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Abstract

Current genetic diversity in coladapted species has been shaped by historical processes over
millions of years, including through Pleistocene climatic changes, and anthropolifeaiic change
will continue to shape genetic diversity in the future. | used Species Distribution Models to predict
past, present and future distributions of the montane butterdlyia epiphrorand mtDNA

sequencing to examine Eurepide genetic divelity. These analyses revealed tRatepiphron

survived in disjunct longerm refugia in continental Europe duripgevious glacial cyclesesulting

in unigue genetic diversity which is ask of being lost in the futuréJsing mtDNA and ddRAD
sequencingl show that current populations in England and Scotland were colonised separately after
thelast glacial experiencing population bottlenecks during colonisation of Britain (Chaj&es). |

also find that the English populations are genetically distinthave 17% less genetic diversity than
Scotland, whiclis linkedto more severe historical bottlenecks in England during glasial
colonisation (Chapter 3). Morphological studies of body size show that English populatitns of
epiphronare ~#8% smaller than Scottish populations, and smaller indalgloccur at warmer
locations(Chapter 4). Finally, | used questionnaires to gather opinions on Gene Conservation Units
(GCUs) and other genetic conservation measures, and found that UKdaiaders are supportive of
integrating genetic considerations into conservationilaf populations (Chapter 5). Overall, my
thesis showshat English populationspresent atisk populations (uniquéneage low genetic

diversity, predicted to be lostih contrast, Scottish populationsay have the capacity to act as
genetic refugeghigher genetic diversity, predicted to persi$anslocations of atisk populations
could be implemented to ensure species persistence and conserve unique gendiyc lolidrsther
research is required order to understand more abdig types of genetic diversity (uniqueness,

diversity) to conserve.
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Chapter 1: General Introduction

Biodiversitythatexists today is the result of the continual creation and loss of genetic diversity over
millions of yearslinterspecific (between species) and intraspecific (within species) genetic diversity
has been altered in response to biological (biotic) and physical (abiotic) changes in the environment
over time. During the last two million years of the Pleistocenei-#rth has been dominated by

climate fluctuations from cold glacial periods to warm interglacial periods shapingréwepietific

genetic diversity of current specien.the past 50 years, human activities tiz@nged the climate at a
rate faster than any time in the last 11,000 years, resulting in clindrieen range shifts. Cold

adapted species are the most at risk under climate changes, as well as their genetic diversity, which

needs to be safeguarded to ensure future persisiétivese species
1.1 The importance of biodiversity

Biodiversity has evolved over millions of years resulting in genetic and phenotypic variation between
and within species. Within species, population variation in genetic and phenotypic traits results from
physical and bioloigal changes in the environment, and local adaptation to specific environmental
conditions(Denoel & Winandy, 2015; Moritz, 2002y his resulting intrespecific genetic diversity
determines the fitness of populations and the ability of species to adaptelcenvironmental
conditions(Hoffmann, Sgro, & Kristensen, 201 fjotentially increasing their resilience to future
environmental change. High genetic diversity has been associated with increased ability to colonise
novel environmentéCrawford & Whitng, 2010)and recovery following extreme climatic events
(Reusch, Ehlers, Hammerli, & Worm, 200%) contrast, low genetic diversity can lead to lower
fitness(Reed & Frankham, 2003)letrimental changes to physiolo@oelke, Martenson, & Obrien,
1993) and higher loads of pathogens and infectious disggaamingham et al., 2008y herefore

low genetic diversity caimpact persistence aiiicreasdherisk of population decline. Genetic

diversity can be lost in a single generation, but can take many generations to be rep{Bigished
Maruyama, & Chakraborty, 1975 ndsoconserving genetic diversity is likely to be important for
conservingpiodiversiy under future climate changdeeigh,Hendry,V 8 zquez D&m2 nguez,
Friesa, 2019)

Anthropogenicactivities which have causetimate changéMcCarty, 2001; Walther et al., 2002)

and landuse changéStoate et al., 2001hreaten biodiversityThese actities have resulted in

changes in biodiversity, with coladapted species likely to be vulnerable to declines. In order to halt
such biodiversity declines, most countries have signed up to the United Nations Convention on

Biological Diversity(CBD, https://www.cbd.inty, and pledged to take action towards conserving

bi odiversity, and set O0OAichid targets for conser
included safeguarding genetic diversity (Aichi target 13: Genéversity maintainedjCBD, 2011)
although this target specified Aculti witdted pl ant
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relatives, including other soceconomically as well as culturally valuable spec@BD, 2011)

Thus the focusvas pimarily agricultural species such as crops and livestockeargitugenetic
conservation (e.g. gene/seed barfkk)ban et al., 2021yather than in wild populations. However,

situ methods exist to protect genetic diversity in wild populations, such as assigning and protecting
Gene Conservation Unit$hisapproach has focused on forest trigdaxted, Hawkes, Fordloyd, &
Williams, 2000)but its wider relevance has not been exanhineyond plant species. Genetic

diversity, including genetic and trait differences within wild species, has rarely been a fotsgwf
conservation policy and practifeaikre, 2010)out proposed future targets p@§20 specify the
protection of genét diversity in wild populationgHoban et al., 2020) hus, quantifying current

levels of genetic diversity across species ranges is needed to help to understand levels of inbreeding
(Fredrickson, Siminski, Woolf, & Hedrick, 20Qf)opulation declinefCharman, Sears, Green, &
Bourke, 2010Rand connectivitfJangjoo, Matter, Roland, & Keyghobadi, 201Ggnetic diversity

would provideinformationabout populations which may be isolated and suffering inbreeding (at risk
populations) or populations with sigiient genetic diversity and connectivity with other populations
(genetic refugia). Conserving genetic diversity of wild populations is vital for conserving biodiversity,
and a better understanding of how historical processes have helped shaped ctereatgiajenetic
variation in extant populations, will help to identify genetic refuges amndlapopulations for

conservation management.
1.2 Climate induced range shifts

When species are faced with changes in climate during climate change, populaticespoad in

three waygDavis, Shaw, & Etterson, 20Q05jirstly, they can escape the deteriorating conditions by

dispersing to more suitable habitargd shifting their rangeecondly they can remain and adjust to

the changing conditions through phenatyplasticity, or thirdly, they can adapt to the conditions with

genetic change&sienapp, Teplitsky, Alho, Mills, & Merila, 2008)f species cannot adapt, disperse

or adjust through plasticity, then populations could decline, leading to extinctiomdraatige edge

(Thomas, Franco, & Hill, 20065 pecies ranges are underpinned by their fundamental and realised
niche(Franklin,2010) and their distributionenvaenh olpe or avihii €9
the set of climatic conditions (measucdgemperature and precipitation) where the species persists

(Quintero & Wiens, 2013; Walther et al., 2002} the climate envelope shifts with climatic changes,

species track these movements with geographic range shifts through expansions or retractions
Current patterns of genetic diversity are a cons
during climatic changes in the Pleistocene. Continued range shifts under recent and future

anthropogenic climate change could result in range ratrectind subsequently genetic loss in-cold

adapted species.

13



Pleistocene range shifts

The Pleistoceng.58 myai 11,700 ya)vas an epoch dominated iBpeatedylacial and interglacial
periods including the relatively receiast Glacial Maximum (LGMpabout 21,000 years ago

(Crowley & North, 1991)Over the last glacial cycle, ice sheets in the northern hemisphere were at
their maximum extent during the LG{Crowley & North, 1991; Ray & Adams, 2001 Europe,

the region considered in this thesis, had&®nsive ice sheet which covered Ireland, northern

Britain, Scandinavia and parts of Rus@®atton et al., 2017Puring this time, many wariadapted
species retracted during glacial periods, and were confined to southerly refugia where climate
conditions were sufficiently mild at the LGM (e.qg. in Iberia, Italy and the Balkans in Eu(biesyitt,
2000;Hewitt, 1999; Schmitt, 2007 hese species subsequently expanded northwards as the climate
warmed at the beginning of the Holocene epoch. In contrddtadapted speciaserethought to
haveshown the opposite pattern, expanding in glacial periods and retracting into motgfitajas

and towards the arctic durimgterglacialwarm periodgSchmitt, 2007)However, recent evidence
suggests that the didtritions of some montane species remained disjunct in mountain refuges
throughout glacial and interglacial perid@itaubrich & Schmitt, 2007; Huck, Budel, & Schmitt,

2012; Louy, Habel, Ulrich, & Schmitt, 2014; Schmitt, 2007, 2009; Schmitt, Hewitt, & M2GH6)
suggesting their ranges shifted downhill and uphill within mountain refuges as temperatures changed.
Whether coléadapted species remained disjunct or expanded during glacial periods will impact the

current genetidiversity of extant populatiorend should be examined in more montane species.

There is also evidence that some waadapted species survived in isolated northern cryptic refugia

(e.g., warm microclimates) during these climate fluctuations, potentially in locations where they no
longersurvive(Provan & Bennett, 2008; Stewart & Lister, 200RBYy contrast, the possible existence

of cryptic refugiain cold-adapted species has not received similar attention. Populations -of cold
adapted species which presently occur in northern latitudesdtions that were under ice sheets

~20,000 years ago must represent qgtetial colonisationgHughes, Gyllencreutz, Lohne,

Mangerud, & Svendsen, 2016jowever, it is unknown whether these populations represent
colonisations from areas of loitgrm suvival in European mountains or from unknown cryptic

refugia (i.e., areas of population that existed at the LGM but where populations are no longer present).
There is no current evidence for the latter in the literature, but if undetected areas wittahistori
populations existed for waradapted species, it is equally plausible that they did so foractzigted

species. The consequences of past distribution changes and locations of refugia are reflected in current
patterns of genetic diversifiHewitt, 200Q Hewitt, 2004) Thusexamining the distribution of genetic
diversity will help determine whether currentimknown populations of this kind existed, and provide
insights into the extent of possible genetic loss under future climate cfMoGallum, Guerin,

Breed, & Lowe, 2014; Wroblewska & Mirski, 2018)
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Anthropocene range shifts

In the Anthropocene, the current epplsbmans have become a global geophysical f{8teffen,
Crutzen, & McNeill, 2007)Followingthe industrial revolutionvhichbegan m the late 19 century,

levels of CQhave increasenh the atmospher@Hook & Tang, 2013)Since these greenhouse gases
started to increase, global average temperatures have also increasé@ Isynt prendustrial
levels(IPCC, 2021).During this tme, coldadapted species have been experiencing shifts in their
geographic range. Some montane species have been shown to be expanding their range upwards in
elevation(Parmesan, 2006includingplants(Beckage et al., 2008; Jump, Matyas, & Penuelas9;200
Kelly & Goulden, 2008; Lamprecht, Semenchuk, Steinbauer, Winkler, & Pauli, 2018; Penuelas &
Boada, 2003; Rosbakh, BernhaRtbmermann, & Poschlod, 2014mall mammalg§Moritz et al.,
2008)and butterfliegRodder, Schmitt, Gros, Ulrich, & Habel, 202¥jlson, Gutierrez, Gutierrez, &
Monserrat, 2007)In addition to range expansions, range retractions have also been documented in
cold-adapted species, experiencing local extinctions at theielewation or latitude ramgedge

(Thomas et al., 20067 his includes &mate-driven retractions in montane butterflies in Sierra de
Guadarrama mountain range in central Sgd@iitson et al., 2005vhere the low elevation boundary
has moved on average 212 m uphill. Range retractions have also be documentedrin matitane
butterflies in Britain(Franco et al., 2006yhere the range of the northerly distributed butterflies
(Erebia aethiopsCoenonympha tulligretracted 7€.00 km north and the montane butteEsebia
epiphronretracted 13@50 m uphill. The liteature around range retractions is relatively sparse in
comparison to range expansions, because of methodological difficaliE@sas longerm monitoring

in harsh/remote environmerGump et al., 2009nd the difficulty in detecting declinéEhomas &

al., 2006) Even if a decline and/or local extinction is detected, attributing the change to climate can
be difficult, when an extinction could be attributed by a number of causes such as habitat loss or
invasive specieéThomas et al., 2006] hereforejt is likely that more coléhdapted species are
experiencing range retractions than reported in the literature, and these extinctions could continue into

the future.

Anthropogenic climate change has already created risks for biodiversity, and thesadIrisis
amplified with levels of projected further climatic warmidBCC, 2021)Under future climatic
changes, species distributions are predicted to contirsldftoThe mountain regions which are
predictedto be most severely impacted by climaterd@are tropical mountains and mountains at
high northern latitud€Still, Foster, & Schneider, 1999; Williams, Jackson, & Kutzbacht, 2007)
Cold-adapted species are more likely to suffer declines under continued warming and future
predictions have been main somespeciesuggesting loss of geographic raifija Sorte & Jetz,
2010; Smith, Gregory, Anderson, & Thomas, 20E3irther predictions of colddapted species
distributions must be examined in order to understand the extent of range retractiexsratidn

risk under future climate change scenarios.
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1.3Genetic consequences of range shifts

Responses to past climate changes and historical range shifts have resulted in the patterns of genetic
diversity currently found in extant populatioftdewitt, 2004) In coldadapted species, if montane
regions provided refuges for their lotgym survival (i.e. in the foothills during glacial periods, and
retracting uphill during interglacial periods), and isolation on separate mountain ranges would result
in genetic differentiation, with new alleles emerging over time resulting in unique lineages associated
with each rangéHaubrich & Schmitt, 2007; Huck et al., 2012; Louy, Habel, Ulrich, et al., 2014,
Schmitt et al., 2006)n contrast, if colehdapted specéeexpanded through the lowlands during

glacial periods, then there would be evidence of gene flow and dhveagegHewitt, 2004) During
colonisations and founder evelfssnall subset of large population colonise new angapulations

can experience demographic bottlenecks, greatly reducing the population size leading to the loss of
genetic diversitf{Comps, Gomory, Letowy, Thiebaut, & Petit, 200Hewitt, 2000; Holliday, Yuen,
Ritland, & Aitken, 2010) Therefore, in manwarm adapted species, a seathth trend of genetic

loss can be shown, with populations in northern latitudes containing lower genetic di\Bahityitt

& Seitz, 2002) However, if colonised populations are from cryptic refugia, then these populations
may contain unique genetic diversity no longer present elsewhere in extant pop(Btmpsat &

Willis, 2008; Provan & Bennett, 200&sulting in more complex latitudinal patterns of diversity.
Compared with warradapted species, colonisation patterhsold-adapted species are less well

studied, and it is unclear how ceddiapted montane species currently inhabiting northern latitudes

were colonise@nd where fromand the genetic consequences of colonisation.

After colonisation, further genetic antignotypic trait changes may occur, resulting in differences
between populations if gene flow is restricted. For example, genetic changes may occur if species are
isolated on different mountains, resulting in genetic divergence between populations i aatlag
barriers to dispersgMonsen & Blouin, 2004; Sexton, Hangartner, & Hoffmann, 2014; Meaiton,

Parra, Parr®lea, & Zamudio, 2013)This isolation can result in inbreeding if populations are small,
which can reduce genetic diversity and the géegice of population®roquet et al., 2010; Saccheri

et al., 1998) Therefore, potential genetic changes following colonisation may lead to negative genetic
impacts, and influences the ability for populations to adapt and persist. Examining the genetic
consequences of pegtacial colonisation and potential isolation has not been exarmreaid-

adapted species, but itimportant to quantify to understand potenpiatsistencePopulations may

also experience different local environmental conditionssatettive pressures, leading to variation

in traits through local adaptation or phenotypic plastifiswecki & Ebert, 2004; Valladares et al.,
2014) This can lead to variation in traits such as body ®a& Dong, Guan, Xie, & Xu, 2016;

Gunter et aJ.2019) development timéRobinson & Partridge, 2001and growth rate@/an

Doorslaer & Stoks, 2005Body size varies across latitude and altitude, and can be influenced by

temperaturéAtkinson, 1994) For examplesome montane species located in wiywer altitude
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areashave smaller body siz8rehm, Zeuss, & Colwell, 2019%mall size may reduce fecundity and
dispersalGao et al., 2016; Lopez, McClanahan, Graham, & Hoddle, 2&idijhe ability for

individuals to colonise new environmelikdill, Thomas, & Blakeley, 1999)Therefore body size

variation in montane species may have implications for their fithess and persistence in the future.
Genetic diversity is important for the ability of species to adapt and persist, and phenotypic variation
such asody size may have implications for fitness. Therefore quantifying genetic and phenotypic
consequences of northern colonised populations will provide more understanding for implications for

persistence and identifying genetic refugia.

Under future climat changes, predicted range retractions and extinctions may result in the loss of
genetic diversity in colddapted specie¥he loss of genetic diversity has been predicted under future
climate changscenariosn cold-adapted specid¥annic et al., 2014)and linking past, present and
future distributions of genetic diversity has rarely been investigétieds, Alm, Normand, &
Brochmann, 2009)Therefore to project future genetic diversity in catthpted speciethere is a

need to understand how thespahaped the present genetic diver@ityoblewska & Mirski, 2018)n
orderpredict genetic losef cold-adapted species in the futufidnis, coupled with understanding of

the genetic and phenotypic consequences of northern latitude colonisationspwidlepnore
understanding into the potential persistence of-adlapted species, including identifyingrask

populations and areas of genetic refugia.
1.4 Cold-adapted Lepidoptera andErebia epiphronas a study species

Lepidoptera are poikilothermic as@aresensitive to changes in climate, and eatthpted
Lepidoptera are especially vulnerable to changes in clifBaetsch et al., 2008; Elsen & Tingley,
2015) This is because these montane @ddpted butterflies already have limited suitable cimat
space which wil!/l eventual |l y O rEelmagenustae theimodte r f ut u
diverse butterfly genus in the Palaearctic region, with high morphological variation within and
between species (~ 1000egjes describedPbre, Gers, &Legal, 2008 Cupedo, 2010Tennent,
2008) The species in this genus inhabit cold environments and haveadpitie distributions
(Tennent, 2008xnd occur in a number of different habitats including alpine grassland, mountain
meadows, marshlands, shryltbindra, screes and sparsely forested gfeasa, Witthauer, Kleckova,
Fric, & Wahlberg, 2015)The high diversity oErebiain Europe is thought to be due to isolation and
diversification of populations within the Alps, Carpathian and Iberian moungsiaras, arising from
Pleistocene range shifts and allopatric specidff@ma et al., 2015)n someErebiaspecies, it has
been found that there is genetic divergence between mountain systems resulting fraemtong
separatior{fLouy, Habel, Ulrich, et al 2014; Schmitt, Habel, Rodder, & Louy, 2014; Schmitt et al.,
2006) However, the genetic diversity of northern pgisicial populations dErebiahave not yet been

studied. Recent climaidriven range retractions have been documentéaahbia epiphrorand
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Erebia aethiopsn Britain (Franco et al., 200@nd inErebia cassioided the Apennine¢Scalercio,

Bonacci, Mazzei, Pizzolotto, & Brandmayr, 201Bjebiaspecies arerpdicted to lose substantial

areas of their ranges as suitable climate deteriorates under future climate(Sitaje et al., 20083)

which could Il ead to genetic |l osses in these spec
change may impact thegetic diversity of this genus, and whether northern populatiofssbia

have currently low genetic diversity following pagtcial colonisations. Therefore, tBeebiaare a

good model species to understand the genetic consequences of Pleistocesigiftaragel whether

genetic diversity ipredicted to be lost under future climate change.

Figure 1.1: A) Photograph of femalErebia epiphronthe mountain ringlet butterfly. B) Upland
grassland typical dE. epiphronhabitat. Both photographs taken at Irton Fell, Engl&tuhto credit:

Melissa Minter.

