleairt those chosen 1B, selene.These
findings are consistent with those of Thomas & Legton (1991) and Warren & Oates
(1994). The warm microclimate requirement8otuphrosynéBarnett & Warren,
1995a) were also confirmed by my study. However p@gsonal observations Bf
euphrosyneviposition conflict with those of Shreeve as ditey Porter (1992) who
stated thaB. euphrosynesually lay their eggs away from violets. This &a@bur has
been observed in some fritillary species; the Régdlary Speyeria idaliadoes not lay
its eggs directly onto violets, nor are ovipositgpots significantly different to random
violet locations. However, they do choose micresthat are shady and near to the
ground (Kopper et al., 2000). Laying eggs away ftarndal food plants immediately
puts the newly eclosed larva in danger of predadiwh contradicts the theory that
suitable oviposition spots are chosen to increasel development and survival (Janz
& Nylin 1997).

Previous studies have shown that violet densitjgortant forBoloria oviposition;
this is unsurprising as violets are the larval fpdght for these species. However, as my

study clearly shows, not all violet plants are aii¢ for oviposition. BotiB.

- 140 -



Chapter 6: Qviposition niche preferenceBioloria species

euphrosynendB. selenénave a preference for violets of a particular siass. In
addition to this, these preferred violets must cigie with the particular microclimatic
conditions required by the different butterfly sigscfor them to be selected for
oviposition. Prior to this work only one previousdy has shown that fritillary
butterflies have a preference for certain sizesga$ growth forms within a specific
niche (Thomas, 1989). These butterflies are nateain their fastidiousness for
oviposition sites. The Duke of Burguntiamearis lucinaequiresPrimula spp. in the
preferred microclimate upon which to oviposit (saet al., 1994; Anthes et al 2008).
The Lulworth SkipperThymelicus acteoand the Adonis Blud,ysandra bellargus
both exhibit an oviposition niche preferen€eacteonarval density was ten times
greater in tussocks &rachypodium pinnaturthat was taller than 25cm compared to
5cm (Thomas, 1983bMippocrepis comosa the larval food plant fdr. bellargus,and
oviposition only occurs oRl. comosawhich is growing in 1-4cm tall sward (Thomas,
1983a). The Brown Argus butterfAricia agestisalso shows an oviposition niche
preference; this butterfly lays its eggs on thehfusheltered growths ¢felianthemum

chamaecistugBourn & Thomas, 1993).

The reintroduction of targeted habitat managemantif arion on sites X and Y is
undoubtedly a contributory factor as to wBlyeuphrosynandB. selengopulations

are increasing on these sites. The rotational sallegement that creates a habitat
mosaic on these sites not only provides a largease inViola populations (Chapter 2)
but also an abundance of the early successionasiequired bis. euphrosyne

whilst the slightly later successional stages agslable forB. selene Within a month
of burning the bracken on site W, b@&heuphrosynandB. selenewere breeding there

in large numbers.

Despite differences in the sites on which this wwds carried out, it is clear that young
violets that occur in suitable microclimatic coimafits are vital for the persistencekf
euphrosyneOn manyB. euphrosynsites the bracken has become dense and the ground
flora has been all but eradicated. The methodshighthe bracken is managed do not
seem to promote the ground flora. The violets ramsparse and the ground bare, thus

the habitat is generally open. | suspect that Bl@étaviposition spots on these sites are
rare, hence the small (or no) populationBoéuphrosyn¢hat they can support. Prior to
management activities, land managers and consemst8 should assess the

oviposition niche used by the butterfly on theirtigaular sites (Anthes et al., 2008;
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Bulman et al., 2007; Roy & Thomas, 2003). Oncepttegerred niche is identified,
targeted management can be adopted to promotedb@ad conditions. Promotion of
the violets alone is not enough to maintgireuphrosyner B. selengopulations. As
with many other rare butterfly species, the proomtf the larval food plants at the
preferred growth stage occurring in the preciseavaniche is intrinsic to their ultimate
survival. Habitat management for rare Lepidoptéieutd therefore be aimed at creating
optimum conditions for oviposition and subsequantdl survival.