Erebiaepiphron(mountain ringlet butterfly), is a small brown butterfly with orange eye spots and
black pupils on both forewings and hindwings (Figure 1.EAepiphonis a montane specialist and
occurs across Europe, including the Alps, Carpathians, Apennines, Balkans, Tatras, Pyrenees,
Cantabrians, Massif Central and Vosges; and in Britain is found in the Lake District, England and the
Scaottish highlands (Figure 3.2T'his species can be found in upland and montane grassland (Figure
1.1B) usingNardus strictaandFestuca ovinas the main larval food plant&wing, Menendez,
Schofield, & Bradbury, 2020)n EuropeE. epiphronis in flight mainly between July and Aust
(Konvicka et al., 2021)and in Britain between June and Juiy.epiphronappears to be the only
montaneErebiawhich colonised Britain after the last glacial, however there arérgltiaspecies

which colonised Scandinav{&ettele et al., 2008T here is genetic differentiation amoig epiphron
populations in Europé€Schmitt et al., 2006 however the areas which may act as {tergn refugia

have not been identifieé. epiphronwhich occur in Britain are posgflacial colonisations, but the
origin of these populations is unknown. In Britain, there have been extincti@hspiphrorat the

warm low elevation range ed@feranco et al., 200@)nd so quantifying genetic diversitjtbese at
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risk populations is important for future conservation. Thereforepiphrorrepresents a good model
species to understand h&ieistocenelimate change has shaped genetic diversity across Europe, and
the genetic and phenotypic consequencgmstglacial colonisations of Britain, to identify-ask
populations and to explore genetic conservation management for this species.
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Figure 1.2 Geographic distribution dErebia epiphroracross Europe, black dots represent 50 x 50
km square grids wdreE. epiphrorhas been recorded as present. Distribution data from the
Distribution Atlas of European butterfliest{p://www.ufz.de/european
butterflies/index.php?en=426005

1.5Rationale for thesis

In this thesis, | examine the genetic diversitfgokpiphronacross Europe, to understand
consequences of climatiiven postglacial range shifts. To do thisinlvestigatepast, present and
future demographic changesHn epiphronand genetic consequences across Europe, along with the
resulting geneti and phenotypic diversity in Britain following pegiacial colonisation; and genetic

conservation techniques to safeguard genetic diversity. My three objectives for this thesis include:

1) to examine how past and future climatduced range shifts infence the patterns of genetic

diversity in a coldadapted species in Europe;
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2) to examine the genetic and morphological consequences gjlpostl colonisation of Britain by a
cold-adapted species;

3) to explore whether Gene Conservation Units (GCOg)dcbe implemented more widely to
safeguard genetic diversity in wild populations.

In Chapter 2, | examine climatiiven range shifts by predicting the pastrrentand future
distributionsof E. epiphron identifying glacial refugia, patterns of pagacial colonisations and
future loss of genetic diversity. From this analysis, | concludectivaént populations in England and
Scotland are genetically dissimilamd therefor&. epiphroncolonised Britain in two separate
colonisation eventsn. Therefore, in Chapter 3 | examine the genetic consequences eflpotl
colonisations of Britain b¥e. epiphron to quantify genetic differences England and Scotland
populations in further detail, and identifyr@gk populations. The two populationsBnitain may also
contain morphological variation, therefore, in Chapter 4, | examine body size variaoepiphron
in Britain in relation to region and temperature variation. | find that thexpredicted losses in the
future inE. epiphronand in aher coldadapted species, therefore, in Chapter 5, | investigate the
current implementation of Gene Conservation Units (GCUSs) in Britain, and whether GCUs could be
extended to conserve genetic diversity of a wide range of wild speciekeyraéns of each of these

chaptersare outlinedelow.

Chapter 2: Past, current and potential future

adapted mountain butterflpulished in Ecology and EvolutigiMinter et al., 202D

In this chapter, &im to understand how past climate range shifts have shaped current genetic diversity
and whether this is at risk of being lost under future climate change. To doubésitDNA
sequencing to map the current distribution of genetic divergiEy epipghron, andl also use species

distribution modelling to projegiast, currenaind future distributions of the species.
Key objectives:

1) lIdentify areas of glacial refugia f@&. epiphronin Europe and source populations of post
glacial colonisations;

2) Identify genetic haplotype diversity across populations in mountain regions in continental
Europe and Britain;

3) Examine potential loss of genetic diversity under future climate change scenarios.
Chapter 3:Genetic consequences of pghicial colonisations in moahe species in Britain

In this chapter, | aim to examine the genetic differences of English and Scottish populations following
postglacial colonisation b¥. epiphronof Britain, and subsequent isolation into mountain

populations. | use ddRAD data to examthe differences in genetic diversity and isolation
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mountainregions in England and Scotland, along with predicting population sizes duringlgcat

colonisation.
Key objectives:

1) Examine genetic structure and diversity in England and Scotland;

2) Quantify genetic connectivity among populations and regions, and the extent to which
populations are genetically isolated with respect to geographic and environmental distance;

3) Infer variation in population size over the past 40,000 years, to explorenewitis

population bottlenecks following colonisation of Britain.

Chapter 4:Smaller montane butterflies at warm range boundaries may affect persistence under future

climate change

In this chapter, | aim to examine body sizd=ofepiphronin relation to temperature, testing whether
individuals from warmer areas and those emerging in warmer years are smaller. To dgaligme
variation in body size (between and within populations) between England and Scanidinide

museum materialpttestwhetherspatial and temporal variation rody size is related to temperature
Key objectives:

1) Examinebody size variation in populations Bf epiphronin England and Scotland in
relation to temperature;

2) Examine body size variation in museum spemis over ~100 years in relation to
temperature;

3) Examine differences in withipopulation body size variation among regions, to identify

differences in plasticity.

Chapter5Ex pl oring the potential for O6éGemwmmityilBonservat
wild populationg CASE placement with NatureScot, and published in Ecological Solutions and
Evidence Minter et al., 2021

In this chapter, | aim to understand the current extent GCUs and other genetic conservation techniques
in practise, anégxamine whether GCUs could be implemented more wideligclss current global
application ofin situgenetic conservation management technigisasg a systematic literature

review. | then exploravhether the GCU approach could be effective for conserving evolutionary

potential in a wide range glant and animatiaxa using a questionnaire and four case study species.
Key objectives:

1) Review the current implementation of GCUs and other genetic m@tsa techniques using

a systematic literature review;

21



2) Use a structured questionnaire to canvass cCcOl

adopting a system of GCUs in Britain;
3) Test whether existing methods for voluntary accreditation of GCUsdes are appropriate

for application to other taxa, using case study species.
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Chapter 2: Past, current and potential future distributions of unique
genetic diversity in a cold adapted mo

2.1 Abstract

Aim Climatic changes throughout the Pleistocene have strongly modified species distributions. We
examine how these range shifts have affected the genetic diversity of a montane butterfly species, and
whether the genetic diversity in the extant populationsrisatened by future climate change.

MethodsWe analysed mtDNA to map current genetic diversity and differentiati&n epiphron

across Europe to identify population refugia and-gtetial range shifts. We used species

distribution modelling (SDMs) thindcast distributions over the last 21,000 years to identify source
locations of extant populations, and to project distributions into the future (2070) to predict potential

losses in genetic diversity.

ResultsWe found substantial genetic diversity uréqo specific regions within Europe (total number
of haplotypes = 31, number of unique haplotypes 3%, 0.9). Genetic data and SDM hindcasting
suggest londerm separation and survival of discrete populations. Particularly high rates of unique
diversity in postglacially colonised sites in England{= 0.64), suggests this population was
colonised from a now extinct cryptic refugium. Under future climate change, SDMs predict loss of
climate suitability forE. epiphron particularly at lower eleations (< 1000 metres above sea level)
equating to 1 to 12 unique haplotypes being at risk under climate scenarios projéCtiagdl23 °C

increases respectfully in global temperature by 2070.

Main conclusion®ur results suggest that historical raegpansion and retraction processes by a
cold-adapted mountain species caused diversification between populations, resulting in unique genetic
diversity which may be at risk if distributions of caddapted species shrink in future. Assisted
colonisation®f individuals from atrisk populations into climaticaltguitable unoccupied habitat

might help conserve unique genetic diversity, and translocations into remaining populations might

increase their genetic diversity and hence their ability to adaptuefatimate change.
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2.2 Introduction

Projecting the future geographic distribution of
potential loss of genetic variation from anthropogenic climate change, requires understanding of the

past, presentral future distributions of speci€d/roblewska & Mirski, 2018)Geographic variation

in the distribution of gertiz variatonacr oss a speciesd® range results
and current conditions, which influence patterns of geneticrdifteation among populations that are,

or have been, geographically isolated, and from colonisation bottlenecks during randélehiits

2004) These range shifts and their genetic consequences have primarily been driven by the

fundamental niche of gscies, or theib c | i-eemateel oped, and speciesd rang
environmental changes, altering the location of populations and their genetic stflbturas,

2010)(Hewitt, 2004; McCallum, Guerin, Breed, & Lowe, 2014; Thomas, 2018¢ Earth has gone

through many climate fluctuations, including glaciations in the Pleistocene and-moioaed

climate change in the current AnthropocéHewitt, 2004; Santer et al., 201%uture anthropogenic

climate warming may further impact spesithrough distribution changes, genetic erosion and
extinctions(Botkin et al., 2007)Coldadapted/mountain species may be especially vulnerable to

future climate changes as they are already restricted to mountain ecosystems where suitable climate
spacss limited, and loss of genetic diversity within these raregtricted coléadapted species may

reduce their ability to adapt to future chan{felsen & Tingley, 2015)Understanding how past

climatic changes have impacted current genetic structure hoay s to make predictions for the

likely extent of genetic loss under future climate change, and thereby prioritisk pbpulations for

conservation managemegicCallum et al., 2014; Wroblewska & Mirski, 2018)

During the last ice age, ice sheets avat their greatest extension 20,200000 years ago, during the
last glacial maximum (LGM{Crowley & North, 1991; Ray & Adams, 200During the LGM,

species were thought to persist where climatic conditions were buffered, at lower elevations or in
moresoutherly regiongDapporto et al., 2019; Morelli et al., 2018pwever some studies have
shown evidence of species survgiin northern isolated refug{@rovan & Bennett, 2008; Schmitt &
Varga, 2012; Stewart & Lister, 200ooladapted species whichirrently occur in mountain
ecosystems were probably more widespread during the LGM and only became isolated in their
current interglacial populations after climateluced range retraction, although some @aldpted
species were already restricted toladed glacial refugia during the LG&chmitt, 2009; Schmitt,
Hewitt, & Muller, 2006) The consequences of past distribution changes will be reflected in current
genetic diversity, because contractions and expansions fromtdomgefugia leave a genetic
signature of high diversity in refugia compared to lower diversity in recenthynised populations
(Hewitt, 2000; Keppel et al., 2012; Morelli et al., 201B)us understanding historical interactions of
cold-adapted species with climate can help usetstdnd current genetic structure and diversity of

populations.
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Lepidoptera are poikilothermic and therefore sensitive to changes in climate, and those species which
are coldadapted are particularly vulnerable to warmer condit{D®sitsch et al., 2008;I€en &

Tingley, 2015) Some coleadapted Lepidoptera are experiencing extinctions at their low
latitude/elevation margins as the climate deteriorates for these s@i@erso et al., 2006; Wilson,
Gutierrez, Gutierrez, & Monserrat, 200The Mountain Riglet Erebia epiphrons a butterfly found

in the mountains of continental Europe and Britain, and its distribution has retract&@8Q80uphill

in Britain over the past five decaddise to climate warminffranco et al., 2006Y hereforeE.
epiphronrepresents a good model organism to understand how past elimait=ed changes have
impacted current genetic structures of populations, and whether genetic diversity may be lost with

further climateinduced local extinctions.

Species distribution models (SDMare commonly used to project future distributions of species

under climate change scenar{@uo et al., 2017; Urban, 201%8xnd to develop climate adaptation
conservation strategies. These modelling approaches have also been used with palaeoclimate data
hindcast past distributions and to understand how they shape current population st{Btithest

al., 2013) Phylogeography with genetic techniques can be used to identify divergence between
populations and to infer historical distribution patteansl colonization routed.uquet et al., 2019)
Previous studies have shown how a combination of species distribution modelling and
phylogeography can provide better understanding of past, present and future distributions of species,
and predict the potential loss of genetic diversity resulting fiagmatic warming(Schmitt, Habel,

Rodder, & Louy, 2014; Wroblewska & Mirski, 2018; Yannic et al., 2014)

In this study, we use mtDNA sequencing to map the current distribution of genetic diversity of the
cold-adapted butterflyE. epiphronand also use spies distribution modelling to project current,

past, and future distributions of the species. We use this genetic and modelling information to
determine the distribution &. epiphronin continental Europe during the last glacial maximum, the
locationsof glacial refugia, and patterns of subsequent postglacial expansion into northerly latitudes
in Britain. We identify populations with unique genetic diversity and examine potential loss of genetic

diversity under future climate change scenarios in ogribritise populations for protection.
2.3 Methods
Genetic analyses to map current haplotype diversity

We sampled 146 adults Bf epiphronfrom 13 mountain regions across continental Europe and
Britain. European populations (76 adults) were sampled betldg- August 20022014,
populations in England and Scotland (74 adults) were sampled irJdyn20162019, and adults
preserved in 100% ethanol-20°C. All relevant fieldwork permissions were obtained. DNA was
extracted from 111 individuals with Oige bictek E.Z.N.A.® DNA Isolation Kit following the
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manufacturerdés protocol. For each individual, t h
ml tubes with CLT buffer and Proteinase K and homogenised with pellet pestles:bb &&yment

of themitochondrial cytochrome oxidade ( COl ) gene was amplified usin
ATTCAACCAATCATAAAGATATTGG-3 éa)nd LepR (56
TAAACTTCTGGATGTCCAAAAAATCA -3 dHajibabaei, Janzen, Burns, Hallwachs, & Hebert,

2006) PCR amplification of individual DNA saptes was carried out in 20 reactions which

included 1.8 pl of template DNA, 1x PCR reaction buffer (Promega), 1.5 mM M@@ImM of

dNTPs and 1U ofagDNA polymerase (Promega GoTag®). PCR conditions used the following

profile: 94°C for 2 minutes (oneycle), 2 minute at 94°C, 58°C for 45s and 72°C for 1 minute (35

cycles), followed by a final extension step of 75°C for 5 minutes. PCR products were purified and

Sanger sequenced with forward and reverse primers using © Eurofins Scientific PlateSecpservi

LightRun Tube service. Chromatograms were checked visually using Sed$taciky, 2012)

Additional COI sequences were obtained from a panel of 39 samples collected in England in June

2016 as a part of a whole genome resequencing project (NERC Highlight ptBj&15797/).

Briefly, the complete mitochondrial genome was assembled forirdisfidual sample using the

MitoZ toolkit (Meng et al. 2019) anannotated using the mitos2 webserver (Bernt et al. 2013). Low

coverage regions (<10) were masked to avoid introducing low quality SNPs and the COI region was

extracted for further analyses.

These 150 sequences along with 65 existing COI sequences from Genbank were combined to create a
data set of 215 COl sequences from rarge(forount ai n r
sample information see Appendix S1.1 and map of mountain reggen8ppendix S1.2These

sequences were aligned with ClustalX implemented in MBGKumar, Stecher, Li, Knyaz, &

Tamura, 2018and the alignment checked by eye and cropped to the same length (649 bp).

Haplotypes were identified and genetic diversity mees were determined using DnaJR6zas et

al., 2017) Genetic diversity measures included number of haploty@sriumber of unique

haplotypesify), haplotype diversityHq the probability that two randomly sampled alleles are
different)yand nucleotel di versity (°, the average number of
sequencefNei, 1987) A TCS networkTempleton, Crandall, & Sing, 1998j all haplotypes was
constructed using PopAfteigh & Bryant, 2015)A CO1 phylogenetic tree was constted in

BEAST (Suchard et al., 2018f theErebiagenus, outgroups and tke epiphronpopulations. The

same methods and CO1 sequences were used from (Pena et al., 2015) usimyradbrelaxed

molecular clock, with a birtdeath incomplete speciatiomodel for the randomly generated tree

prior, and then an uncorrelated dogrmal relaxed molecular clock and all the programs other default
settings to model the rate of evolution. The age between Erebia and its sister taxa was set at 37.4+ 2

Myr, (Pena eal., 2015) to estimate age in divergence betvieespiphronsubpopulations.
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Using species distribution modelling (SDMs) to map current distribution of E. epiphron

Currentdistribution data foE. epiphron(50 x 50 km grid resolution) were obtained from the
Distribution Atlas of European butterflies (http://www.ufz.de/european
butterflies/index.php?en=42605). Current (120D0) climate data were downloaded from

WorldClim (http://www.worldclim.org/) at a s®lution of 2.5 arc minutes (~4.5 km grid cell

resolution). Climate variables for inclusion in SDMs were selected to reflect climate limitations and
extremes of coehdapted species, which are likely to be most limited by climatic conditions during
the cotlest and hottest times of the year. We therefore included climate data on annual mean
temperature and mean precipitation of the coldest quarter (December to February) and warmest
guarter (June to August) of the yg&mith et al., 2013)Spatial autocorration was tested using

Mor anés | in R. The butterfly distribution data
to be restricted by local climate conditions in each grid sqitanith et al., 2013)Thus, we included

in models only the colebt/warmest and wettest/driest cells (4.5 km resolution) within each 50 km

grid, resulting in a total of eight climatic variables being incorporated into our IE8dsAppendix
S1.3).50 x 50 km grid cell resolution data are appropriate for our modelitgitd address

biogeographic questions at regional scales, because we are interested in changes in the distribution of
the study species over long periods of time (i.e. millennia), rather than sieonbechanges at

individual sites. This 50km spatial mstion also ensures that the psew@tisences (i.e. locations

whereE. epiphronis assumed to be absent) are more accurate representations of true absences,
because these grids have been visited by butterfly recorddes bpipphronwas not recorded as

present. In addition, 50km data for presences cover the entire global distribuBoamphron athis

spatial resolutiorButterfly distributions were modelled using an ensemble approach (R package
BIOMODZ; (Thuiller, Lafourcade, Engler, & Araujo, 20Q@ombining outputs from the models;
Generalised Linear Models (GLM), Multiple Adaptive Regression Splines (MARS), Maximum
Entropy (MAXENT.Phillips), Generalized Additive Model (GAM), Boosted Regression Trees

(GBM), Classification Tree Analysis (CTA), Ariifial Neural Network (ANN), Surface Range

Envelope (SRE), Flexible Discriminant Analysis (FDA) and Random Forest (RF). We used the mean
Receiver Operating Characteristic (ROC) value to evaluate each model, with a threshold of ROC >
0.85 for inclusion of mdels within the ensemble model. We restricted psel®nces to locations

within a buffer of 250 km around presence data points to avoid placing absences in mountain systems
with potentially suitable climate space that are not currently occupied bydbies|e.g.
ScandinaviajAkcakaya & Atwood, 1997; Hirzel, Helfer, & Metral, 200Models were generated

using 70% training data and 30% testing d&tanklin, 2010; Huberty, 1994)
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Hindcasting past distributions and identifying glacial refugia

We incorporated paleoclimate data into our ensemble SDM for the eight climate variables
representing the coldest/hottest and driest/wettest locations within each 50 km grid square. Data for
climate projections over the last 21,000 years were downloaded f@a | eovi ew (2.5 1
(latitude/longitude) gridfFordham et al., 2017and downscaled to match the resolution of the

current climate data (2.5 arc minutes), using established mdffiddsova & Mitas, 1993; Platts,

Omeny, & Marchant, 2015; Ramir&zl legas & Jarvis, 2010We projected climate suitability fd.
epiphronevery 1,000 years from the LGM to 1,000 years before present, generating 21 outputs, which
were each clipped using Eurasian ice sheet (#tughes et al., 2016) ongterm climate suébility of

50 km grid squares was calculated by overlaying the 22 output maps and summing the climate
suitability probability values of each grid, and then designating the top 30% of grids with highest
probability values as areas of highest kbagn climde stability for the study speci€Shan, Brown,

& Yoder, 2011)

Projecting future distributions and loss of genetic diversity

Future climate projections for 2070 were obtained from IPEB$sessment Report (Complete
Coupled System Model, CCSM4 glolwdilmate models) from WorldClim

(http://www.worldclim.orgf 2.5 arc minutes resolution) for high (RCP 8.5;3%€ warming) and low

(RCP 2.6, ~3C warming) future climate scenarios. Unique haplotypes were assufedtaisk if

all 50 km grid squares in one of the 13 mountain regions were predicted to become climatically
unsuitable in the future (based on binary presence or absence threshold probalektyreatthe
ensemble SDM outputWe set the threshold vaas the probability value associated with the low
elevation climatic range edde epiphronin its current range (low elevation range boundary in

England; threshold probability = 0.49). Using this threshold, model probabilities were converted into
presene/absence to show grid squares with no change over time (i.e., population persistence), grids
predicted to become climatically unsuitable (i.e., extinction), and grids predicted to become
climatically suitable (i.e., colonisation). Haplotype risk)(wascalculated as the number of unique
haplotypes at risk in each ofali3 mountain regions (Figure Léue to projected loss of all

climatically suitable areas within a region in the future.
2.4Results
Current haplotype diversity across 13 mountain regiorSurope

From our 215 mtDNA samples, we identified 31 mtDNA haplotypes across Europe, including 27
haplotypes unique to a specific mountain region (Figuté, Table2.1). The high frequency of

unigue haplotypes across Europe suggests low levels @ sliating. There was also high genetic
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differentiation between populations (AMOVA,= 0.76,p < 0.001) and the divergence between some

of these populations is dated before the last glacial maximbgiogenetic tree: see Appendix S1.5

The mountain regias containing the highest haplotype diversity include the PyreHges(.63) the
western Alpsiiqs = 0.91) and EnglandHg = 0.64) (Table2.1). The mountain regions containing only
unigue haplotypes include the Carpathiatis= 2) and the Tatrasd(= 2). Populations in England

(Hu = 6) and the western Alpsi{ = 6) not only had the highest number of unique haplotypes but also
contained some shared haplotypes with other regions (F2gl There are six unique haplotypes

in England which diverged from haplotype 8 (Fig@r&B), which is present in England, Scotland,
Vosges and the western Alps. Scotland, in addition to the shared haplotype 8, contains one unique
haplotype (haplotype 30yvhich has diverged from haplotype 8 by 1 substitution and shares haplotype
10 with the Apennines (Figuizl). Despite evidence that regions are differentiated, shared
haplotypes also provide evidence of historical gene flow across Pyrenees and Cantaigtians

between the Alps and Balkans (Fig@rg). The Massif Central population shares one haplotype
(haplotype 16) with the Pyrenees and Cantabrian Mountains, and has one unique haplotype (haplotype
29) which diverged from haplotype 16 by one substitugiigure2.1B).
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represents number ofdividualscontainingthat haplotype and tick markspresent a nucleotide
substitution

Modelling the current distribution of E. epiphron

Our ensemble SDM was a good fit to the current distributidh. @piphron(95.4% of presences

predicted correctly, 76.3% of pseudbsences predicted correctly (basedhantotal presence data),

ROC = 0.9) (Figur@.2A). Areas predicted to be climatically suitable but currently uninhabitdsl by
epiphroninclude Wales, Scandinavian mountains and eastern Balkans, the latter of which is currently
occupied byErebia orientals. The model rated the minimum temperature of the warmest quarter of
the year (Juné August) as the most important variable for predicting climate suitability for the

species (average importance of this variable across models = 0.73; importance mated)fro

probably because this is an important variable in identifying high elevation areas within a 50 km grid

square.
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Figure 2.2 Current and past projected distribution€ofepiphron A) current probability of climate
suitability and current disbution records (white circles). Past climate suitability B) 6,000 years ago,
C) 11,000 years ago, D) 16,000 years ago E) 21,000 years ago (i.e. LGM; blue shading shows the
extent of the ice sheet (frofhlughes et al., 201%)Probability values of occurrence forelscaled

from O (unsuitable, white) to 1 (suitable, black). Panel f shows climate stability over time since the
LGM produced by summing 22 outputs from SDMs for the last 21,000 years, plus the output for the
presemn (summed probability values scaled from 0.73 (white) to 20 (black), with the top 30% of grids

shown as white circles. See Appendix S1.4 for all output maps.
Hindcasting past distributions of E. epiphron and identifying areas ofterrg survival

Climate suitability in the LGM (21,000 years before present) showed overlap of climatically suitable
areas (at 50 km grid resolution) with many locations currently occupi&d égiphron as well as

some southerly locations (Figu2e2E). This overlap was confned when all 21 SDM outputs for

each 1006/ear time period up to the present day were combined to showdomg:limatic stability
since the LGM (Figur@.2F). These climate stability maps provided evidence that the locations of
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a) |} - b) N e
"t ;
- Scotland (20)
gg(} .
- N
Englan
- osges (20) oo Sy
o
el a2) o ¥ Apsast(12) 88
. ‘ i - Cl.% g8 et o
— ‘588 o <8 o 08388%9
i ] -. - o ooooogg °8888§ . % S
9 e . g
e us) Apennines (12 Balkans (13)
c) A -0 d) & ;;;;
‘ Scotland (20)
‘- ggo .
: ',
England (54)
Vosges (20) " o
- Massif Centra! (12) :mmmﬂm Ak»fm?m 88 @
- f v R B o8
é@%ﬁ g Y,
L h o o o Carpathiars (12]
0000080 08B888 oo

Of
Cantabrians (8) ‘ s West (13) ®§° @g;g

Pyrenees (15, Apenni Balkans (13)

Figure 2.3: Projectirg future climate suitabilityor E. epiphronin 2070 under tw&k CPclimate

change scenarioand associated projected loss of genditiersity. A) low RCP 2.6 climate scenario
(~1°Cincrease by 2070), ar@) high RCP8.5scenario (~23°C increasdy 2070 showing grids
projected to remain climatically suitable (black), become unsuitable (orange), and become suitable
(blue). B) low RCP2.6 scenario haplotype map with predicted lost haplotypes coloured in white (2
regions lost, 1 unique haplotype lost), and D) high RCP 8.5 haplotype map with predicted lost

haplotypes coloured in white (5 regions lost, 12 unique haplotypes lost).
Projecting future distributions and loss of genetic diversity

As expected for a colddapted species, SDM outputs from both high and low future climate change
scenarios project that many exténtepiphronareas will have reduced climate suitability in the future
(38-64% loss of 7,000 khoccupied grids across Europe) (Figar®, Table2.1). The loss of climate
suitability is most severe in lower elevation sites, as shown by significant linear regressions between
change in probability over time and average elewadf the 50 km grid square (low scenapos

0.001, R: 0.27, Fso-=56.51, high scenarigu< 0.001, R: 0.13, kso= 22.86). The mountain regions
predicted to experience the greatest reduction in range size are the \I@§§éddss of grid squares

under both scenaripand Apenninesl00% loss of grid squares under both scengrioowed by
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the Balkans{5-100% los}, Carpathians/0-100% los$, England (50100% lost) and Cantabrians

(63-81% los3 (Figure2.3, Table2.1). These range retractioresult in the potential loss of 1

haplotype under the low climate change scenario (RCP 2.6); and the total loss of 12 unique haplotypes
under the high climate change scenario (FiguBeTable2.1). Many of the haplotypes predicted to

be lost are a singleubstitution from their nearest haplotype, however the haplotypes in the

Carpathians are more genetically distinct (FigudB). By contrast, range sizes in the Alps and

Scotland are projected to remain relatively stable, assuming the species coltesssshégher

elevations that are predicted to become climatically suitable in these regions. Under both scenarios,
areas north of Scotland and Engldratome suitable in the futumsithoughE. epiphrondoes not

currently occur in Scandinavia, our modeigdict that this area will remain stable in climate

suitability in the future.

Table 2.1 Current genetic diversity, and projected loss of climate suitability and haplotype loss in the
future (2070)H, = number of haplotypes$j, = number of unique haplotypes= Nei nucleotide

diversity (Pi); % range change = % change in range size (number of occupied 50km grid gguares)
the future compared with current distribution, &hd number of unique haplotypes at risk in the

future,under RCP 2.6 (low) and 8.5 (high) climate scenarios.

Current genetic diversity % Range % Range Haplotypes at risk
Region| H, Hy Hq - change (low)  change (high) = H (low) H, (high)
All| 31 27 0.89 0.0055 -38.6% -64.3% 1 12
Vosges 1 0 0 0 -100% -100%
Scotland| 3 1 0.194 0.0003 -37.%% -25%
Pyrenees 5 3 0.629 0.004 -20% -713.3%
Massif Central 2 1 0.545 0.0008 No change -50%
England, 7 6 0.638 0.0015 -50% -100% 6
Carpathians 2 2 0.303 0.0005 -70.6% -100% 2
Tatras| 2 2 0.409 0.0006 -25% -75%
Cantabrians 2 0 0.429 0.0059 -63.6% -81.8%

Balkans Wes{ 4 3 0.423 0.0024 -75% -100% 3
Apennines| 2 1 0.303 0.0005 -100% -100% 1 1
Alps West| 7 5 0.912 0.0043

ApsEast 2 1 0.303 0.0005f -14.36(all  -41.3% (all Alps)
AlpsCentral 2 1  0.182 0.0006 Alps)

2.5 Discussion

By using species distribution modelling and mtDNA analyses, we explore the past, present and
potential future distributions of genetic diversity in the eatthpted specids. epiphron We identify
high levels of genetic differentiation across Europe, and found evidence dklonglimate

suitability in many of these regions since the LGM, which suggests these climatically stable regions
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were refugial areas of loAgrm survival by oustudy species over the last 21,000 years, and
potentially longeiterm areas of persistence over previous glaotatglacial cycles. Our study

focuses on a single mountain species but our findings are likely to be widely applicable to other
mountain speies where populations contain unique genetic diversity as a consequence of past climate
fluctuations, and which may be at risk under future climate warming. These areastafrtang

survival are within topographically heterogeneous landscapes, allowgogggions to shift to the

foothills during glacial periods. Our analyses also revealed that populations in the Massif Central,
Vosges and Britain are presumed postglacial colonisations (RAdurgigure2.2F due to low

climate suitability over time, shed haplotypes and the fact that Britain was under an ice sheet during
the LGM. Britain was apparently colonised via two different routes, with the Scottish populations
likely originating from populations in Vosges/Alps mountain regions due to the higalenee of

shared haplotype 8. By contrast, the English population has high levels of unique genetic diversity,
and no evidence that any of the six unique haplotypes are shared with other extant populations
(although there is one shared haplotype pressmggesting the English population has separated

from the western Alps before the last glacial maximum (given the large number of nucleotide
substitutions; Figur@.1B), and colonised Britain via a different route, from a cryptic refugium in an
area wherg¢he study species survived during the glacial period but where it no longer exists. Under
future climate change scenarios, we predie68% loss of range size, which equate to 1 unique
haplotype to 12 unique haplotypes being at risk of loss wiitkeatescenarios projecting C and 2

3 °C increases respectfully.
Limitations

This study has potential limitations, which are inherent in species distribution modelling, especially

when projecting into different climat¢Buisson, Thuiller, Casajus, Lek, & Grauillet, 2010) We

did not have suitable data to include sampling effort formally into our models and so the areas outside

of the currenE. epiphrond i st r i but i on a raeb scemnrcseisdbe rreadd héep s @ uhdaon 6
However, other butterfly spexs have been recorded in these squares (Lepidopterists have visited

these squares) without recordiBgepiphroras present, and hence the proportion of false absences in

the data is likely to be very low at the spatial (50 km across the whole of Eunap@naporal

(accumulation of Lepidoptera records over 3 decades) scales considered here. We consider that our
modelling approach robustly describes the bioclimatic conditions occupiddpiphronat a
continental scal e (t hratureswor couldusesangpling éfartito adcoustt r i b ut
for imperfect species detection, with standardised sampling and occupancy modelling providing

additional insight into (especially) withiregion distributions and dynamics.

For future projections, the Isof populations and consequently genetic diversity was based on a

probability threshold to define butterfly presence or absence. This threshold was based on the
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probability value for English populations, given that this region represented the lowetberbdva

range edge for the study species. However, currently realised and fundamental niche characteristics
may differ among regions (i.e. thresholds may differ), and hence caution should be taken with our
predictions. The difference between using two déifie thresholds (either the lowest elevation versus

a threshold calculated by the Biomod2 program), affects whether or not the entire English and
Apennines regions are lost, and hence there is some uncertainty about the level of genetic diversity at
risk. Nonetheless, the relatively low probability of future persistence in both of these regions suggests
that these populations are at the climatic range limit for the species and therefore at risk. While
regional adaptations may differ, we have no evidendehdgalotypes are individually adaptive to

climate variables and hence we use them as markers of colonisation rather than as adaptive traits. For
the same reason, we did not model the specific niches of individual haplotypes when considering the
potential Liture loss of genetic variation (Breiner, Nobis, Bergamini & Guisan et al., 2018). Future

work could use next generation sequencing to further test our hypotheses; and to model specific

geneticclimatic relationships in the future (see Bay et al., 2018).

Our analyses suggest that entire mountain region
future climatic change, but it is possible that isolated populations could survive in particular
microhabitats, at least temporarily. However, these ilmedlpopulations may not contain all of the
genetic variation currently present in the wider region, and overtime these refugial populations may
gradually lose genetic variation and viability (e.g., through inbreeding), and so they may not persist in
the longer term due to their isolation (metapopulation failure). A variety of processes may lead to the
loss of genetic diversity following isolation, and there can sometimes be a delay in genetic loss
following population declingKadlec, Vrba, Kepka, Schmitg Konvicka, 2010) For example, the

sister species @&. epiphron Erebia orientalis is very localised and currently occurs only in the

Eastern Balkans and is genetically homogeneous, potentially putting it at risk of inbreeding
depression (Hinojosa, Masterio, Escobes, Dinca, & Vila, 2019). Therefore, our model projections
should be seen as representing much leteyen regionakcale expectations, rather than stierm
predictions at the local population or microhabitat scale. We believe that @mlusions about the
longterm (LGM to present) continentatale dynamics d&. epiphronare robust, and that this

knowledge of the past helps frame future risks and provides information for conservation

management.
Longterm survival resulting in unique getic diversity in coehdapted species

SDM outputs provide evidence that our exemplar-aaldpted study species occurred in disjunct
regions throughout the period from the LGM to the present day, based on the distribution of suitable
climate; the genetidata confirm likely separation not only since the LGM, but most probably over

much longer periods and successive glaicirglacial cycles. For mountain species, limited gene
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flow between the disjunctive parts of their range during glacial and intexigissziods results in
divergence and unique haplotypes, unlike lowland European species which colonised northwards
from their glacial refugia, and where large parts of the current geographic ranges often share
haplotypegHewitt, 2004) Only limited areas of postglacial expansions and retractions are evident in
E. epiphron and the British populations would be susceptible to extinction if the climate was to return
to LGM conditions at some time in the future. Similarly, our SDM outpuggest that additional
populations oE. epiphroncould have existed further south in southern Europe at the LGM (Figure
2.2E) but as they no longer exist a northwards translocation of the range might have taken place under
interglacial conditions. If dd-adapted species suchEsepiphrornwere more widespread during

glacial periods, then the current divergence could be associated with subsequent losses of genetic
diversity (e.g., due to selection, or random drift during population bottlenecks), itura & our

analyses to detect localised or rare haplotype variation. However, this alternative hypothesis seems
unlikely because our estimates of times of genetic diverg@hg#ogenetic tree: see Appendix S)1.5
imply that most splits occurred beforeethGM. However, other divergence dates betwieen
epiphronandE. orientalishave been reported (elg53 (+0.65) Mya (Hinojosa et al., 2019)).

However they still reported strong mtDNA divergence and long term sepafidtiorjosa et al.,

2019) and therefe different assumptions of divergence dates do not impact the interpretation of our
results Hence we conclude that populationgeofepiphronsurvived as allopatric populations in

mainland Europe during the LGM, with postglacial colonisations from tteggens into the Massif

Central, Vosges, Scotland and England.

High genetic differentiation is observed among populations of other moutritia species,

supporting the hypothesis that they also survived as allopatric populations dutif@gMh@giaubric

& Schmitt, 2007; Louy, Habel, Abadjiev, et al., 2014; Louy, Habel, Ulrich, & Schmitt, 2014; Martin,
Gilles, Lortscher, & Descimon, 2002; Schmitt et al., 2014; Schmitt, Louy, Zimmermann, & Habel,
2016; Schmitt & Seitz, 2001)L.GM separation of populatiord®gs also been identified in mountain
plants and other invertebrat@ettin, Cornejo, Edwards, & Holderegger, 2007; Huck, Budel, &
Schmitt, 2012; Margraf, Verdon, Rahier, & Naisbit, 2007; Pauls, Lumbsch, & Haase, 2066)
numbers of glaciainterglacialcycles over which populations have remained disjunct remains
unclear, but some studies have indicated divergence dates covering severainggagiaktial cycles

or even predating the Pleistocdhiewitt, 2000) The reality is likely to be more compl®ith areas

of persistent separation, but with occasional links between them (i.e. rare gene flow or brief periods of

connection), as indicated by the distributions and relatedness of haplotypes ir2Bigure
Unique haplotypes in populations derived froanthern cryptic refugia

Following the LGM, the ice retreated in northern Europe and many species colonised northwards, for

example via the land bridge between continental Europe and Britain, which was present until sea level
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rise ~7,000 years before pras€Sturt, Garrow, & Bradley, 2013The locations of southerly glacial
refugia, which are thought to be the main sources of colonisations, have been debated extensively,
with proposed glacial refugia thelberian Peninsula, Italy and the Balkghewitt, 2000) and this

has recently been reinforced in European butterflies (Dapporto et al., 2019). However, there is also
evidence for mare northern cryptic refugia based on fossil, pollen and genetic eyBieks&

Willis, 2008, Provan and Bennet2008; Stewart and Lister, 2001), where species apparently persisted
at higher latitudes in sheltered locations with suitable microclini8tesvart, Lister, Barnes, &

Dalen, 2010)However, most cryptic refugia described to date have been for relativetyadapted
species. Here, we present evidence for the existence of northern cryptic population(s)doiaptd
species during the LGM, based on high unique genetic diversity of the pdesgntepiphron

populations in England, an area that was bénaatice sheet at the LG#ughes et al., 2016The

high genetic uniqueness of populations in England, together with a single shared haplotype with
Scotland/Vosges/Alps (haplotype 8; Figréb), is consistent with northern colonisations from the
Alps, hut distinct separate colonisation of Britain via two routes, although there are alternative
explanations. For example, the 6 unique haplotypes in populations in England might occur elsewhere
but were not detected in this study. Alternatively, the six wnttaplotypes identified in England

could have diverged from the shared haplotype in Scotland, Vosges and Alps populations (haplotype
8; Figure2.1b) since the LGM, although this seems highly unlikely given the short time period for
one to three mutations bccur (Figure.1b). It is possible that these LGM populations were situated
on land that is currently below sea level, at an edge of the glacier, or in sheltered low elevation
microclimates on land. Multiple colonisation events have also been showreimnaxa in the UK
(Piertney et al., 2005and the locations of cryptic refugia during the LGM are assumed to be ice free
areas in southern Englaf@Blocherens, Fogel, Tuross, & Zeder, 1995; Lister, 198#}thern Scotland
(Bennett, 1984and southern &#land (Montgomery et al., 2014). Evidence for cryptic refugia for
insects in Britain also coméiom cold-adapted beetles (see Appendix SBéckland & Buckland,

2006), which currently have mountain or northern distributions in the UK, but were fousubas

fossil remains in southe®ngland 18,0026,000 years BP, providing evidence of ecalthpted

insects surviving in icéree locations in Britain in the LGM. It is, therefore, possible that the current
population ofE. epiphronin England survived elsdwere in Britain during the LGM as populations

which no longer exists.
Future loss of unique genetic diversity in caldlapted species

High levels of genetic diversity are important in relation to the capacity for populations and species to
adapt to changig environmental conditions, including climate cha(@gint et al., 2011; Hoffmann

& Sgro, 2011) Cold-adapted species that have been shaped by diversification across mountain
systems during the Pleistocene contain high levels of genetic diversity igqné populations, and

are under threat from climate warming. Populations with unique genetic diversity may have evolved
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independently to be adapted to their local environr&eeks, Stoklosa, & Hoffmann, 201&hd

thus may be particularly vulnerable to future climatic changes. Our SDMs project loss of suitable

climate forE. epiphronn many locations in Europe, especially in regions with predominantly low

elevation populations and few opportunities to shiftithpo high elevation, which could result in loss

of genetic diversity. However, our projections of range retraction do not take into account any

potential of populations to adapt to warmer temperatarsiu (Franks & Hoffmann, 2012} uture

loss of gaetic diversity has also been predicted in other spégises et al., 2012; Beatty & Provan,

2011; Yannic et al., 2014and rates of loss of genetic diversity in wild populations since the

industrial revolution L ei g h, Hendry, V8 zanwrel2ardrongitentgvithew , & Fr

projections.