Further work to establish the distance of ovipositpots fronMyrmicaspp. nests is
required, as is investigation into the co-occuresoiMyrmicaspp. nests and the
abundance of suitable violets for oviposition namests. What is not clear from this
study is whether high densitiesMf sabuletiat oviposition sites have survival benefits
for Boloria euphrosynéarvae. Higher densities ¥iola plants near to nest sites may be
attributed to the creation of enemy free spacs:ithturn may protedd. euphrosyne
larvae from invertebrate predators. | hypothe#isé protection from insect herbivores
may be a benefit foviola growing near tdvlyrmicanests. HoweveB. euphrosyne
larvae are themselves insect herbivores, and funtbek to investigate the abundance
and occurrence of insect herbivores near to ang #we ant nests is required to
clarify this hypothesis. Interactions betweédnsabuletiandB. euphrosynéarvae

should be researched. SoMgrmicacolonies are more benign than others (Elmes et
al., 2004), andlyrmicacolonies that are infested willtaculineacaterpillars are
generally more tolerant to other ant guests, (Thoetal., in press). Therefore,
Myrmicacolonies may be benign to the presencB.afuphrosynand other insect

herbivores near to infested nest sites.

An alternative hypothesis to consider is that theay be a trade off; high&tiola
densities around ant nests increase the larvalitaodt availability, thereby, reducing
the overall effect oB. euphrosynéarval herbivory. The effect of herbivory near to
Myrmicanests may be further reduced by the recruitmeNiaf seed by ants (Chapter
4), which increases the already elevated numbevsodd near to nest spots (Chapter 3).
The myrmecochorous activity of tiMyrmicaants on my study site has an indirect
positive effect upon thBoloria spp. The ants are attracted to violet seeds dtieto
presence of an elaiosome. The ants take the saekddtheir nests, eat the elaiosomes
and dispose of the seeds in or around the nestp&ason of the vegetation near to
Myrmicaspp. ant nests witBoloria spp. oviposition spots would be an interesting
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avenue for future work. This may identify furthataractions betweeMyrmicaand

Boloria species.

- 143 -



Chapter 7: Discussion

Chapter 7: Discussion

The following discussion includes a summary offthdings of this research. The
impact of targeted management kbr arion and the wider application . arion as an
umbrella species in conservation are discussedthiegwith the role dflyrmicaspp.

ants and their effect oviiola spp. andoloria spp. withinM. arion grasslands.
7.1 Impact of “single-species” habitat managementroselected species

This thesis has shown that “single-species” hahi@agement favl. arion has had
considerable benefits for a suite of rare declirsipgcies that occupy an early
successional niche. Several of the selected inwaties and plants are UK Biodiversity
Action Plan or Red Data Book species. On site Wclwhad been abandoned farmland
for more than 40 years, the managememi.aiquilinumreduced vegetation height and
P. aquilinumdensity. The creation of an open habitat allowedground flora to re-
establish. The removal of the deseaquilinumlitter layer enabled seedling
recruitment from the seedbank; rivinianaincreased by 16% during the study period.
Similar results have been shown Yarpalustris(Jensen & Meyer, 2001). In
conjunction with the rapid increaseVn riviniana ruderal plant species which are
valuable nectar sources re-colonised the site,ghmsding the necessary components

for B. euphrosynandB. seleneestablishment.

The open habitat created by eaquilinummanagement and subsequent light grazing
altered the micro-climate sufficiently to enaBleeuphrosynandB. selendo find
suitable oviposition sites during the very earbgsts of site restoration. semeleand
C. campestriboth colonised site W in 2004. However, the clasiimity of sites X
and Y can partly explain the rapid rates of colatis. Had site W been more isolated
from surrounding populations, the colonisation saiéthe selected species would
probably be greatly reduced, or non-existent withibe artificial reintroduction of
specimens of these relatively low mobility spegiganski, 1999; Dover & Settele,
2009). The exact habitat requirement$iosemeleandC. campestrisre not fully
understood, and would be a valuable area of fuksearch. However, the co-existence
of them withB. euphrosynandB. seleneavithin site W and on the neighbouring sites
(X and Y) provides evidence that in semi-naturad @gassland sites, these four species
form a guild that share the same early successi@uatation that is created by habitat
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management aimed specificallyMt arion and its host arilyrmica sabuleti. Within