Conservation interventions to mitigate climabeven genetic erosion

Conservation management and adaptation could proteecadaloted populations and safeguard

unigue genetic diversity from climate char{iiygawdsley, O'Malley, & QOjima, 20090ptions include
translocation or assisted colonisation to areas that have, or are predicted to have, suitable climate and
habitat in the futuréHoeghGuldberg et al., 2008 ranslocations are a controversial topic thuthe
fear that translocated species may become O6i nvas
including disturbance, disrupting ecological interactions, disease spread, competition and extinctions
(Ricciardi & Simberloff, 2009)However, thers argue that the arrival of new species is typical of
ecosystem changes in the Anthropocene, and that translocations mirror colonisations occurring as a
consequence of current environmental chgiig@mas, 2011)Translocations dE. epiphronand
otherbutterflies into unoccupied but climaticalyitable areas have been succeqsfidek,

Bakesova, Kuras, Benes, & Konvicka, 2003; Willis et al., 2088) coldadapted insects may

represent good targets for translocations given that the climate ity/rdgidriorating for them in

many parts of their range, and they may find it difficult to colonise new areas across inhospitable
landscape$Thomas, 2011)ForE. epiphron our SDMs reveal areas in Scandinavia to be climatically
suitable, although the sges does not occur there, and climate is predicted to increase in suitability in
future in Scandinavia fdE. epiphron(Figure2.3) and for otheErebiaspecieqSettele et al., 2008).
However, although Scandinavia may have suitable climate, it may not have the required hdbitat for
epiphron Local translocations within mountain systems that are currently occupEddpjphron

could also be implemented, for example moving indivisidalareas of colder climate at higher
elevation, or neighbouring mountains which are too isolated for the species to colonise naturally.
However there may be very few areas of unoccupied but climatmailtigble habitats within some
mountain systems ocpied byE. epiphron particularly if the species already occurs at high

elevations in these regions. Future work could include finer scale country specific SDMs with
additional land use and genetic data on habitat availability could be used to locatergretential

translocations.
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As well as translocating individuals to new sites, it might be possible to consider translocating genes

or O0genetic rescued by moving individuals among
unique genetic diveity at risk from local extinction of populations, but might increase the adaptive

capacity of populations by increasing their genetic divesiken & Whitlock, 2013). This could

involve moving warmadapted individuals into cooler populations to incegheir adaptive capacity

as the climate warnm@&Veeks et al., 2011However, moving localkadapted populations may result

in outbreeding depression and maladaptation, negatively impacting popu(sitieeks et al., 2011)

although some genetic rescuesmvientions have resulted in increases in populations, and alleles

associated with local adaptation were not lost following gene flow (Fitzpatrick et al., 2020). Genetic
conservation interventions for insects, and specifically butterflies, has been mgsldyniented,

although increasing habitat connectivity has led to genetic rescue of populations (&hia)j@016)

and genetic data have been used to inform on reintrodu¢bamsa et al., 2018)There is no

evidence of attempted genetic rescue viadi@ations of butterflies, although translocating

individuals is a genetic conservation strategy which may be important in ensuring future survival and
adaptability of populations under climate change. As with translocations, these conservation options

may also be controversial, but could remove the need fayoimg intervention and management at

sites with declining populatior(§Veeks et al., 2011We recommend that before the implementation

of any climate adaptation strategy, populations are closehjtoned to determine if populations are

retracting and likely to become extinct in areas that are becoming too warm for the species. In
addition, individual speciesbd6 assessments are re

and any local addgtion, which would determine the most appropriate conservation strategy.
2.6 Conclusions

The genetic diversification of coaldapted mountain species, as demonstrated in our study dpecies
epiphron has been shaped by Pleistocene glaciations, the lcxafidmngterm survival of

populations, and colonisation patterns after the LGM, resulting in unique genetic diversity in isolated
populations. Mountain and celittlapted species are vulnerable to future climate warming, and we
predictE. epiphronwill lose 38-64% of its range in the future, especially at low elevations. The
unigueness of genetic diversity contained in these populations could be at risk depending on the
severity of future climate change. Conservation strategies such as translocation sotddhen

survival of these colddapted species, but more research is needed on the likely effectiveness of such

approaches.
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Chapter 3: Genetic consequences of poglacial colonisations in

montane species in Britain

3.1 Abstract

1. The consequences of Pleistocene climatic changes andlgcial range expansions and retreats

are reflected in preseday genetic diversity, which will have consequences for species persistence
under future climate change. Caddapted montane spegithat are now restricted to isolated

interglacial refugia are vulnerable to extinction from climate change, and so it is important to examine

demographic history and resulting genetic diversity.

2. Using genomavide SNPs (ddRAD sequencing@tamine thegenetic consequences of pgécial

expansion in a colddapted montane grassland buttefflgebia epiphronwhich colonised Britain

after the Eurasian ice sheet retracted ~10kya an
Lake Districtand 8t | andbs Gr a mpcomparedenetia divarsity, genetid structure,

and connectivity in populations in England and Scotland, and modelled changes in population sizes

over time to understand how pagacial population changes have influenced airgenetic

diversity.

3. My ddRAD data reveal distinct English and Scottish populations, confirming differengjlposl

colonisation routes originating from large (i.e. hi) glaciatmaximum populations in Europe.

Genetic structure and distantee a s ur es show further genetic separ
into east and wegtopulations. English populations harbour 17% less genetic diversity than the larger
Scottish populationgyhich is linked to moreevere bottlenecks in England followipgstglacial

colonisation, as shown by stairway plot analyses. Afterpalsiisation bottlenecks, both

populations experienced population growth in line with Anthropogenic tree clearances, potentially

increasing suitable grassland habitat.

4. My discowery of three genetic populations in Britain reveals the consequences of variation in
prevailing climatic conditions over the last 40ky for current patterns of genetic diversity, and
highlights the importance of conserving genetically distinct populatdygesults may be typical of
other coldadapted species that have undergone population bottlenecks followirgjquiat
colonisations, and reduced genetic diversity may contribute to local extinction of isolated montane

populations under future climatbange.
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3.2 Introduction

Climatic changes over the past 2 million years of the Pleistocene have caused species to shift their
ranges, causing range retractions, expansions and colonisations over time, and resulting in a variety of
characteristic biogegaphic patterns of genetic diversity seen in predagtrangegHewitt, 2000;

Hewitt, 2004; McCallum et al., 2014Varmadapted species typically retracted during glacial

periods and then expanded from low latitude genetically diverse rgigidberia, Apennines,

Balkans in Europe) during warm interglacial perigdswitt, 2000) By contrast, many colddapted
species that currently occur in montane regi@lisen & Tingley, 2015%howed opposite patterns,
expanding to the foothills duringpoler periods and retreating uphill into interglacial refugia as the
climate warmed, resulting in genetic structuring among populations in disjunct montane regions
(Haubrich & Schmitt, 2007; Huck et al., 2012; Louy,ldh Abadjiev, et al., 2014inter et al.,

2020; Schmitt et al., 20067 hus montane species which presently occur in northern latitudes in
Europe represent Holocene pgicial colonisationgCrowley & North, 1991; Hughes et al., 2016)

and the genetic consequences of these Holocene salimms of montane species is important to

guantify to understand historical demographic changes.

In Europe, northern latitudes were covered by ice sheets during the last glacial peridd ~40
thousand years agblughes et al., 201&nd therefore colddated species which currently occur in
these northern areas represent{gatial colonisations from areas of lotegyrm survival. However,
colonisations may arise from Pleistocene popul at
(Stewart & Lister, 201), and so populations of celtlapted species at northern latitudes may contain
unigue genetic diversity no longer present elsewhere in extant popul@hagwvat & Willis, 2008;
Minter et al., 2020; Provan & Bennett, 2008enetic and fossil evidenéar cryptic refugia at

northern latitudes have been found in a number of mam(iMaistgomery, Provan, McCabe, &

Yalden, 2014; Stewart & Lister, 200BmphibiangTeacher, Garner, & Nichols, 200@lants

(Leipold, Tausch, Poschlod, & Reisch, 2017; Stewalister, 2001)and recent evidence in a celd
adapted speciddlinter et al., 202Q)Postglacial colonisations of colddapted species to northern
latitudes may arise from lortgrm or cryptic refugia, and may have caused demographic changes

resulting inaltered genetic diversity of extant populations.

Following colonisations of northern latitudes, populations can undergo demographic changes, the
consequences of which can be found in current genetic diversity. Populations may experience
demographic bottinecks, from an event which drastically reduces the population leading to loss of
genetic diversity{Broquet et al., 2010; Landergott, Holderegger, Kozlowski, & Schneller, 2001; Liu,
Zhang, Wang, & Ma, 202Quch as longlistance colonisation ever(tSompset al., 2001; Holliday et

al., 2010) After colonisation, other genetic changes may occur in populations due to genetic drift or

local adaptation if populations become isolated or s(Ralirier, Coltman, Pelletier, Jorgenson, &
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FestaBianchet, 2019)One populations become isolated, a reduction in gene flow can lead to genetic
isolation, which can be due to the geographic distance between populations or the environment, for
example unsuitable habitat/climate between the populati®mdgon et al., 2014Without gene flow,

small populations could be impacted by inbreeding depression, reducing genetic diversity and the
persistence probabilitfBroquet et al., 2010; Saccheri et al., 1998)s common in montane species

to show genetic isolation between umtains(Monsen & Blouin, 2004; Vel&nton et al., 2013and

thus more at risk of reduced genetic diversity. Genetic diversity is important in wild populations in
determining fitness and ability to adgptoffmann et al., 2017and so it is important to qutify the

genetic consequences of colonisations to inform conservation managemeniadayatied species.

Current anthropogenic climate change has resulted in range retractions-aflaptdd species in
northern montane regions. Cedapted species duas the mountain ringlet butterfirebia
epiphronhave experienced local extinctions at warm low altitude/latitude range margins in Britain
(Franco et al., 2006; Thomas et al., 20@8)d unique genetic diversity could be lost under projected
range retrations under future climate chanfMinter et al., 202Q)Erebia epiphrorpersisted as
disjunct populations in several mountain regions in central Europe during the last glacial, and
colonised Britain via two separate colonisation ro(idisiter et al., 2@0; Schmitt et al., 2006T hese
separate colonisations have resulted in two extant populations in Britain; in the Lake District in
England (from a cryptic refugium, location unknown), and in the Grampian mountains in Scotland
(from a longterm refugium inWestern Alps)YMinter et al., 202Q)English and Scottish populations
are genetically dissimilar implying they may have not interacted for thousands of Méates et al.,
2020) Previous studies have shown genetic divergence between English andh popttitions due
to different source refugia, but it is not clear if differences in genetic diversity also arise from
historical population changes and differentiation within regions following colonisations and

subsequent isolation.

This chapter examindgbe genetic consequences of pgisicial colonisation of Britain b. epiphron

and its subsequent isolation in two interglacial refugia in mountaiorrg@n England and Scotland. |
collectE. epiphronfrom populations in England and Scotland, and wssokkdigest restriction site
associated DNA (ddRAD) sequencing: 1) to examine genetic structure and diversity in England and
Scotland; 2) to quantify genetic connectivity among populations and whether populations are
genetically isolated with respect teagraphic distance and spatial distribution of suitable climate;

and 3) to infer variation in population size over the pasD@0 yearsto explore evidence for

population bottlenecks following colonisation, and associations between population sia¢e eind
grassland habitat availability. Taken together, this information will help to understand the genetic
consequences of past climate variation and-glastial colonisation oE. epiphronin Britain, which

will help to inform the conservation of this species.
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3.3Methods
Field sampling

| sampled mal&. epiphronfrom 19 populations in England and Scotland during summer {Julgg
2018 and 2019 (85 individuals per populain; total = 192ndividuals). Iselected populations from
a wide range of geographic locations, to sample genetic diversity from across the England and
Scotland regions (Figui®1). Butterflies were euthanized in20°C freezer, and their bodies stored
in ethanol at20°C until DNA extraction.
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Figure 3.1: Erebia epiphrorpopulationssampled (red crosses) and British current distribution (blue
circles) in England and Scotland. Elevation (meters above sea level) is shown at 90m x 90m grid
resolution. Populations were sampled (England n = 9, Scotland n =1B50néles per populationj a
sites with elevations between 380 m and 780 m above sea level and annual mean temperatures
between &C and 7.6C. Butterfly distribution data were acquired from the Butterflies for the New
Millennium recording scheme courtesy of Butterfly Conservatiax @ al., 2015). Temperature data
were from http://www.worldclim.org and elevation data were from:

https://data.globalchange.gov/dataset/rerta-90mdigital-elevdion-data

DNA extraction and ddRAD library preparation

| extracted DNA from the thorax of 1® epiphronfrom the 19 populations. The DNA was extracted
from the thorax using the Qiagen Blood and Tissue kit followingthemana t ur er 6 s st andar
protocol.l measured DNA quantity with a Qubit fluorometer and we checked DNA integrity using

agarose gel electrophoresishén created double digest RAD libraries following the prototéla
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https://data.globalchange.gov/dataset/nasa-srtm-90m-digital-elevation-data

Costa & Sorensorf2014) | double digested 500ng DNA per sample udpstj andEcoRIenzymes

(New England Biolabs) at 8 for 18 hours followed by a 20 minute enzyme deactivation‘a.65
barcoded each individual using unique combinations of P2 and P1 adapieesdix S22) with
NEBuffer, rATPand T4 ligase (New England Biolabs), and ligated & 2dr 30 minutes followed

by enzyme deactivation for 20 minutes at@®3 size selected samples with agarose gel
electrophoresis to 36850bp, and DNA extracted with a QIAGEN MiniEt Gel ExtractiorKit. |

then amplified DNA using PCRhichwas conducted with 10ul of gel extracted DNA, forward and
reverse RAD primeréAppendix S23), Phusion higif i del ity PCR master mix (T
using these cycling conditions; 30 seconds d€924 cycleof 10 seconds at 98, 30 seconds of

60°C and 40 seconds at°r2 followed by 5 minutes at 7@. | purified PCR products using AMPure
beads and quantified using gPCR (KAPA Biosystems) and then podefthad concentration of

5nM. | sent ddRAD librarieso Liverpool Centre for Genomic Research (UK) and sequenced on one
lane on the Illlumina NovaSe&P using paireeend2x150bp sequencingthencleaned the raw
sequencing data and removed lllumina adapters using TrimmafBatger, Lohse, & Usadel, 2014)
removed PCR duplicates using Stacks:Clone f{liatchen, Hohenlohe, Bassham, Amores, &
Cresko, 2013)removed the DBR region using CutAdapt (https://doi.org/10.14806/ej.17.1.200), de
multiplexed using Stacks:process radté@atchen et al., 2013)nd aigned to &E. epiphrorreference
genome using gsndjVu & Nacu, 2010)The reference genome wassembled from ~80x coverage
250bp paireebnd lllumina sequence using MaSuRCa. This higtdgmented assembly was

improved using RagTag and the highality clromosomaErebia lygiagenome assembly as a guide.
The final reference guiddsd. erebiagenome assembly was 421Mb long, and had the following
Lepidopteran BUSCO score (C:94.7%][S:94.2%,D:0.5%)],F:1.6%,M:3.7%,n:5286). On average, 98%
of ddRAD reads mapped this assembly, and ~90% of ddRAD reads were properly paired.

Genetic structure and diversity between regions

In order to understand the differences in genetic diversity between the English and Scottish regions,
and populatin structure within regions,extracted single nucleotide polymorphisms (SNPs), which
were identified and individuals were genotyped using Stacks:gstacks soffveachen et al., 2013)
which built 44, 544 SNPSNPs were then filtered using bcftools
(https://github.com/samtools/bcftisd selecting SNPs with: two alleles, a minimum depth of
coverage of 5 (number of reads which align), a minimum genotype quality of 30, and at least two
copies of the minor allele (i.e. excluding singleton SNPs which have a higher likelihood of being
gerotyping errors) across samplésw coverage individuals were also removafter filtering, this
provided a final set of 17, 488 SNffem 185 individualsvhich were used for further genetic
analyses(See Appendix S2.1 for population level informationsamples)In order to quantify

genetic divesity in England and Scotlandused Stacks: populations softw@@atchen et al., 2013)

to create summary statistics of genetic diversit
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each of the 19 pulations(Appendix S2.1)In order to quantify the genetic structwof populations

in Britain, | created a Principal Components Analysis (PCA) of genetic structure usind@fiakg

etal, 2015 nd a structure plot of fuxtocielEARpackpgeopor t i or
(Frichot & Francois, 2015)

Genetic connectivity with distance and climate availability

To quantify genetic connectivity among populations within the England and Scotland régions,
calculated paiwise genetic differentiatior=¢r) between populations using Stacks:Populations
software(Catchen et al., 2013) calculated meandr for each population using the mean of all pair

wise Fstvalues which included the focal populatibriested whether paivise genetic connectivity

amang populations in England and Scotland was best predicted by geographic or environmental
(climate) distance between populatiohsalculated geographic distance between populations using

the proximity tool in ArcGIS Prd. calculated environmental distance as the {east distance using

a gridded map of climate suitability created using a species distribution model implemented with land
cover. To do thisl downloaded current (19YR2000) climate data from WorldClim
(http//www.worldclim.org/) at a resolution of 30 arc seconds (~1km grid cell resolution) and
extracted climate data (mean temperature and precipitation of summer and winter) for each of the 19
populations] created a species distribution modelEorepiphronusing methods described in

Chapter AMinter et al., 202Q)and applied to Britain using 1km species distribution data (Butterflies
for the New Millennium recording scheme courtesy of Butterfly Conservation (Fox et al., 2015)) and
1km climate data. The metiwas used to project current climate suitability (probability scorei0.01
0.96) and combined with land ude. Epiphronhabitat is acid grassland, score = 1, any other lasel

score = 0) and inverted into a friction layer using ArcGIS Pro-\Wiaie lkeast cost distances were
calculated between populations using SDMtooltBrown, Bennett, & French, 2017Vhese pai

wise least cost distances represent the distances between populations according to suitable climate and
availability of acid grassland hiit, creating a measure of environmemtiatance between

populations. used Mantel tests to examine associations between genetic distance, geographic

distance, and environmental distance.
Inferring historical population sizes

To estimate populationzé (N;) over the past0,000years, i.e. a period spanning the last glacial
maximum and posglacial colonisations of England and Scotlancteated SNP frequency spectra
(SFS) using vcf2sfs software to infer historical population chafigesFerchaudGronkjaer,
Nygaard, & Hansen, 2018)created stairway plots, which infer demographic histories using SNP
frequency, using Stairway Plot vXlliu & Fu, 2020)with SFS, and using the mutation rate of
Heliconius melpomenef 2.9 x 10°(Keightley et al. 2015)and a length of sequencing data of
8,196,096 base pairs. This length was calculated using number of loci (44,544) in the filtered
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sequencing data multiplied by the mean length (bp) of site per loci (184 bp). Separate stairway plots

were created fowestern Lake District, eastern Lake Distactd Scotland becausépopulation

structure | downloaded high resolution climate record for the northern hemisphere, the ratio of stable
isotopes oxygeri8 andoxygeri 6 (018 0O0) over the perAndecenetdald kya un
2004)and compared variation in climate with changeg.iepiptlion population sizes from stairway

plots, to explore associations between climate fluctuations and effective breeding pophNissore(

over time.E. epiphronis dependent on open grassland habitat,| @b examined associations

between population zés ofE. epiphronand historic tree clearing in Britain since the LGM using tree

cover information (% of grid square with tree cover) from 12 kya to present
(https://doi.org/10.1594/PANGAEA.886656 (Zanon et al., 2))18t 5 arc minutes resolution (~ 8

kmx 8 km).| used these data to calculate average annual tree cover (%) for England and Scotland and
plotted this information with populationsizdf and cl i mate (0180B., to inf

epiphronpopulation size during pasflacial colonisatin of Britain.
3.4Results
Genetic structure and diversity of populations

The output of the PCA revealed that the 19 populatiaasnpled are split into three genetic groups in
Britain: east and west Lake District in England, and Scotland (F&yePC1 explained 18.3% of

the variation in the data and separated Scotland and England populations, while and PC2 explained
8.96 % of variation and separated the eastern and western Lake District populations3.Efgure

This genetic separation into #& groups is also shown in the ancestry proportions, which splits the

genetic data into three groups based on similar genetic variants and therefore ancestrg.2Bjure
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Figure 3.2: My ddRAD data split Britishe. epiphronpopulations into three genetic structures. A)

PCA of SNP data explains 27.26% of the genetic variation. Data points are plotted by region (east
Lake District = circles, west Lake District = squares, Scotland = triangles) and the 19 populations we
sampledare represented by different colours (see Figure 1 for map of locations). B) Structure plot
showing proportions of inferred ancestry, grouped by similar genetic variants into three genetic
clusters (genetic clusters denoted by white, grey and black)dbrafdhe 192 individualsanalysed,
grouped by region.

English populations harbour ~17% less genetic varia@hsérved bterozygosity) than in Scotland
(ANOVA of mean population genetic diversity by region (England versus Scotlrd)32.7,p <
0.0Q1) (Figure3.3). | found similar results for lower nucleotide diversity (Pi) in Englafe (151.3,p
< 0.001).
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Figure 3.3: Genetic variation between the three genetic clusters, showing that English populations
contain significantly less genetic vari@tithan Scotland. A) Observed Heterozygosity and B)
Nucleotide diversity (Pi).

Genetic isolation is influenced by distance and environment

| found that paiwise population genetic distances{Fwas positively associated with geographic
distance, with populations further apart geographically more genetically dissimilar, a pattern found in
both England and Scotland (Mantel test: Engldhd:0.76,p = 0.003, Scotland? = 0.85,p = 0.001,
Figure3.4A). Genetic distance was also positively associated with environmental distance (Mantel
test: EnglandR = 0.78,p = 0.001, Scotland? = 0.83,p = 0.001, Figure3.4B). However both

geographic and environmental distance were positively correlated (MesiteEnglandR = 0.95,p =

0.001, ScotlandRr = 0.93,p = 0.001). Overall, the slope of genetic distance with geographic distance
is steeper in England than in Scotland (FigdA-B), indicating more reduced gene flow among

populations within Englanthan Scotland.
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Figure 3.4: Pairwise genetic distance {5 between populations within England and Scotland. A)

Genetic distance is positively associated with A) geographic distance (km) (Erglafd76,p =

0.003, Scotland? = 0.85,p = 0.001),and B) environmental distance using climate suitability and

land use corridors in England (grey circles) and Scotland (black triangles) (ErgRid78,p =

0.001, Scotland® = 0.83,p = 0.001).

Population declines following poegtacial colonisation

During the last glacial maximum (~21kya), both Engfisipulationsand Scottish populations of the
cold-adapted butterfly had their largest effective population sies]100,000 (Figur&.5B), which

then declined in size from about ~11kya onwards, whemlobal climate began to warm (Figure

3.5A). Tree cover also increased in Britain (Figure 5C) during this period after the ice sheet retracted,
reducing suitable breeding habitat for the butterfly. These decreases in breeding population size were
apparetly more severe ibothEngiish populationswhich experienced longer and more severe
bottenecks, reducingl. to ~5,000 (Figur&.5B), with the eastern population declines occurred over a
much longer period (~11 to 2 kya).H&teasin Scotland a single itbeneck reduced Ne to ~20,000

Ne. The lowNc in all regions in the earlynid Holocene ~% kya was then followed by increases in
population size betweeni45 kya(for Scotland and England west) an@ Rya for England east
associated with loss of treever at this time (Figurgd.5B-C) and thus availability of more open

habitats suitable fdE. epiphronbreeding. However, these population increases did not result in
English populations returning to their Ht&M sizes, whereas Scottish populations dpesp to

recover, and population size of Scottish populatidis=(~80,000) has been about twice that of
England(N. = 40,000) for the last ~6 kya (FiguBbB). Hence both regions suffered population
bottlenecks following posglacial colonisation, with @wre severe population size declines in England

whichis linked to thdower genetic diversity currently present in this region (Figli8g
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Figure 3.5: E. epiphrorpopulation sizeNe) over the last 40,000 years plotted with information on

climate fluctuations and tree cover. A) Climate fluctuations of the oxygen isotopic composition of the

ice (U180) from the NGRIP ice c@mdesefieta.n200445kya t
B) Stairway plot showing median effective population si¥g ¢f westEngland [ight blue line) east

England (dark blue linegnd Scotland (red line) predicted from ~40kya to 50 years before present.

Stairway plots for west and east sudgions of Engind show the same patterns, andim#ppendix

S24. C) Mean tree cover (%) (Zanon et al., 200®r England (blue line) and Scotland (red line)

from 12kya until 50 years before present.
3.5Discussion

My findings confirm that presemtay populations of the coladapted butterflfe. epiphrorapparently
colonised Britain via at least two different routes from LGM lafg@ $ource populations in Europe.
Following colonisation of Britainmy stairway plots sow that population bottlenecks occurred in

both populations during the Holocene, but that the bottleneck was much more severe in England. This
severe bottleneck in Englaigllinked to thdower genetic diversity that is currently present in

England. Afte these bottlenecks, populations in both regions increased associated withdraw

during the earhmid Holocene, but the population size has generally been lower in England than

Scotland for the last 6,000 years until very recemtéiso find thagenetic distance between present
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populations is associated with geographic distance, with isolation more severe in England separating
east and western Lake District populations.

Genetic differences in British E. epiphron

Both mitochondrial DNA haplotygs andny ddRAD data show genetic separation of English and
Scottish regiongMinter et al., 2020however mydata further reveals genetic separation of English
populations into west and east populatidvig.results based on ddRAdata also show higher genetic
diversity in Scottish populations than in English populations, although previous studies reveal more
unique mitochondrial DNA haplotypes in English populati(Mster et al., 202Q)The presence of
unigue haplotypes in Engid suggest colonisation from an extinct source refugium (cryptic
refugium), whereas Scottish populations have fewer haplotypes, which are shared with populations in
locations that were LGM refuges in the Vosges mountains (France) and WestefWiftes € al.,

2020) Therefore, haplotype diversity reveals information about longer term divergence between
England and Scotland and unique linages, and ddRAD data in this study reveal lower diversity in
England. These differences could arise if English popriatoriginated from cryptic refugia with

lower diversity, however our stair plot analyses suggest that the English populations may have lost

more variation since colonisation during the Holocene compared with Scotland.
Genetic isolation is associated Wwitjeographic and environmental distance

My finding of two genetic populations in England may be a result of reduced gene flow and isolation
following colonisation of the Lake DistricPfiylogenetic treeAppendix S25), as found in other
isolated montanpopulations of coléadapted species with restricted gene f{@avage, Fremier, &
Shaffer, 2010; Valbuerdrena et al., 2018)he east and west populations in the Lake District are
separated by a low elevation valley (Figarg), which may be a barrieo tispersal. Previous studies
have shown that areas of unsuitable climate can result in genetic isolation of pop(liog®t al.,
2019; Sexton et al., 2014)hich could be likely irE. epiphronif does not disperse across low
elevation warm areas.dbhitats of EuropeaR. epiphronare uniform and isolated, which benefits
within habitat movement but means that dispersal between populations is highly uiikely,

Benes, Fric, & Konvicka, 2003 his lack of dispersal between populations is probiabtiiee English
populations resulting in genetic isolation which could have negative impacts on these populations.
Genetic isolation can result in increased risk of inbreeding as shdarelin orientalis(Hinojosa,
Monasterio, Escobes, Dinca, & Vila, 20Mhich may impact the persistence of these species,
especially with additional risks such as climate change. It has been shBwepiphronand other

British northern butterflies, that recent climate change has caused populations declines, retracting
their range uphill or nortfFranco et al., 2006)Jnder future projected climate changeepiphrons
predicted to experience declines across its range along with other montane(tpeSmse & Jetz,

2010; Minter et al., 2020Anthropogenic climate @nge induced isolation . epiphronand other
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montane species could increase in the future with negative genetic consequences such as inbreeding

impacting the persistence of these species.
Population declines of colddapted species following pegfiacia colonisation

My demographic analyses show that during the LGM, population siZzesepiphronwere at their
highest levelsNe: ~100,000). This higiNe during the last glacial suggests that populations of this
cold-adapted species flourished at that time, and that more areas had suitable climate resulting in
larger population sizes during the LGM than currently. Many-eolalpted species survived the LGM
at the foothills of their current ranges in Eurd@pettin, Cornejo, Edwards, & Holderegger, 2007;
Huck et al., 2012; Louy, Habel, Abadjie\,a., 2014 Minter et al., 2020; Schmitt et al., 2014,
Schmitt et al., 2008)here population sizes may have beeuch larger than currently, but
subsequently retracting uphill climate warmed. Our study provides some of the first demographic
information about a colddapted species during the LGM and gylatial colonisation of northern
latitudes, providing evidercof large population sizes during the LGM. This is in contrast to warm
adapted species which may have undergone population declines during the LGM, followed by
population increases during pagéacial range expansioiibnai et al., 2021; Liu et al., 202Ma et

al., 202). Following the LGM,E. epiphroncolonised Britain along at least two separate routes
(Minter et al., 2020and during this time, ak. epiphronpopulations experienced population declines
from ~10 kya which coincides with the retractiointhe Eurasian ice sheet from Britain ~11 kya
(Hughes et al., 2016Postglacial population declines and reduction in genetic diversity has also been
found following a founder event in the ceddlapted Muskox on its way to Greenlghtdnsen et al.,
2018) however our study is the first evidence of population declines in a montane species during

postglacial colonisation.
Population growth with Holocene tree clearances

| show that from ~5kya onwardg, epiphronpopulations increased in size coincidinghwthe

reduction in tree cover that occurred during the NeolifBamon, Davis, Marquer, Brewer, & Kaplan,
2018&)). E. epiphronis a species dflardusdominated grasslan@&wing et al., 2020and during the

time of population declines, Britain was mainige-coveredZanon et al., 2018 with only the

highest elevation areas above the tree line appropriate habiEatdpiphron The Mesolithie

Neolithic agricultural transition around 6 kya involved land clearance, burning and deforestation for
grazing(Woodbridge et al., 2014yvhich may have provided suitable breeding habitaEfor

epiphron together with the development of blanket bogs throughout the Holocene, which may also
have contributed to increased landscape operfrgss et al., 2013; Tippind2008) Hence, tree

clearing and sheep grazing may have increased the availability of suitable halkitagggrhron

which is supported by evidence tlatepiphrons associated with sheep grazing on upland sites in

the presentlay. Moreover, sheep avadbrdus strictathe main larval host plant &. epiphronput
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graze other grass species, thereby increasing the abunddhce ofe p i fpold plamt(Goast,

Torvdl, Sim, Small, & Armstrong, 1996)n addition, sheep grazing maintains short, sparse grass
swards which is preferred by etaying femalegEwing et al., 2020)Thus this suggests that
Anthropogenic tree clearances may have created more favourablé, fsloiéng for E. epiphron
population increases during the Holocene.

3.6 Conclusions and conservation implications

I have shown th&E. epiphronhad larger source population sizes during the LGM, but underwent
population bottlenecks during pegiacial olonisation of Britain as the climate warmed. Gold

adapted species suchBsepiphronpersisted during previous warm irdgacial periods, but are now
experiencing Anthropogenic warming that threatens their persistence. Although English populations
of E. epiphronpopulations harbour less genetic diversity than Scotland, they support unique
haplotypes that are at risk from future warm{iinter et al., 202Q)and so these populations need to

be prioritised for conservation management. Our results shawatlipopulations in England, and

both east and west populations need protecting to capture both genetic linages. In order to conserve
these species, conservation management options could include translocations of individuals to more
suitable climatéThomas, 2011)or moving genes to increase genetic diversity via genetic rescue
(Weeks et al., 2011Populations could also be assigned as Gene Conservation Units (GCUSs), to
protect and potentially monitor genetic diversity in assigned dkiaser et al., D21). Habitat
management in sites could also be implemented to increase variation in microdlEwdgteset al.,

2020) allowing for areas of cool microclimates. Conservation management will be appropriate to
ensure the persistencemf epiphrorand othe cold-adapted species at risk under future climate

change.
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Chapter 4: Smaller montane butterflies at warm range boundaries may

affect persistence under future climate change

4.1 Abstract

1. Intraspecific variation in insect size is related to temperature during development, and may affect
the persistence of populations under future climate change if small individuals have reduced fitness.
Montane species are particularly vulnerable tmatiedriven local extinctions at their warm range
margins, and sbexamined spatial and temporal variation in body size in the butterlyia

epiphronin the UK, where it is restricted to two montane regions in England and Scotland.

2.1 sampled 19 populations-( individuals per population) spanning elevations from 330 m,
and also examined museum specimens collected between 1890 anded@®fined variation in
body size (between and within populations) between England and Sgattahtested whether body
size is related to local temperature of sites, and temporal variation in temperature during larval

development over the last century.

3. Adult body size (forewing length) of individuals in England were on aver&§é $maller tan in
Scotland (e.g. field material, England, mean = 14.9 mm, Scotland, mean = 15.9 mm), and warmer
sites also had smaller individuals (wing size decreasing by 0.2mni@énctease in local site mean
temperature However, Ifound no differences in bodsize variation (coefficient of variation) among

populations, and no effect of temperature during larval development over time.

4. | found thatkE. epiphronwere smaller in England, and at warm range edge populations. The
implications of size variationatenc | ear , but an ability for speci e:
temperatures may support shifts frorgear to annual life cycles. However, if smaller individuals

have lower fitness, then climate change impacts on body size may contribute to local extictions

warm sites in future.
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4.2 Introduction

Cold-adapted montane insect species are predicted to be at risk from future climate(Rhateyest

al., 2020) and local extinctions have already been documented at warm tedigegrange margins
dueto recent climate chandgEranco et al., 2006 hese coléhdapted insects are restricted to
mountain ecosystems with limited opportunities to shift their ranges into new climato#typle

areas, and so deteriorating climate conditions within therentirange makes them extremely
vulnerable to local extinctior&lsen & Tingley, 2015)Montane species experience heterogeneity in
local climate conditions within their ranges due to variation in altitude and latitude, which is likely to
result in vari#ion in traits, such as body size, that are influenced by tempef&unter et al., 2019)
Variation in these traits may have implications for the persistence of local populations under future

warming, and so are important to study.

Body size in ectothenic species shows variation along gradients in latitude and altitude, and can be
influenced by temperature. Warmer temperatures can result in smaller body size, known as the

0t e mp esri azteuAtkimsbne 1®94)which can reduce fecundity and dispergamaller

individuals have reduced flight abilifzao et al., 2016; Lopez et al., 201d)d smaller individuals

may be less able to colonise new environm@dik et al., 1999) Therefore, it is important to

guantify body size variation in montane species, and to determine if individuals in warredagge
populations are smaller, which could have implications on their fithess and persistence under future

climate change.

In this study,] examine the Mountain Ringlet butterfirebia epiphron(Knoch, 1783) which in

Britain occurs in two discrete mountain regions: the Lake District in England and the Scottish
highlands (Figurd.l). Populations in the two regions are geneticabgichilar, due to different post
glacial colonisation routes of Brita{Minter et al., 202Q)Current populations also differ in local
temperature conditions due to variation in latitude and altitude of populations in different regions,
which will have inpacts on their future persisten@dinter et al., 202Q)In this study] compare body

size (measured as forewing length) in England and Scotland, and examine variation in body size
within and among populations in relation to local temperature of siéds0 use museum material to
examine variation in body size over ~100 years of temporal variation in temperature during butterfly
development. Using fid-caught and museum materiatest: (1) whether warmer regions (i.e.

England) and populations in watow-elevation range boundaries have smaller individuals; (2)
whether over the past century, smaller individuals emerge in years with warmer temperatures, and (3)
whether withirpopulation variation in size differs among regions, indicating potential eliféas in

plasticity.
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4.3 Methods
Study area and sampling of field material

| collected malde. epiphronindividuals from 19 populations in England and Scotlanti36nales per
population)during summer 2018 and 2019. Populations were selected to mapaese range of
local elevation and temperature gradients (Figut® E. epiphronindividuals were frozen, and then
the wings removed and electronically scanned with a scale bar.