this narrow sere, the species exhibited clear-imitenpreference®. selenavas
associated with the cooler range of the sere wier&inianaandM. ruginodisare

most abundant (Chapters 3 and 6). At the otheoétite spectrunti. semelas

thought to oviposit on short tufts Af curtisiiin bare ground which are hotter (Thomas
& Simcox, un-published data). In addition, the fesstrom the ant nest vegetation
research (Chapter 3) show thatcurtisiiwas more abundant above the nestsl.of
scabrinodisgor). As the name suggesid, scabrinodisnor)is restricted to the hottest
areas of site Y where the soil is thin and the tegen short and sparsé. campestris

is also associated with dry open vegetation anetbee would also prefer the warmer
range within the narrow nichB. euphrosynen the other hand is found within the mid
and warm range within the sere: it coincides alneasictly with the niche d¥l.
sabuletiand also wher¥. lacteaandV. rivinianaco-occur in the coolest and warmest
parts of their respective niches (Chapters 3 andl&ough some studies have shown a
decline in species richness of grassland invertebrander grazing management
(Poyry, Luoto et al., 2006), the overall mosaicisture ofM. arion habitat provides
areas within the site that are suitable for lessniophilous grassland invertebrates. For
the species on site W, their re-establishmentdent habitat management needs to be
maintained in order to sustain long term populatiohthe desired species. Indeed,
continued monitoring of site W show substantiat@ases since 2005 B euphrosyne
B. seleneC. campestri@nd the rare thermophilous Lesser Cockro&cipbius panzeri
and the Western Beeflpombylius canescenss well as colonisation of the site by the
High Brown Fritillary, Argynnis addipecurrently the UK’s most threatened butterfly

species.

7.2 The role ofMyrmica spp. ants withinM. arion grasslands

This study has provided valuable insights intovaged role ofM. sabuletiin M. arion
grasslands. Firstly, this ant is vital for the sual of M. arion. SecondlyM. sabuleti

and otheMyrmicaspecies aid the dispersal\tibla species seeds. However, within the
scope of this project it has been difficult to detme if M. sabuletiis a keystone

species withirM. arion grasslands. To answer that question unequivoaaiadication

of ants within some quadrats on sites W and X woeleld to have been undertaken.
This is impractical and the disruption of the habwould be detrimental td. arion

and its associated species. The rolMofabuletias a keystone species could possibly
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be determined within a controlled environment facBuch as the Natural Environment
Research Councils ECOTRON.

The ants in my study are important ecosystem eegin@lmes, 1991; Folgarait, 1998;
Jones et al., 1994; Schuch, et al., 2008). Theugietion of soil, dispersal of seeds etc
are vital for the maintenance of the habitat. Tispldcement of th&yrmicaspecies by
invasive ant species is likely to have detrimeatfdcts, not only td/. arion

populations but also on the myrmecochorous mutmal&tudies have repeatedly shown
that invasive ant species such as the Argentind_anr@pithema humiléave a negative
effect on seed dispersal mutualisms (Zettler eR@D1). These ants not only displace
the native species but also destroy the seed#atollect or relocate them to micro-
sites that are unsuitable for germination and sylpset seedling establishment (Zettler
et al., 2001). Some invasive ant species actualgeed dispersal of non-native
invasive plant species (Ness, et al 2004). Theepias of the invasive ant
Technomyrmex albipes Mauritius is preventing the pollination of aegaendemic

plant, Roussea simpldidansen et al., 2009). The breakdown in this migomatould
potentially lead to the extinction of this plaritid reported that in the near future the
invasion ofLasius neglectuan ant which forms super colonies will becomeabagl
problem (Cremer et al., 2008).