Scotland ﬁiﬁbﬂ\e‘e’s Elevation (meters above sea level)
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Figure 4.1: E. epiphronsample populations 100m x 100m grid square (red crosses) focdiatht
material, and current distribution at 1km x 1km grid square resolution (blue circles) in England and
Scotland. Elevation data at 90m x 90m grid (meters above sea level) are b plopulations

were sampled (England n = 9 populations, Scotland n =-1B6,rales per population) at elevations
between 380 m and 780 m above sea level, corresponding to average mean annual temperature
between &C and 7.6C. Butterfly distribution dat were acquired by the Butterflies for the New
Millennium recording scheme courtesy of Butterfly Conservation (Fox et al., 2015). Elevation data

were acquired fromhttps://data.globalchange.gov/dataset/ras@90m-digital-elevationdata

Museum material

| acquired fmotographs of museum specimens from the online data fuittad://data.nhm.ac.uk/

from the Natural History Musum, London (2014) and downloaded for measurenheetected
specimens based the year of collection, and up to 5 male specimens were measured every year with

specimengollectedbetween 1890 to 1987 (England n = 127 individuals, Scotland n = 100).
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Measuing size

All wing scans/photos (field and museum material) included a scaleraasured forewing length,

which is a widely accepted proxy for body s{Beehm et al., 2019; Graca et al., 201&)pened the

i mages on I mage J software (https://imagej.nih.gdg
draw a line between the cell base and v10 wing masgjims Appendix S3.1)The length of the line

was our measure of forewing length, andwaeasured in pixels and then converted into millimetres

using the scale bar. Only relatively undamaged wings where all veins and cell bases were visible were

used for measurements. We measured both left and right forewings, and calculated the avénage leng

of the two forewings for each individual. To account for measurement error, 10 individuals were

selected at random and forewing length was measured 3 ticasulated the differences between

repeated measurements, and found the rate of error wasmQa8m so our methods were robust for

detecting differences among populations that we report.
Climate data

| analysed spatial variation in temperature at field location as mean annual temperature, and temporal
variation in temperature for museum mateaisltemperature during larval development. In order to

guantify temperature &. epiphronfield locations,| downloaded mean annual temperature data

(197G-2000) PC) fromhttp://worldclim.orgat a resolution of 30 sends (~1 km grid). For analyses
of museum specimens, we downloaded historical climatic data from the MetOffice UK climate series

(https://www.metoffice.gov.uk/resedniclimate/mapsand data/about/archiveésas UK average

monthly temperatures at regional resolution (region data: North England and Scotland) from 1880 to
1987.1 computed mean temperatuP€) during larval development (i.e. average monthly mean
temperaturdor five months of larval development; AuglsSeptember in the previous year and

Marchi May in the year of collection).used regional resolution temperature data for analyses of

museum material due to lack of more fiseale specific locality infornieon on specimen labels.
Statistical analysis

In order to test for regional differences in forewing length in the field and museunt ds¢al, twe
sample ttests, comparing data from England versus Scotlagxhmined effects of annual

temperature on forewing length in the field data using a GLM, with forewing length as the response
variable, with region (England or Scotland) and annual mean temperature of sample sites (N = 19
sites) as predictor$.created &5LM for the museum data, with forewing length as the response
variable, and larval development temperature of England and Scotland as the predictor Variable.
calculated the coefficient of variation for forewing length in field data as a measure of withi
population wing size variation, ahdested for differences in wing size variation between England
and Scotland populations by analysing the coefficient of variation in wing size using a two sample t

test.
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4 4 Results

| found that the forewing lengtlug field-collected individuals from English populations (mean =
14.9+ 0.05 mm) were ~7% smaller than individuals from Scotland (mean = 15.9+ 0.05 mm; Figure
4.2A) (T-test: Toa7.7y=-15, P < 0.001***).This finding was supported by museum material, which
also showed that specimens from English populations (mean = 14.8+ 0.08 mm) were ~8% smaller
than individuals from Scottish populations (mean = 16.2+ 0.09 maggT To12.4= -11.4, P<

0.001) (Figured.2B). From field datal also found that smallendividuals occur at warm low

elevation range edge populatiofis<(117.5, R = 0.48,P < 0.001), with wing size decreasing by 0.2
mm per 2C increase in annual metamperatureAppendix S3.2Figure4.2C). However) found no
change in body size over the past century in museum material; there was no effect of annual
temperature during larval development on body size, and region (i.e. England or Scotland) was the
only the significant predictor of body siz€ € 66.6, R = 0.36,P < 0.001, Figurg.2D), (Appendix

S3.2. | found there were also no differences in the coefficient of variation in forewing length
between England and Scotlandt€st: Ti26 = 0.2, P = 0.84), suggesting similar levels of within

population &e variation.
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Figure 4.2: Forewing mean length variation shows a relationship with region and temperature in field
and museum material. A) Boxplot showing English populations have smaller forewing size than
Scottish populations in modern specimes (0.001**), B) and museum specimerd €

0.001**). C) Forewing mean length shows a negative relationship with annual mean temperature
(°C) in modern specimen® € 0.01*). D) Forewing mean length shows a+sagnificant relationship

with mean temperatumuring active larval period®C) in museum specimenB € 0.11).

4 5Discussion

| find that EnglishE. epiphronare smaller than Scottish individuals, and that the smallest individuals
are found at the lowest elevation. Herlcepnclude that some variation in body size that we observe
is associated with temperatuMy findings are consistent with other Lepidoptera which are smaller at
lower altitudes/latitudegBrehm et al., 2019; Tayle€Cox et al., 2020although this is notlaays the
case(Gunter et al., 2019; Shrestha et al., 20ZBere was no relationship between development
temperature and size, whereas some insect species have smaller wings under warmer seasonal
temperature$Wonglersak, Fenberg, Langdon, Brooks, & Bri2020) This could be due to the

coarse resolution of yearly climate and location information on museum specimens, and individuals
may be more susceptible to finer scale changes in development tempéraioelo not find any
differences in withirpopulation variation, suggesting similar levels of plasticity across Britain, and

could imply that the warm range edge does not have limited plasticity.

The mechanism of this size difference is unclear but could be caused by a combination of
environmental ath genetic factors. The English and Scottish populations are genetically distinct and
have not interacted for thousands of years since before thglpowtl colonisation of BritaiiMinter

et al., 2020)and these genetic differences and separate cdlionisastory of Britain could be

associated with the morphological differences in body size we currently observe between the two
regions. There may also be reduced predation at higher elevations/latitudes, allowing for larger body
size to evolve in thesegeas (Brehm et al., 2019). These regional differences may also reflect
environmental variation in local resource availabi{inedaMunoz, Evans, & Alroy, 2016(e.qg.

smaller individuals from areas which contained-guality food plant§Dempster, King& Lakhani,

1976), as well as regional variation in direct and indirect impacts of temperature variation.

The smaller body sizdsobserved in populations at warm range margins may be caused by the direct
impact of warmer ambient temperature, resultinfagter insect developme¢itkinson, 1994) Small

body size may also be a result of temperature impacts on voltinism. Some insect species have variable
life-cycles, which depend on temperat(iMacgregor et al., 2019For example, some species in

Britain have annual life cycles in the south, butear life cycles in cooler northern ard&empe,

Wrightham, Trust, & Heritage, 2006 hese 2year life cycles may allow longer feeding and

development times during cooler conditions, which result in largey $iaé compared with annual

60



life cycles(Everall, Johnson, Wilby, & Bennett, 201%) has been suggested tkatepiphromrmay
have a biennial cycle in Scotland, based on breeding information in captithigeler, 1982)which
is observed in othderebiabutterflies in EuropéKleckova, Vrba, & Konvicka, 2015 Confirming
whether Scottisl. epiphrorare larger as a result ofy2ar life cycles would require further study
and rearing in captivity.

The implications of this size variation is complex anidé& wuncl ear how this O6shri
the ability of populations to persist under environmental and climate change. The body sizes of other
species have 6shrunkd i n(Gardner Petarss kearriey Josephc& nt ¢ | i n
Heinsohn, 201; Wu et al., 2019)which could be due to shifting to annual life cycles in response to

warmer temperatures, resulting in smaller ¢izeerall et al., 2015)Hence some species with flexible

voltinism may benefit from warmer temperatures by developirgutih more generations each year

and achieving higher local abundan@éacgregor et al., 2019¢ven if this results in smaller size. In

the absence of any change in voltinism, smaller individuals may be due to direct effects of

temperature on developmeattes, and/or poorer quality larval host plants in warmer conditions,

leading to smaller individual@tkinson, 1994; Beerli, Bartschi, Ballesterbkejia, Kitching, & Beck,

2019; PinedaMunoz et al., 2016)in this case, smaller body sizes could be detrimental for

populations if they reduce fecundity, as smaller female insects have been shown to lay fewer eggs

(Gao et al., 2016xnd are associated with decreased flight alflliopez et al., 2014 Yyesulthg in

reduced ability to colonise sites through metgulation dynamic processg@sill et al., 1999; Taylor

Cox et al., 2020)Larger sized individuals, in contrast, may be more able to buffer against harsher
environments and may be more resilient tovstion and desiccatiofAshton, 2002; Cushman,

Lawton, & Manly, 1993) While there are some potential implications of body size variation, not all

species will respond the same to temperature changes, with the relative influences of local

environmental andenetic effects impacting how different species respond, and the consequences.
4.6 Conclusions

To conclude) find that EnglishE. epiphronare smaller than Scottish individuals, which is associated

with temperature differences between regions, and diffgrostglacial histories of colonisatioi.

also find smaller individuals at warmer sites. The mechanism for this is unclear, but could be due to
differences in lifecycle length in response to local climate conditions, and/or other direct
environmentalmpacts on development rates resulting in smaller individuals in these populations.

How this O0shrinkaged may i mpact the abililty for
found no change in withipopulation variation, implying plasticityas not reduced at warmer sites,

and so populations may have the capacity to O6shr

is unclear whether this shrinkage is beneficial (e.g. responding to warmer temperatures by developing
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through more genetians per year) or detrimental, if it leads to reduced fecundity, dispersal and
temperature buffering ability.
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Chapter5:Ex pl oring the potential for 06Gene

conserve genetic diversity in wild populations

5.1 Abstract

1. Genetic diversity is important for species persistence and Gene Conservation Units (GCUs)
have been implemented for forest trees to protect genetic diversity and evolutionary processes
in situ. The Convention on Biological Diversity stipulates finetection of genetic diversity
as an Aichi target, and so we explore the potential for @GWUs implemented more widely.

2. Our global systematic review showed that GCUs are currently implemented primarily for
plant species of economic importance (108/$pecies studied), but a questionnaire sent to
land managers and conservationists (60 UK participants) revealed strong support for fully
integrating genetic information into conservation management (90% agree), and for creating

GCuUs for other plant and anal taxa.

3. Using four case studies of UK species of conservation importance which vary in genetic
threat and population dynamics (two insect species, a fungus and a plant), we highlight that
GCU implementation criteria need to be flexible to accountdoiation in effective breeding
population size and geographic extent of target species. The wider uptake of GCUs would
ensure that threatened genetic diversity is protected and support evolutionary processes that

aid adaptation to changing environments.
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5.2 Introduction

Intra-specific genetic diversity is key in providing populations with the capacity to adapt to changing
environmental conditions and to challenges from novel pests and difeasest & Schluter, 2008;

Hoffmann & Sgro, 2011)Genetic diversity may be neutral (no effect on fitness) or adaptive

(Holderegger, Kamm, & Gugerli, 20Q0@ndloss of genetic diversity can lead to lower fitn@Reed

& Frankham, 2003)changes to physiolodyRo e | k e, Mar t en s,am higiekloa@®sé Br i e n,
of pathogens and infectious diseaf@snningham et al., 2008y herefore, conserving genetic

diversity is important for mitigating biodiversity lo§Reed & Frankham, 20038nd enabling species

to respond to changing environmefifgernberg etl., 2018) Despite its importance, conservation of

genetic diversity, and hence local adaptation, is rarely included in policy and conservation
managemeniLaikre, 2010) However, under the Convention of Biological Diversity (CBD),

maintenance of geneti@riation is an Aichi target (target 18BD, 2011) A recent analysis showed

that although many CBD country reports mentioned maintaining genetic variation, this mainly

focused on agricultural or forestry species, and used pring¢idjtuapproaches tgenetic

conservation (Hoban et a021), such as captive breeding and seed bdbksituapproaches are

usually implemented as a last resort, and only c
(Koskela et al., 2013)hus, more attention @enetic conservation in wild species is needed,
especially given pr o-p0@Gbmdiversitafragenwdristo haintain geleficd s po st
diversity within wild species (Hoban et al., 2020).

To meet these CBD targetn,situ conservation approachesust be designed to maintain genetic
variation. For example, conserving populations deemed to be Evolutionary Significant Units (ESUS)
(de Guia & Saitoh, 2007%.g. Coho salmo®ncorhynchus kisutcfiNational Marines Fisheries

Service, 2012), implementirgenetic rescue and translocations to increase genetic diversity in
populationgFredrickson et al., 2007; Johnson et al., 2010; Whiteley, Fitzpatrick, Funk, & Tallmon,
2015)or improving connectivity (i.e. dispersal and gene flow) between populatiangjoo, Matter,
Roland, & Keyghobadi, 2016Jhese methods aim to conserve distinct populaiiosgu (ESU) or to
increase genetic diversity in small wild populations. There are also methods that specifically use
genetic data to prioritise objectives famservation management such as to prioritise connectivity or
evolutionary potential (Nielsen et al., 202®). situ conservation through Gene Conservation Units
(GCUs) focuses on managing for genetic diversity in wild populations within defined areasdMax
Hawkes, Forek | oyd, & Wil liams, 2000). 6Dynamic gene co
maintaining and managing populations in their natural habitats to allow adaptation to environmental
changes through natural selection. By designating Gi2iusss the ecological range of a species, and
managing these sites to allow reproduction and dynamic evolution, the GCUs conserve the adaptive
genetic variation within species, and allow ongoing evolution and change. GCUs are novel in their

emphasis on @ouraging natural genetic adaptation, allowing populations in the wild to persist and

64



adapt to future change, this dynamic process is particularly important in environments that are
undergoing change. For current GCUSs for trees, specific criteria areigoheding the population
size and geographic size, to allow for dynamic gene conservation through natural regeneration
(Koskela et al., 2013However, this operationalization may not be applicable to other taxa and in
different habitats.

In this policy gerspective paper, we discuss current global applicationsifu genetic conservation

management techniquesnsidering whether the GCU approach could be effective for conserving
evolutionary potential in a wide range of other takée review current iplementation of GCUs and

use a structured questionnaire to ca&oneemnisgs conser
adopting a system of GCUs to protect biodiversity. We then test whether existing methods for

voluntary accreditation of GCUs for & Koskela et al., 2013re appropriate for application to

other taxagnd recommend alterations to these methods, illustrating these recommendafimns for

case study specieBrgbia epiphron(butterfly), Bombudistinguendugbee),Campanula rotunddlia

(plant) andHypocreopsis rhododendfiungus). Ourpaper focuses on the UK, but the policy

recommendations we develop are relevant for creating GCU networks across Europe and beyond.
5.3 Current implementation of GCUs and otherin situ genetic conservation techniques

Firstly, we aimed to gain a better understanding of the taxa that are currently the focus of GCUs
globally (we refer to any areas managed for genetic conservation as GCUs) aiil sitber

conservation programmes includitygpes of species and their sc@oonomic importance. Our
literature review included published papers and
We extracted information on the focal species,ith&tu genetic conservation method applied, and

the reason for conservation action (economic or conservation importance) (see more information in
Appendix S4.1 We found genetic conservation implemented in 158 species, mostly trees and other
plants Appendix S4.2 The most common programme was essabhent of a GCU (72.8%),

followed by assigning an ESU (without official ratification; 15.8%), and genetic rescue by
translocation (8.9%), captive breeding (1.9%) or habitat connectivity (083pehdix S4.2 GCUs

were selected to protect genetic researaf economically important plant species including about

100 tree species, and 10 species of crop wild relatigsegndix S4.2, such as citrus, wheat, maize

and chilli. The European Forest Genetic Resources Programme (EUFORGEN) (www.euforgen.org)
promdes conservation of genetic resources through éepanpean strategy for the establishmait

GCUs Koskela et al., 2013), resulting aver 3,200 GCUs harbouring more than 4,000 populations

of about 100 tree species. A subsample of these form a corerketiich aims to capture current

genetic diversity across Europe for a number of forest tree species by representing populations from
different local climate and environmental conditions. Therefore, GCUs have been successfully used to

protect genetic divsity in mainly economically important plant species in the wild. The proposed
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future CBD targets focus on protecting genetic diversity within all wild species (Hoban et al., 2020),
making it vital to explore the potential to extend the GCU approach ¢o plint and animal taxa.

5.4 Exploring the scope for implementing GCUs more widely as a technique to conserve genetic

diversity

We used a structured questionnaire to canvass CGC
concerning adopting a system of GCdptotect biodiversity. We want this GCU method to be
something that is edeveloped with stakeholders so that it is something that practitioners and land
managers are willing to sign up for, and therefore any concerns and benefits were important for us to
understand. Our experience suggests thatdegelopment approach is likely to appeal to land
managers as it gives them greater ownership of t
responses from 60 UK participants including researchers (26%jpowsrnmental organisations

(33%), private land managers (7%), governmentfagpartmental public bodies (24%) and others

(4%) (Appendix S4.3). Responses provided information on current genetic practises and support for
developing GCUs for species conseiwa, including opinions on perceived risks, benefits and

feasibility of GCUs (see methods in Appendix S4.1). This information provided insight into the scope
for GCU implementation, and whether existing methods could be applied to other species. Genetic
conservation is valued in the UK (Appendix S4.4, S4.5, S4.6)masitli genetic conservation

management has focused on plant species (Figure 5.1B, 5.1C), confirming the findings from our
literature review. Most organisations surveyed do not have a gepaservation policy (Appendix

S4.5) although many participants considered that genetic information should be more integrated into
conservation in the future (Figure 5.1A). The main perceived barriers to implementing genetic
conservatioomanagement are laci specific knowledge and financial constraints (FightieD).

These hamper progress, despite support for integrating genetic information into conservation
management in the UK. Therefore, there is merit in exploring the feasibility of extending GCW polic

to include all species so that, when accompanied by simple guidelines, GCUs may serve as a genetic

conservation technique which could be implemented by land managers.
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Figure 5.1: Currentin situ genetic conservation implemented by conservationists and land managers
A) Opinions of current and future implementation of genetic conservation, responses to statements
were collected in a Likert scale, B) Types and frequency of genetic conservation manage

currently implemented, C) Type and frequency of taxa included in genetic conservation management

and D) Perceived barriers to implementing genetic conservation management.

Conservationists and landowners listed several perceived benefits of GClte §2d\, 5.1B). The

most frequently mentioned was maintaining genetic diversity and adaptability of populations,
allowing them to persist and continue to adapt in response to environmental changes and other
challenges. The most frequently cited benebisldndowners related to financial gains (e.g. benefits

to economically exploited species, attracting public funding), prestige and pride that land managers
experienced when conserving their land for species resilience, and wider conservation benefits (e.g
increasing connectivity, GCUs acting as gene banks). The role of GCUs in raising awareness of the
importance of species conservation was often mentioned as a general benefits or a benefit to
landowners, with a recognition that more awareness and engatgamide importance of genetic
diversity and adaptability could promote genetic conservation activities in the future. Respondents
also suggested several potential risks of designating populations as GCUs§R@)encluding
neglecting noftarget speies, overlooking populations outside of the GCU and negative genetic
consequences, including inbreeding. There were mainly positive responses regarding the potential to
recognise GCUs for more mobile target species such as large mammals, insects §Rd)brals

5.2D). Respondents considered that to make them applicable to more mobile species, GCU

boundaries should be flexible, accounting for dispersal distances, with adaptable criteria to suit

67



speciesd characteristi cs icalgcaldh Amther gpprcermuwasithat on s i z e
future climate change may displace populations uphill or to more northern latitudes (i.e. poleward),
and that GCUs may need to move with them.
PP e SRS Raise awareness I 1?) Could GCUS be us:ed
for more mobile species?
Recognises good practise & wider conservation benefits — IEE——— 8
Encourage active management M
Provide area for research =
Protection from external and genetic threats —IEEE————————
Protection of locally adapted/endemic/refugia populations IEE————
Protecting species and ecosystem funtion IEE—
Maintaining genetic diversity/adaptability/evolutiorn i —
0 5 10 15 20 25 30
B) Benefits of GCUs to BPositive B@Negative
Landowners ONeutral
Wider conservation benefits I ———
Tourism boost .
Raise awareness I
Help to provde clear management aims, status and recognition —m——
Increases longevity of activities by retaining biodiversity —m——
Contributiuon to biodiversity targets E) Do you think GCUs
Financial insentive S — management plans would
Pride and demonstration of best practisc — EEE————— conflict with existing
management plans?
5 10 135 20 25 30
C) Risks of GCUs
Preserving small & fragmented populations
Restriction of genetic rescue translocations —m—
Require long-term commitment — m—
Difficult to determine GCU guidelines —m—
Negative genetic impacts
Draws resources away from other actions ——
Less attention to populations outside of the GCU  m———— BYes BPossibly
Risk of overlooking non-target specics —— @No ODon't know
5 10 15 20 25 30
Number of respondents
Figure 5.2: Questionnaire responses of 60 conservationists and land enanadest the feasibility,
risks and benefits of extending the GCU concept to other species, (open ended answers grouped into
broad categories) A) Perceived benefits of GCUs, B) Perceived benefits of GCUs specifically to land
managers, C) Perceived risklsGCUs, D) Perceived feasibility of extending GCUs to include more
mobile species E) Perceived conflicts of GCU management plans with existing management plans
There were mixed responses regarding the potential for GCU management to conflict with current
management actions (FigusE). While some stated that the GCU would enhance the existing
management plans, others stated that there could be conflicts if the area was not already managed for
the conservation of the focal species. Other conflicts ramshaded concerns that current
management plans might fail to recognise genetic diversity and evolutionary processes, for example if
6pure bredd conservation measures are in force e
responses expressedcoar n f or Okeeping things apartoé rather

the area. However, although one objective of GCUSs for trees is to protect adaptive traits, other

objectives are to encourage dynamic gene conservation, through natural protessesay involve
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mixing and connectingp habitats. Similarly, a new objective for GCUs for other taxa may be to

increase genetic diversity, thereby introducing new genes through captive breeding or translocations

from elsewhere. Most respondents whosevels s wer e grouped i nto 6yesd
advice to reduce these potential conflicts, including having flexible criteria, and working alongside

land managers to fully integrate the GCU management plan into existing plans. Some respondents

also &pressed concern for yet another system of registering sites of high conservation interest, and
suggested that instead of a standalone scheme, GCUs could be integrated with current practises.