Both V. lacteaandV. rivinianawere more abundant or showed a higher percentage
cover on ant nests compared to otherwise idergfatis. These findings are consistent
with those of Lack & Kay (1987), Oostermeijer (89&nd Kovar (2001), who found
that the spatial distribution of some myrmecocherplants was influenced and
determined by dispersal by ants, the nest areasdhhigher numbers of plants than
surrounding areas. However, Schitz et al., (20@&)d that the myrmecochorous
plants were more numerous away frbmexectanests. Additionally, th¥iola species
have clear-cut, though overlapping niches acrassaimperature gradient on the study
sites:V. rivinianawas more abundant in the taller vegetation attiwder end of the
spectrum and/. lacteawas more abundant in the shorter vegetation dtatter region.
My field studies revealed that the presence ohasts in optimunViola niches is
beneficial toViola species distribution; there is an indication ahsgoositive ant / plant
interaction. In some respects it is surprising thes micro-association withlyrmica
nests could be detected at all, si@micanests occur at densities of about 0.5 nests
per square metre on sites X, Y and W, leavingligtiound uninfluenced by their
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presence. | would therefore predict more clearpetiterns on sites supporting lower

densities oMyrmica

Viola seeds have an elaiosome that is attractive toaaucts large body of evidence
suggests that elaiosomes facilitate seed dispeysahts (Giladi, 2006). My laboratory
experiments clearly showed preferences and spaityfin the ant-plant interactions, at
least at the genus level. ThusMlrmicaspecies tested were attracted to béthia
species more than they were to the other elaiodmaeng seeds they were given.
FurthermoreM. scabrinodisqor)showed a species-level preference in the laboratory
for V. lactea theViola which its niche overlaps the moBt.fuscaants on the other
hand did not retrieve aryiola seeds in the laboratory trials. Further work ia th
laboratory and in the field should be undertakemvestigate the seed preferencef of
fuscato establish the role this ant has as a seedrdepector of other plant species
within this ecosystem. In addition, investigatihg themical composition &fiola
speciesA. reptansandP. erectaelaiosomes may give an indication as to Wigla
species seeds are more attractive taviiemicaspecies than tb. fusca Some studies
have revealed that bigger seeds have larger etaes@Edwards, 2006; Gorb & Gorb,
1996; Mark & Olsen 1995). Comparing the mass ofelagosome on different seed

species studied would therefore be another infaggavenue of future research.

The benefit olViola elaiosome consumption fdyrmicaspecies would be interesting
to study. Gammans, (2005) and Morales & Heithd998) found that ant colony
fithess was improved when ants were fed elaiosothtée same were true fod.

sabuletithis could be beneficial tdl. arion’s future survival.

Five non-exclusive benefits to myrmecochorous glané regularly cited: (1) fire
avoidance (Holldobler & Wilson, 1990); (2) predasamoidance (Turnbull & Culver,
1983); (3) reduction of intra-specific competitiiholidobler & Wilson, 1990); (4)
reduction of inter-specific competition (HolldobkrWilson, 1990); and (5) relocation
of seeds to nutrient rich micro-sites (Beattie &v@u, 1983; Petal, 1980; Oostermeijer,
1989; Folgarait, 1998). In my study | tested tlfid fnypothesis. However, significant
differences in soil nutrients betwebh sabuletiant nest soil and non-nest soil were not
revealed. Therefore it is unlikely thdiola species are more abundaniatsabuleti

nests compared to non-nest spots due to an incireasé nutrients. | also investigated

the affect of myrmecochory by. sabuletion seed bank compositiod; rivinianawas
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one of three myrmecochorous seedlings to emerge tine upper sample of soil from
M. sabuletinests in greater numbers than from the equivalentnest soil.
Additionally, the number of myrmecochorous seedlimgthe uppeM. sabuletisolil
was 8% higher than that of the lower nest soils®huiggests that the seed dispersal
activity of M. sabuletimay influence myrmecochorous seedling recruitrnesatr to
nests. The reduction of intra-specific competii®another theory that can be
discounted: in the fiel¥iola spp. are more abundant near to ant nests comfzaneuh-

nests.