Therefore, responses indicate general support from conseilsttiand land managers for the GCU
approach for other taxa, as well as raising some concerns. To address these concerns, we propose a
flexible approach, including voluntary certification (not statuary designation) with simple

standardised selection criterihat can be adapted for each target species or group of target species.
This would allow GCU boundaries to move, for example if populations are displaced uphill or
northwards under future climate change. To explore how GCU criteria may need to bd taikrit

particular species, we consider four exemplar case study species.
5.5 Developing GCU guidance to protect a wide range of species: four case study species

EUFORGEN has developed minimum criteria for registering populations as GCUs on the publicly
available EUFGIS database (Koskela et al. 2013). GCUs for forest tree species must have a
management plan, at least one target species, with a breeding population of at leastjibal(or

scattered tree population®) 500(standforming conifer or bradleaf specieshdividuals. To explore

the feasibility of developing GCUs for species other than forest trees, we selected four species to act
as test cases and developed criteria specific to each. These case study species differ in their level of
geneticrisk and population dynamics, but are all of conservation importance in the UK &l’Bble

These differences between species highlighted the need to retain certain criteria and to revise or

introduce others.
Deciding on the effective population size ®£U

The minimum size of a genetically viable population (or breeding population) is defihar=a500

where the goal is to maintain loterm evolutionary potential in a population (Franklin, 1980), and

this is incorporated into the GCU forest guidedinie protect genetic diversity and ensure continued
evolutionary pocesses (Koskela et al. 20187 Neof 500 is also suggested for any initiative for the
conservation of genetic diversity in wild populations (Hoban et al., 20@®an be inferred frorhc

which represents a population census, aNe af 500 roughly equates to &t of 5,000, however

there is variation in this ratio amomgorNcaxa (Hob
for inclusion in a GCU would be difficult to put infzactice as these numbers will vary considerably

among taxa. For example, breeding populations may represent individuals, however, in eusocial

species such as bumblebees, each nest represents one breeding unit. In practice identifying 5,000
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individuals inan area would be unrealistic for many species. Thus, rather than providingesoset
Ncvalue, we suggest that the population size threshold for inclusion in a GCU needs to be taxon
specific and calculated using information on the species biology.

Recommended GCU criteria appropriate for each case study species
Bombus distinguendus

The number of great yellow bumblebBembus distinguenduseeding colonies among different

sites across its distribution range fromil@3, with a mean of 25 (Charma®ears, Green, & Bourke,
2010). The population density of the great yellmmnblebee is 19.3 nests perwh suitable habitat
(Charman et al., 2010). Gene flow occurs within Scottish island gréypse(dix S4.7A, but little

occurs between them (Charmetral., 2010), therefore it would be appropriate to designate a GCU for
each island group (Orkney, Outer Hebrides, Inner Hebrides) and the mainland population. Therefore,
GCUs could be designated to incorporate the total area of occupied suitable(hatitat) in the

islands and mainland group, with conservation management to increase gene flow within each group.
Erebia epiphron

The mountain ringlet butterfliygrebia epiphron (UK distribution: Appendix S4.7Boccurs in

discrete colonies where they doeally abundant, but with little dispersal between populations (Czech
populations; Kuras, Benes, Fric, & Konvicka, 2003). Desighated GCUs should include the entire
metapopulation (e.g. Eastern Lake District, England or Ben Lawers, Scotland) and shtaild co

suitable upland habitat, with appropriate grazing regimes (Ewing et al., 2020).
Hypocreopsis rhododendri

HazelglovesHypocreopsis rhododendfiUK distribution: Appendix S4.7Cis a parasitic ascomycete

fungus which requires abundant host populaion t he wood de dPseydochapte 6 gl ue f 1
corrugata(Grundy, Woodward, Genney, & Taylor, 201Zhe number of breeding individuals is

unknown but the presence of the host fungus may be used as an effective proxy to indicate the

population numberfor he parasit e. Further understanding of
demographic and genetic data for the host fungus, are required before GCU design can be considered.

This case study species highlight gtotddsignGCosp or t anc
Campanula rotundifolia

HarebellsCampanula rotundifoliare widespread but declining (UK distributidgkppendix S4.7D
and form four cytotypes (differences in the number of sets of chromosomes), three of which occur in
the UK: tetaploid pentaploid and hexaplo{llVilson et al., 2020)GCUs could be created in different

areas of the range to incorporate different cytoty@esotundifoliais locally common in talherb
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grassland habita{Stevens, Wilson, & McAllister, 2012¥0 wesuggest a GCU area which

incorporates the entire occupied grassland in a particular site.

Table 5.1: Case study species of UK conservation importance used to create selection criteria for

GCU. The four case study species vary in genetic risk, popul@itaimics and taxa to understand

whether criteria can be designed for different species of varying genetic importance. GCU criteria is

suggested for all species, with Hazelgloves requiring more dapioigrdata to determine GCU

criteria References: Mauain ringlet:Franco et al., (2006Minter et al., (2020Hazelgloves:
Grundy et al., (2012)%Great yellow bumblebe€harman et al., (2010Harebell:Stevens, Wilson, &
McAllister (2012), Wilson et al., (2020). Genetic risk derived from Hollingsworth. e(2020).

Species & genetic risk

UK population
threats

Contribution of UK
population to species
diversity

Genetic risks

GCU selection criteria

Mountain ringlet Erebia epiphron:

Moderate

[~ ]
i

’ 5
Hazel gloves Hypocreopsis
Rhododendri: Negligible
b o\ W

Great yellow bumblebee Bombus

distinguendus: Serious

Harebell or Scottish bluebell

Campanula rotundifolia: Moderate

Climate change

Heavy grazing
Habitat change
Invasive spp

Habitat loss
Climate change

Habitat loss
(through
agricultural
intensification &
woodland
regeneration)

¢ High unique genetic diversity
in England
*  Low elevation range edge

. Bottleneck in Scottish
populations

. Source populations in N
America higher genetic
diversity

¢  Scotland holds last remaining
genetic diversity from UK

L UK contains three cytotypes:
tetaploid, pentaploid and
hexaploid

* Risk of loss of English
genetic diversity

* No evidence of adaptive
variation

« Little risk as Scottish
genetic diversity is a subset
found elsewhere

* Genetic diversity already
lost due to declines
* Low genetic diversity

* Potential hybridisation with
non-native genotypes

* Declines in Scotland would
impact hexaploid cytotype

Area to include
metapopulation

GCUs to capture unique
genetic diversity in
England/allowing natural
adaptation to climate change

Area = could not be
determined
More data required

Area to include total area of
suitable habitat

GCUs in within each island
group and mainland

Area to include the entire
grassland habitat

GCUs across the different
cytotypes
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5.6 Management recommendations

Considerabléime and thought have been invested in developing the concept of GAbsifior

conservation of forest tree species and here we explore the support for, and the feasibility of, using

this approach across a wider range of species as a means of achie\@®jx Aichi target of

maintaining genetic variation. Our study suggests that GCUs could conserve genetic diversity in a

wide range of target species and we present guidelines for the minimum qualification criteria that

must be met for GCU certification{®51) . As such GCUs coul d be cl ass
based conservation measur es 6 ( (DEitdddssérvatiomaf eas t hat
biodiversity outside of protected areas (CBD, 2018).

Box 5.1Gene Conservation Urgtiteriafor terrestrial species
Criterion A:At least 1 target species must be included in the GCU
Multiple target species can be included if they meet species criteria

Criterion B: Conservation objective

Bi) To maintain genetic diversity

Bii) To conserve adaptive or other traits in distinct population
Biii) To increase genetic diversity (with additional methods e.g. captive breeding or translocs

Criterion C: Popilation size
Breeding population should be tailored to species specific requirements and depending on
distribution (Criterion D) and biological characteristics

Criterion D: Distribution

Di) Distinct or local

Dii) Metapopulation

Diii) Continuous distribution

Criterion E: Land area
Land area must contain the appropriate breeding populations of target species and appropr
habitat cover

Criterion F Managementobjectives

Fi)Maintaining genetic diversity must be key management goal

Fii) Ehsure continued existence of target species

Fiii) Create favourable conditions and actions to mitigate genetic threats for target species
through habitat management

Criterion G: Monitoring
Gi)Field surveys are aertaken to monitor population sizef target species
Gii)Field visits to ensure favourable conditions for target species are maintained

Criterion H: Database
GCU must be listed on a publicly accessible database which has clear definitions of the dati
ensure consistency.
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Some GCU criteria used for forest treemmin appropriate for GCUs for other taxa (Bak,

Criterion A, B, F & G) (Koskela et al. 2013). However, other criteria must be tailored to particular

species (Bo%.1, Criterion C, D & E). Firstly, the breeding population size (Ne) of the target species

must be calculated specissp eci fi cally, and it is not appropri a
for multiple taxa (Bo5.1, Criterion C). Secondly, the land area of a GCU should be inferred by the

space required to support a minimum breeding @djmur, and will differ depending on the target
species® mobil ity and>5.ldCrienoek).sTheldistribhtianrofthe breedings t i ¢ s
population for inclusion in the GCUs will depend on the species distribution type (distinct or local,
metapopulation or continuously distributed) (B4, Criterion D), which can be identified on the

basis of genetic, demographic or ecoregion data. GCUs for species with continuous populations can

be identified using ecoregions (different climatic zoneshdle data could be used to identify

genetic diversity 6hotspotsd, or to select popul
evolutionary potential (see Nielsen et al., 2020). As with GCUs for forest trees, those for other taxa

will not be statutory designations and therefore there will be flexibility as long as the minimum viable

population is maintained.

The operationalization of a GCU for trees is to encourage dynamic gene conservation by recognising
appropriate breeding populatioimsa geographic area to manage these populations to promote regular
cycles of natural regeneration to occur. For other taxa, the operationalization of GCUs must similarly
promote the occurrence of natural regeneration or reproduction. This will be adiiexegh

conservation management actions listed in the management plan that promote persistence of the focal
species, and mitigate genetic threats. Depending on the conservation objective of the GEW, (Box
Criterion B), this may for example involve cawting up habitats to increase gene flow, or

translocating individuals (genetic rescue) into the GCU to increase genetic diversity. Genetic and
population monitoring of focal populations would also be appropriate to ensure sufficient population

sizes for eproduction and healthy genetic diversity.

Although we have described some enthusiasm for the efficacy and feasibility of the GCU system for
multiple taxa, alternatives to this method were suggested by some respondents to our questionnaire.
Some individua stated that rather than a statone scheme, the GCU objectives could instead be
integrated into existing land protection methods. However, a caveat to this suggestion is that GCUs
would be a voluntary certification, allowing more land owners and ceaisen bodies to register

their land if it meets the GCU general criteria.

We have highlighted how existing methods for GCU designation could be altered for other taxa,
however deciding which taxa should be the focus of a GCU is something which needsrtiodoe
explored, and is beyond the scope of this paper. Whether GCUs could be used for multiple taxa or

may be more speciepecific, along with the types of species to include, are all issues which need to
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be further discussed with stakeholders. Speamiesitisation tools could be used, such as selecting
species based on their seeiconomic and/or cultural value (Hollingsworth et al., 2020) or combining
criteria based on species value, management costs, and threat status (Joseph et al., 2009).

5.7 Conclusions and next steps

There is a need to develop a systemiriagitu genetic conservation. By building on the GCU

approach successfully applied to trees in Europe, it will be possible to develop a system that is low
cost to participants and that can coexist with current management practices, and one that aligns with
propoe d expansion of-basetddecors$éevcat Od8).&mkrms ur es 6
managers to register sites as GCUs, funds are required to establish and maintain an international
database, such as EUFGIS for tree species, where common critexpbed for the listing of GCUs

of a given species and the same descriptors are used to characterise the selected populations. These
data could then be used to select populations to establish a core network of GCUs for each species
that would capture thewkrsity across its distribution range. Additionally, further investigation into

the application of GCUs for other taxa requires additional discussion about how to prioritise species
for GCUs, for which we have set up a Gene Conservation Unit working,gmtaxilitate discussion

and make key decisions on taking this approach forward to implement the fitseaddCU.
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Chapter 6: General Discussion
6.1 Abstract

The resultpresented in this thesis have increased our understanding of how cliimaterdnge

shifts influence the genetic diversity of caldapted species. My key findings include, that: 1) unique
genetic diversity, shaped by Pleistocene range shifts, is at risk of being lost under future climate
change; 2) in Britain, English popuilats contain smaller individuals, lower genetic diversity and

many populations are predicted to be lost under future climate chasmgk (@pulations), whilst

Scottish populations contain larger individuals, higher genetic diversity and are predjotesigo

(genetic refugia); and 3) Gene Conservation Units (GCHlIS)be a used to conserve genetic diversity

of threatened species in the wild. Galdapted species are at risk from future climate change, with at
risk populations and genes isolated tortfmintain tops. In this Chapter, | discuss conservation
management practices for montane species, such as translocating unique populations or specific
genes, and explore knowledge gaps for implementing these actions. There are likely to be changes in
uplard communities as a consequence of population declines and extinctions in maagaquiketl

species, but uplands will also be refuges for species to expand into from the lowlands. My thesis
explored how changes from the past can influence the presentuaedmmcollections provide a

valuable resource of knowledge of the past, leading to better understanding of morphology, plasticity
and genetic changes over time. Overall, my findings reveal how knowledge of past distributions of
species, and their response<limate change is key to projecting how biodiversity, including genetic

diversity, may change in future.
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6.2 Summary of thesis findings

My thesis examined genetic diversityBfepiphronacross Europe, in order to understand the
consequences of climatiiven postglacial range shifts. | had three objectives to my project: 1) to
examine how past and future climaneluced range shifts influence the patterns of genetic diversity in

a coldadapted species in Europe; 2) to examine the genetic and morphological consequences of post
glacial colonisation of Britain by a coladapted species; and 3) to explore whether Gene

Conservation Units (GCUs) could be implemented more widely to safeguastioggéiversity in wild
populations. Here, | review the key findings from each chapter in more detail, and then go on to
discuss some wider issues emerging from my findings, including conservation management options,

the future of upland biodiversity, amauseum collections to expand this research.

Chapter 2: Past, current and potential future

adapted mountain butterfly

In this chapter] examined how past climativen range shifts have shaped curgeiterns of

genetic diversity oE. epiphronin Britain, and whether this genetic diversity is at risk of being lost
under future climate changeused mtDNA sequencing to map the current distribution of genetic
diversity of E. epiphronacross mountain gions in Europgand used species distribution modelling

to project current, past, and future distributions of the spadigspecific objectives were to:

1) Identify glacial refugia folE. epiphronin Europe and source populations of pgisicial
colonisatons of Britain;

2) Identify genetic haplotype diversity across populations in mountain regions in continental
Europe and Britain;

3) Examine potential loss of genetic diversity under future climate change scenarios.

| found unigue genetic diversity and regioridomg-term climatic suitability in southern Europe,
suggesting tha. epiphronpersisted in disjunct populations during the last glacial cycle (or possibly
longer) in mountain regions, which provided letegm refugia. These disjunct populations may have
expanded downhill to the foothills of their mountain systems during glacial periods, retracting uphill
as the climate warmed. This lack of gene flow between mountain systems meant that these
populations diverged, resulting in haplotypes unique to speeijions. This haplotype unigueness of
populations arising from loRterm separation is evident in sevegagébiaspecies of butterflies in
Europe, and likely to occur in other ceddlapted species. | find that Scottish populations have shared
haplotypes \th the Vosges and western Alps mountains, suggesting a likehglaasal colonisation
route from these sources. English populations in contrast, contain a large number of unique
haplotypes not found elsewhere in Europe, suggesting separate colommt&tiain via another

route, from a source population that is no longer extant (i.e. originating from a cryptic refugium). My

SDM models do not identify areas in northern Europe or Britain which could have acted as areas of
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genetic refugia, but other sied have identified cryptic refugia in northern Europe and Britain. For
example, sulfossil remains of beetles which currently have montane/northern distributions in Britain
were found south of the ice sheet during the last glacialEargiphroncould dso have occurred in

the past in northern cryptic refugia. To understand more about the consequences of separate
colonisations of Britain, in Chapter 3, | examine genetic differences between English and Scottish
populations in more detail with ddRAD datmd in Chapter 4, | examine morphological differences
betweerEnglish and Scottish populatioimsrelation to local temperature. Results from Chapter 2

reveal that under besind worstcase future climate change scenarios, | predi€i438 loss oE.

epiphrorb s Eur opean r ang e -12unigue hapletypes bding & sk &t loss snder o 1
+1 °C (bestcase)and+2-3 °C (worstcase)increasesn temperatureMany other coleadapted

montane species are at risk from climate change, and theralsoaye a high risk of loss of genetic
diversity in these species too. Based on these findings, in this Chapter, | discuss conservation options

for cold-adapted montane speci@luding translocations of populations and genes.
Chapter 3:Geneticconsequences of pegliacial colonisations in montane species in Britain

Findings from the previous Chapter 2 revealed genetic differentiation between English and Scottish
populations and tha&t. epiphroncolonised Britain via two separate routes afterdlseglacial

maximum. In Chapter 3,dxamine the genetic consequencethese separafmstglacial

colonisatios of Britain byE. epiphronand its subsequent isolation in two interglacial refugia in
mountainregions in England and Scotland. | used ABRsequencing to examine genetic differences

in diversity and isolation between the two regions, and modelled changespiphrornpopulation

sizes during posglacial colonisations, and evidence of population bottlenecks. My objectives were

to:

1) Examinegenetic structure and diversity in England and Scotland;

2) Quantify genetic connectivity among populations and regions, and the extent to which
populations are genetically isolated with respect to geographic and environmental
distance;

3) Infer variation in population size over the past 40,000 years, to explore evidence for

population bottlenecks following pegtacial colonisation of Britain.