Predator avoidance was not addressed in this thrsgighis is a potential reason for
high densities o¥iola species near to ant nests compared to non-nestegmecially
sinceViola species were also more abundant ne&t fascacolonies. It is likely that
there is a different mechanism which accountstis; the laboratory experiments
indicate thafF. fuscadoes not have a mutualistic relationship witbla spp. Previous
studies have shown that seedling survivorshipeatgr above ant nests compared to
non-nests (Hanzawa et al., 1988; Davidson & Mori®@84). However, to date a
definitive explanation has not been reported. Idtlgpsise that the increased
survivorship of seedlings near to ant nests congpar@on-nests is due to worker ants
that deter insect herbivores from young seedlifigs. herbivore avoidance hypothesis
could be tested in the field using barriers to edelground dwelling phytophagous
insects, particularly when the plants are in thalnerable seedling stage; these are
likely to be the main herbivores excludedMyrmicaworkers, which seldom climb
more than 1cm above the soil surface (Thomas, 20@2)dition to this the relocation
of seeds to ant nests makes them inaccessibledoesging invertebrates (Ohkawara, et
al., 1997) and mammals (Turnbull & Culver, 1983).

The reduction of inter-specific competition wastgadlly addressed in this study.
However, the total number of seedlings emerginmfkb. sabuletinests compared to
non-nests was not significantly different. Therefdris reasonable to conclude that
inter-specific competition is not reduced nearrtbreests. Fire avoidance was not
examined within this thesis but again it would bdrgeresting area of future research
and may explain whyiola species are more abundant near ant nests contpamed
nest spots. Many myrmecochorous plants are fouficeiprone habitats, seeds that are
taken below ground into an ant nest are protected tHestruction by fire (Holldobler &
Wilson, 1990; Hughes & Westoby, 1992b). Perhdjoda species are adapted to fire,
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hence their population increase after burning. @rap strongly suggests that ant nests
provide benefits t&iola species that non-nests do not, although the ptigsibmains
that it is the ants themselves that build nestpots wher&/iola species (for whose

seeds they have a penchant) grow in the greatestiabhce (EImes & Wardlaw, 1992a).

Ants manipulate bacteria and pathogens that ocitbimatheir nests (Petal, 1978;
Jakubczyk et al., 1972)iola species are prone to damping off (Clive Grovess pe
comm.). Therefore bacteria and pathogens may beates/e within ant nests and
therefore the occurrence of damping off is reduc&dtudy into the bacteria and
pathogens within ant nests and non nests may depplain the high densities @fola

Spp near to ant nests.

Scarification of seeds could also be the keYitda species success on ant nests. Many
studies have been undertaken with mixed resultseM@y963) as cited by Culver and
Beattie, (1980); Lobstein & Rockwood (1993); BI& Rockwood (1986). A more
recent study showed that elaiosome removal enhagerdination by 30% (Leal et al.,
2007). Connor (2004) and | undertook preliminaayi$rto test this hypothesis. We had
conflicting results but we used ericaceous comasshe germination stratum; perhaps

a repeat experiment using ant nest soil would simone consistent results.

7.3 Interactions betweerMyrmica, Viola and Boloria species

Despite not fully elucidating the mechanism behimeMyrmica/ Viola interaction, the
consequence of this interaction had a positivecetia Boloria spp. butterflies whose
larvae feed oWiola leaves. The observed increase in populationsesithutterflies on
the study sites was attributable to habitat managémvhich created an early
successional niche with a great abundandéi@ spp. Coupled with that was the
direct effect oMyrmicaspecies ants which aid&ibla species seed dispersal aridla
species abundance through myrmecochory. Howevspjtdehe 16% increase Yfiola
species density caused by the habitat manageméMyamicaspecies ants, not all of

theViola plants were suitable for oviposition by the twitilfary butterflies.

Both B. euphrosynandB. seleneshowed clear oviposition preferences in terms of
foodplant structureB. euphrosyn@referredviola spp. plants of size class 1 and 2,

which are seedlings and young plants recruited fiteersoil seed banB. selene
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showed a preference fofola spp. plants of size class 3 and 4, which are rgetia
violets that inhabit a later successional stage thase of size class 1 and 2.
Differences in soil temperature between the difiespecies’ chosen oviposition sites
also highlighted the preference for different ssst@nal stages. Oviposition sites were
also positively correlated with percentage covededdP. aquilinum Ant baiting at
oviposition spots reinforced the oviposition niglteference of the twBoloria spp;M.
sabuleti(an ant that prefers earlier, warmer niches) wasgnt at all baits near B
euphrosyneviposition spotsM. ruginodis(an ant that prefers cooler, later niches) was
present at all baits near Bo seleneviposition spots. Prior to this work, only one
previous study has shown thaloria spp. butterflies have a preference for certaia siz

classes / growth forms within a specific niche (fias, 1989).

7.4M. arion as an indicator and umbrella species

Although single species conservation for the tlmead Scops OwDtus scop$as had
wider conservation benefits in the Alps (Sergialet2009), this study is the first to
shown how single species conservation for a blittbenefits several other rare taxa.
M. arionfits the criteria for classification as an umbaedpecies, defined as “species
whose protection serves to protect co-occurringisgé (Fleishman et al., 2000M.

arion is a successful umbrella species because it ithatsieral stage or niche that is
rare and has greatly declined in unfertilised seatiiral grasslands across the northern
half of Europe (Morris et al., 1994; Thomas, 19%38storing ant abundance and
continuity of this niche has enabled a diversitptifer species adapted to this type of
habitat to increase, whereas by definition theyhaee been declining through loss of
habitat. Additionally, the ecology ®fl. arionis clearly understood, habitat management
mistakes which did not help prevent its extincti@ve been rectified and the

restoration sites have been monitored for 33 y&irscox et al., 2005).

However, the usefulness BE. arionin wider conservation practice has limitationseTh
species is not widely distributed due to its higshecialised life cycle. Not all
grasslands in the UK are suitable for reintroductbthe species; however, what is
clear is that by understanding the intricacieg&cological requirements, successful
remedial habitat management and reintroductioh@fpecies is possible. It is these
factors that mak®!. arion a model species for conservation. However, tleeofis

differentMaculineaspecies as indicators across Europe has potémilheathland
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sites in Belgium that are occupied ldy alconare reported to be significantly richer in
wet heathland species and in red list species (Maéan Dyck, 2005). In addition to
this Spitzer et al., (in press) has recently desciM. arion as an umbrella species in
the Czech Carpathians. They also found that ocdugites had richer butterfly and
plant diversity, many of which were specialist $pecAs with the findings of Maes &
Van Dyck (2005), a greater number of red list spgevere also present bh arion
sites.

If one selected a specialist species in any gnaditat whose ecology was similarly
widely understood and applied the same principies likely that this species too could
be an umbrella for its specific habitat. This sggtmay well help the UK or any other
country for that matter, reach their targets taioed/ halt biodiversity loss (Dennis et
al., 1997; McGeoch, 1997). For example, in the B $pecies of moth are listed as
Biodiversity Action Plan species. Obviously, iinspractical to adopt measures to
conserve every individual species (Hilty & Mererden 2000). However, what is
feasible is to select what are thought to be tleeigpist species within given habitats or
guilds, research their exact habitat requirememtiisaalopt the appropriate habitat
management strategy (Maes & Bonte, 2006). This ofi@purse be a lengthy process,
but at least the exact conservation and habitabgement practices will be discovered,
rather than the misguided, hit and miss actionsdftan occur (Warren, 1992b). By
adopting such measures many more umbrella spacdkealy to be revealed, and at
the same time a wider proportion of our diminishimgdiversity saved. The use of
umbrella, indicator and/or surrogate species has ledely adopted in recent years due
to the 2010 target to reduce biodiversity loss (Mogh, 1997). One successful example
of an indicator species is that of the Bea@astor canadensighich has been found to
be a good indicator for breeding frogs and otheplabians in Alberta, Canada
(Stevens et al.,2007).

One of the biggest threats facing biodiversityhet tof climate change, it is predicted
that by 2050 15-37% of global insect species valextinct (Dennis et al., 2007;
Thomas et al., 2004). The implication of climatamte on the future habitat
management fa¥l. arion and its associated species is not fully understdlogvever,
these species are at the northern edges of timgjesan the UK, hence their
requirements for warm ephemeral narrow niches (Td®rh996). There is the

possibility that the area of suitable habitat iea WK will increase. In continental Europe
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these species have broader niches due to the rolmiate being 3°C warmer on
average compared to the UK. Under these conditlmmitensity of management is
much reduced, requiring only perturbations everyl B years on flat rather than only on
south-facing terrain (Thomas, 1993; Thomas etl8Bg8). This in turn will maintain the
micro-climatic conditions required by the speci€nce again this highlights the
importance of long term monitoring on sites to asder changes in habitat quality and

abundance.

7.5 Implications for conservation ofBoloria spp. and other butterflies

Violets that occur in suitable micro-climatic cotioins are essential for the persistence
of B. euphrosynandB. seleneMany butterfly species are fastidious when it esrto
selecting suitable oviposition sites (Thomas, 1983tomas 1983a; Bourn & Thomas
1993; Sparks et al., 1994). Prior to habitat mameaye activities, land managers and
conservationists should assess the ovipositiorenisied by butterflies on their
particular sites (Anthes, et al 2008). Once théegpred niche is identified, targeted
management can be adopted to promote the requretitions. In the case &oloria
spp. promotion of the violets alone is not enougmaintainB. euphrosyner B. selene
populations. As with many other rare butterfly 3pe¢he promotion of the larval food
plants at the preferred growth stage occurringpéngrecise narrow niche is intrinsic to
their ultimate survival (Thomas, 1991; Rabasa .ef8al05; Liu, et al 2006).

Investigations into the distance of ovipositiontsgoomMyrmicaspp. nests are
required. Co-occurrence bfyrmicaspp. andBoloria spp. in relation to the abundance
of suitable violets for oviposition near to nedtsewld also be researched. High densities
of M. sabuletiandM. ruginodisat oviposition sites may have survival benefitsBo
euphrosynandB. selendarvae respectively. Higher densitiesvdbla plants near to
nest sites may be attributed to the creation ofrgnfeee space: this in turn may protect
B. euphrosynandB. selendarvae from invertebrate predators, so long ag the
themselves can co-exist with ants. A benefitvimia spp. growing near thlyrmica

spp. nests may be protection from insect herbivdtesveverBoloria spp. larvae are
themselves insect herbivores and further work vestigate the abundance and
occurrence of insect herbivores near to and away fnt nests is required to clarify
this hypothesis. The possibility of interaction$weenM. sabuletiandB. euphrosyne

andM. ruginodiswith B. selendarvae should be researched. Coloniellofabuleti
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that are infested withl. arion caterpillars are generally more tolerant to otar
guests (Thomas et al., in press). This may havéidatns for other insect herbivores
that occur near to infestdd. sabuletinests. The increase of larval food plant
availability near taMlyrmica spp. ant nests, a result of seed recruitmentéwths, may
reduce the overall effect &. euphrosynéarval herbivory. Comparison of the
vegetation near thlyrmicaspp. ant nests witBoloria spp. oviposition spots would be
an interesting avenue for future work. This magniify further interactions between

MyrmicaandBoloria spp.

Two other rare UK butterflies, the Duke of Burguneiamearis lucinawhose

preferred larval food plant is the CowslRrimula veris(Anthes et al., 2008) and the
Heath FritillaryMelitaea athalia whose larvae eat Cow whektelampyrum pratense
(Warren et al., 1984), have declined by 58% and 46&6 a 10 year period respectively
(Fox et al., 2006). It is extremely interestingtttiee larval food plants of both
butterflies produce elaiosome bearing seeds. Tleeof@nts in these species’ habitats
should be investigated, the ants may be vitaldingiseed dispersal of the larval food
plants.M. pratensds a Biodiversity Action Plan specieddlrymple, 2007). The seeds
of this plantare dispersed byl. ruginodis F. fuscaandF. rufa (Heinken & Winkler,
2008) However, Dalrymple, (2007) reports that ant aideeldsdispersal was not
observed during her study in the Central Scottigjhldnds. The future survival .
pretensas dependent upon its dispersal ability (WinkeH&inken, 2007)l propose

that habitat management which took into accounatitespecies’ habitat requirements
is likely to benefitM. pratenseand ultimately help to conseriéelitaea athalia Further
studies to investigate the relationships betweeéldgof species could provide valuable
knowledge which will aid the conservation of spsa@d reduce the rate of biodiversity
loss.
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