The ddRAD sequencing supports the findings from Chapter 2, confirming that English and Scottish
populations colonised Britain from different source refugia, which supported very large populations
(Ne) during the LGM. My study provides some of the first evidence of large population sizes of a
cold-adapted species during the last glacial, with my stjiranalyses suggesting populations
experienced bottlenecks during pgticial colonisation of Britain, with more severe and prolonged
bottlenecks in England. Subsequent population increases may be associated with Neolithic tree

clearing during the Holocen which would have increased openness and provided suitable habitat for
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E. epiphron Current populations contain 17% less genetic diversity in England than Scotland, with
English populations suffering a more severe historical population bottleneckgealedefrom the

stairway plot analyses, and it can take many generations to recover from severe genetic bottleneck. In
addition to genetic separation between English and Scottish regions, the ddRAD analyses revealed
further genetic separation of populasdangland into east and west Lake District populations. These
results imply further isolation between these two areas of the Lake District, and lack of gene flow
across valleys. | find that genetic distance between populations is related to the didtaeer be
populations in terms of geographic distance and spatial distribution of climatically suitable areas. This
isolation between mountains in the same region may be typical of otheadagitied species with

limited dispersal and barriers to gene flonnfronhospitable warm valleys. | conclude that

conservation efforts should be focused enisli¢ English populations, to conserve genetic diversity

and promote gene flow where appropriate.

Chapter 4:Smaller montane butterflies at warm range boundaries aiffagt persistence under future

climate change

The previous Chapters highlight separatejptstial colonisation of England and Scotland and so |
examined differences in morphology between these two regions, related to differences in temperature.
Using field-collected material and museum specimémseasured variation ibnody size oE.

epiphronin relation to temperature, testing whether individuals from wagitesand regionsand

those emerging in warmer years are smalgr specific objectives werto:

1) Examine body size variation in populationgofepiphronin England and Scotland in
relation to temperature;

2) Examine body size variation in museum specimens over ~100 years in relation to
temperature;

3) Examine differences in withipopulation bodysize variation among regions, to identify

differences in plasticity.

| found that Engliste. epiphronare 78% smaller than Scottish individuasofound smaller

individuals at warm low elevation range edge populations, with the smallest individuals found at the
lowest elevation site in England, but no change in body size of museum material over time. | also
found similar levels of withispopulationvariation in size among sites, suggesting similar levels of
plasticity across Britain. Variation in size could be due to genetic differences and separate
colonisation history (Chapter 2 and 3) or the effects of local temperature on development, with
warmertemperatures resulting in faster development and smaller adult body size. The size differences
could also reflect differences in voltinism between England and Scotland. It has been suggested than
E. epiphronin Scotland may have a twear life cycle, sinfar to otherErebiabutterflies in Europe,

which would result in longer periods of larval feeding, and therefore larger adults. It is unclear what

78



the consequences of size difference could mean in the context of persistence of populations under
climate clange. For example, shrinkage couldoeaeficialif by responding to warmer temperatures

E. epiphroncandevelop through more generations per ya@at increase abundance. Alternatively,
shrinkage could bdetrimental, if it leads to reduced fecundity, disgal and temperature buffering
ability.

Chapter5Ex pl oring the potential for 06Gene Conservat
wild populationg CASE placement with NatureScot)

My findings from Chapter 2 indicate that there is a substantiabfitoss of unique haplotypes under
climate change. In order to safeguard genetic diversity in wild populatiosisy methods of genetic
conservation are needed and €xaminedhe current exterdgf Gene Conservation Unit&CUS and
other genetic agservation techniqueand whether GCUs could be implemented more wittely
protect genetic diversitin situin a wider range of animal and plaspiecies. My specific objectives

were to:

1) Review the current implementation of GCUs and other geoetiservation techniques
using a systematic literature review;

2) Use a structured questionnaire to canvass ¢
for adopting a system of GCUs in Britain;

3) Test whether existing methods for voluntary accreditation of &foltrees are

appropriate for application to other taxa, using case study species.

My literature review and gquestionnaire revealed that the most common form of genetic conservation
management was GCUs, but GCUs were focused on conserving plant gesgesiitydiincluding

forestry trees and wild relatives of crop species. Thus, genetic conservation has been more focused on
species of economic importance and less on species for conservation value. My questionnaire
revealed that land managers and consamitis considered that genetic information should be better
integrated into conservation in the future. There were mainly positive responses regarding the
potential to recognise GCUs for more mobile species, but that GCU criteria would needto be co
desigred with respect to the focal species being protected. Using four case study species (great yellow
bumblebedBombudistinguendusmountain ringlekE. epiphron hazelgloves fungudypocreopsis
rhododendriand harebell€ampanula rotundifoli | explored tie feasibility of developing GCUs

for these species and developed criteria for each. | found that some GCU criteria need revising to be
applicable to noiplant species, and | created management recommendations to reflect this. These
revisions included condération of the breeding population siiE) and the land area required to

support a breeding population, and key decisions about species prioritisation and application must be

developed with key stakeholders.
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Overall, my thesis reveals that rargigfts by species in the Pleistocene shaped current patterns of
genetic diversity, resulting in unique genetic diversity in isolated populations which may be at risk in
the future. | find that in Britain, English populations are predicted to be moiskgChaper 2), have
lower genetic diversity (Chapter 3), and contain smaller individuals (Chapter 4). In contrast, Scottish
populations are predicted to be likely to persist in future (Chapter 2), have higher genetic diversity
(Chapter 3), and contain larger inigiuals (Chapter 4), and so these represent potential genetic
refugia. My thesis highlights the future range shifts of @udpted species and the need to conserve
biodiversity in the uplands. In this Chapter, | discuss the conservation options thabeould
appropriate for colhdapted species, including conservation management of current populations, as
well as translocations of populations and genes, and knowledge gaps for their implementation. |
discuss the future of the uplands, and changes in upladiversity through range shifts, both
colonisations and extinctions, and changing land management practices. My thesis shows how the
past is important for predicting the future, and so | discuss how museum collections could expand our

knowledge of biodiersity changes over time.
6.3 Conservation ofE. epiphronand other cold-adapted species

| find thatE. epiphronpopulations were larger during the last glacial, suggesting that colder climates
at the last glacial maximum were more suitable for the speaiesother coldidapted species may

have thrived at this time. Currentlyg, epiphronand other coléhdapted species are restricted to
interglacial cold refugimn mountain tops, and dispersal prevented by warm valleys form a barrier to
movement among mountain regions. Conservation therefore needs to focus on preventing local
extinctions as well as translocating populations to new cooler locations that thet rziinally

disperse to. Here, | discuss conservation management options that could be appropriate for cold

adapted species restricted to mountain tops.
In-situ habitat management

My projections of range retractions and genetic losses under projeaieg dlinate change are based

on a bestase and worsease climate scenarios, representifidG and+2-3 °C increase in average
temperatures. If temperature increases are kept to a minimunin tsiihabitat management could

be implemented in order &itempt to slow down population declines of ealthpted species. In

upland areas, habitat management could increase microclimate vari@égnwood, Mossman,

Suggitt, Curtis, & Maclean, 2016providing cooler microhabita{Suggitt et al., 2011through
manipulation of the vegetation structure and sward height. This could be achieved through
afforestation and reducing grazing of livestock, and ensuring protection offaontly areas

(Greenwood et al., 2016) rees can create cooler areas, and remuat grazing would allow for

variation in sward heights, and presence of scrubs would create shaded areas (Natural England and

RSPB, 2019). Thesa situmethods may slow down population declines in @ddpted species and
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are also relatively lowisk drategies to implement as they do not involve moving populations, but
may not be a successful letgrm solution. Given worsease climate scenarios for warming, more

drastic methods may need to be implemented to enable the persistenceanfaqitet spees.
Translocations and assisted colonisations

Lack of gene flow between mountain regions results in unique haplotypes and linages, which are at
risk from future climate change. This loss could be through extinctions of unique populations on
isolated mountain tops e.gGrebia pandrose sevoendisthe ApenninegSistri et al, 2021, or

through inbreeding in very small populations, &€gebia orientalis(Hinojosa et al., 2019 herefore,

to conserve specific population linages and uniqueness, translocations could be an effective
conservation strategyranslocations involve moving individuals to areas wiziod currently

unoccupied, bubave suitable climate and habitat but are beyond the reach of dispersing individuals
(HoeghGuldberg et al., 2008 here are only a few instances of success tranglosadh the wild

(Cizek et al., 2003; Willis et al., 20Q9)ut may be the best option for ensuring the persistence of

cold-adapted species.

Translocations OE. epiphroncould involve moving individuals from aisk English populations into

new cooler aas in Britain which are climatically suitable. Translocations of this kind are associated

with a number of risks, suchasineppeci fi ¢ competition with dédnative
introducing diseases, and harming source populations by redueingigte (IUCN/SSC, 2013). At

ri sk populations may be uni quel(@amgal®8ipibdad t o t hei
Emonds, Mace, & Wayne, 2008hd sacouldhave reduced fitness in new sites. However, if unique

genetic diversity imonadaptive, esulting fromrandom genetic driftiue to isolatior{Weeks et al.,

2016) then translocations could have negative genetic effects if it incrieksesding in small

isolated populationsT o reduce this risk, translocating individuals from multiple sopopilations

would be beneficial IUCN/SSC, 2013). Ensuring that translocations are into locations with suitable

climate and habitat is vital, and large founder populations to ensure genetic diversity and future

persistence.
Translocations for reinforcemén

In contrast to translocating populations to newognupied areas, individuals and their genes can be
translocated to reinforce current populations. The aim of this may be to increase genetic diversity,
known as genetic resci¢/hiteley et al., 2015)r to increase adaptability to climate chaifdéeeks

et al., 2011)Genetic rescue involves translocating individuals apopulation with low genetic
diversity in order to increase genetic diversity. For exaniplepiphronindividuals from Scottish
populations could be translocated into English populations to increase genetic diveradglition to
translocations to reinforce genetic diversity of populations, individuals and their genes can be

translocated to increase adaptability of populatideeks et al., 2011)n E. epiphronfor example
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this could involve translocation efarmadapted English populations into Scotland, potentially
increasing he adaptability of cooler areas to future warming. Increasing the prevalence of warm
adapted gersecould increase the adaptive capacftpopulations in colder areas to persist under
warmer temperaturg§Veeks et al., 2011)

However there is little practical guidance for implementing genetic rescue in the wild e.g. on the
minimum number of breedinigdividuals required for a genetically viable population. Genetic rescue
has been implemented a number of times in the wild, mainly for large vertebrates, but only a single
instance in insect@angjoo et al., 2016although this was by increasing conity through habitat
management rather than physically moving individuals. Therdfaseynclear whether translocations
and genetic rescue would be successfuhsects which have relatively large population sizéerd

is alsono evidence of transtationto increase adaptability in populatiomsing implemented in

practise and whether waradapted genes would be maintained in the new popul&worexample,
translocating a small number of Englishepiphroninto a large Scottish population may kav

minimal impact on adaptability of the recipient populations unless strong selection is acting on

beneficial alleles from source population.

There are risks associated with mixing individuals from genetically diverged populations, resulting in
outbreedinglepressiorfFrankham et al., 2011; Weeks et al., 20C)rrent guidance on mixing
populations for translocations suggests populations should not be mixed if they have been separated
for more than 500 yeaf§rankham et al., 201Dy occupied ecologically divergent habitats for more
than 20 generation®EFRA, 202). But hybridisation of some closehelated speciesan resulin

beneficial genes being transferred through adaptive introgression, for example introgression of genes
associated with pesticide resistanceédiglicoverpamoth pestgValenciaMontoya et al., 2020)
Hybridisation inthewild has occurred between species as a result of changes in range under climate
changglLarson, Tinghitella & aylor, 2019;Mallet, Wynne &Thomas, 2011and some argue that
adaptive introgression between closat{ated species may increase their ability to respond to climate
change (Hamilton & Miller, 2016 herefore, mixing of individuals from diverged populations could
result in the trarfer of genes beneficial for climate change adaptation, and represents an interesting
research area to provide valuable information about implementing gene translocations for climate

change adaptation.
Knowledge gaps

Cold-adapted species and their gendiicersity are restricted to isolated mountains, and further
information is required before implementation of translocations. Firstly, to identify climatically
suitable new areas for translocations, detailed knowledge of the habitat and climatic reqsiogément
species is required. For example, winter snow cover is important for winter surviva¢épiphron

(Konvicka et al., 2021yvith vegetation structure and microclimates suitable for oviposiEaving et
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al., 2020) If translocating to reinforce genetiiversity (genetic rescue) then the outcomes of mixing
divergent populations needs to be investigated, which would include controlled masitg testing

for reproductive success and potential outbreeding in offspring. Similarly, if translocating genes is the
conservation objective, then offspring need to be tested for the presence of genes of interest after
mixing of populations. In all these cegrvation actions, information about local adaptation could be
investigated through environmental association anafiRa#stab, Gugerli, Eckert, Hancock, &
Holderegger, 2015genome wide association analyd®rte & Farlow, 2013pr through common

garcen experimentg§Savolainen, Lascoux, & Merila, 2013ore research is required if translocating
populations and/or genes for climate change adaptation is to be a successful and viable management

strategy.
6.4 The future of upland biodiversity

Many coldadaped species, such &s epiphronwill undergo population declines and local

extinctions under future climate change. Here, | discuss how these losses, along with potential gains
from colonising species from lowland areas, will chamgedommunities of uphd areadn Britain,

the very high montane specialists species are likely to be the first species lost under future warming.
For example, the colddapted beetldebria nivalis is restricted to mountain tops, and in England

and Wales it only occurs orc&ell Pike and Snowden (Telfer, 2016). This species probably had a
much larger historical range in Britain, but retracted to the mountain tops during the Holocene, and
represent species that are likely be lost in future from upland communities. Cureésle

biodiversity could be maintained, or enhanced, if waidapted species undergo range expansions to
colonise the high mountain tops, replacing species that go extinct. Some species which currently
occur in the uplands were once widespread but hetvacted to the uplands due to habitat loss or
human disturbances. For example, the black grdes®mo tetrix was once widespread in England,

but after significant population declines this species is how restricted to uplandBaieas &

Hudson, 1995)Therefore, the uplands may also represent refuges for species which are not
necessarily restricted by climate, but have suffered declines in the lowlands. Uplands may receive
species whose ranges are expanding ufiien et al., 2011; Wilson et al.,@0, providing climate
change refugigAshcroft, 2010) assuming sufficient habitat connectivity for species to colonise new
areas at higher elevation. There may also be negative impacts if the colonists compete with existing
occupants or bring new diseagJCN/SSG 2013). Turnover of species and community composition

is expected under future climate change in upland areas, losing high montane specialists, which may

be replaced by colonists from lower elevations areas.

The future of the uplands and thiediversity they support will also be determined by the
consequences of changing land management, such as increased rewilding and othbadidure

Solutions to enhance carbon and biodiversity. The British uplands have been heavily modified by
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people, maaged for food production (sheep, cattle), forestry, and management for economically
important activities (e.g. grouse moo(Sandom et al., 2019; Thompson, Macdonald, Marsden, &
Galbraith, 1995)However, concerns about climate and biodiversity has led to calls to change land
management practises. Rewilding can include leaving land to nature, restoring degraded ecosystems,
and the movement of species to restore functional commu¢stiesiom etlg 2019) Some of these
approaches overlap with the aims of Natbased Solutions, for enhancing nature to address societal
challengegSeddon, Turner, Berry, Chausson, & Girardin, 20%@jpporting climate change

adaptation through flood protection, waguality regulation, and removing carbon (e.g. tree planting)
(Griscom et al., 2017; Seddon et al., 20¥)proaches that are being implemented in the uplands
include peatland restoration and protection, and afforestationplaetng across the uplds would
contribute to creating cooler microclimates and enhancing variation in microclimates, helping to
support some cotddapted species (Natural England and RSPB, 2019). However, such practises to
increase tree cover are unlikely to benefit open hiahitd grassland species, sucltagpiphron

where recovery from bottlenecks and population increases were associated with Holocene tree

cl earances and increased 6opennesso. I n contrast
provide the opporturiigs for other species dependent on these habitats to expand and thrive in upland
regions. These potential changes in land management to mitigate climate change impact could alter

the composition of upland communities, arising from species losses and gains.
6.5 Understanding change over timé&om museum specimens

Understanding the past is important for understanding current distributions of species and their
genetic diversity, and for predicting future changes in species. In this thesis, | projectedtidistib

of E. epiphronover the last 21,000 years in order to understand more about the current distribution of
genetic diversity and implications of future climate change. | identified areas efdongefugia

which were sources of present day populatiand their unique genetic diversity. Using Natural

History Museum specimens allowed me to examine evidence for changes on bodEsiepiphiron

over ~100 years. Hence, studying past processes is important for understanding the current

distribution of dversity, and how it may change in the future.

Museum collections, such as tRatural History MuseuniNHM) London, provide opportunities to
investigate ecological questions from the past, and helping grstadd how species may respamd

future. Thesenuseums house millions of specimens collected over decades to centuries. For example,
the NHM collection of Lepidoptera contains ~13.5 million specimens dating from theeh@ury

(Natural History Museum, 2014). These collections provide a valuable resource to measure changes in
morphology, genetic diversity and plasticity over time. Museum collections have been used to assess
changes in wing melanis(MacLean, Nielsen, Kingsolve& Buckley, 2019) shrinkage and changes

in wingspan in bird¢Weeks et al., 2020¥hrinkage of tropical moth{%Vu et al., 2019and moths in
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high arctic regiongBowden et al., 2015allowing shrinkage to be associated with climate warming
over the lastentury(Sheridan & Bickford, 2011)Museum specimens have also been used to
examine size plasticity of dragonflies and damselflies to temperature changes during development
(Wonglersak et al., 2020J esting whether species show phenotypically plastmoreses in warm

years could provide information on limits to plasticity and if species will be able to future warmer
temperatures and extreme events, such as heatwaves. Museum specimens could also be used to
guantify changes in plasticity over time, and thiee variation in morphological traits changes over
time. Hence museum specimens provide a huge data resource to exploit to understand changes in

morphology and plasticity over time.

With costs of DNA sequencing reduced and the technology improvingtevéadt decade, it is

possible to use museum material to examine genetic changes ovédaikadama, 2021 or

example, genetic diversity of extinct populations and species could be exdhéhkathama, 2021)

to explore genetic factors associated wittinetion, such as ioreeding and low genetic diversity,
(Bijlsma, Bundgaard, & Boerema, 2000; Saccheri et al., 188@quantify loss of genetic diversity

and unique haplotypes. If museum material is used in combination wititaulght material, then

changes in genetic diversity over time in extant populations can be exafNakahama, 2021jo

guantify any loss of genetic diversity over time due to climate change and/or habitat fragmentation.
Using museum material to explore how historical procesmes influenced genetic diversity of

current populations would provide better understanding of the genetic consequences of future climate

change.
6.6 Conclusion

In this thesis, | find that isolated populationgofepiphronare at risk from future climatehange,

and identify genetic refugia in Britain. Climadieiven range shifts of colddapted species, suchks
epiphron have resulted in the peglacial colonisation of Britain, where they are currently restricted

to montane regions, amdevulnerabe to future climate warming. Changes in community

composition are likely in upland areas. Climate change and land management changes could result in
population extinctions, but the uplands may also act as a refuge for species colonising from lowland
areasTranslocations could safeguard the unique diversity-aktpopulations and to increase
adaptability of populations, but there are knowledge @dpsh need to be addressed to ensure
translocations were to be successful. Museum collections providenation about changes over the

last century, and are a valuable data resource for exploring changes in morphology, genetic diversity
and phenotypic plasticity over time. Using these historical resources to further understand past
changes in colddapted sgcies would provide more information on whether they may persist in

future.
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Appendix 1: Past, current and potential future distributions of unique
genetic diversity in a cold adapted mo
Information
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Appendix S1.1:mtDNA haplotype sample information and Genbank/BOLD accession codes

Haplotyp Genbank Accession BOLD Process

Area Region Code Locality Latitude Longitude e No. ID

Europe Alps Central 10-1_AlpsC_4 Sellajoch, Italy 46.50 9.87 1 MT888637 MMEEO00119
UK Scotland 10-1_Scot_6 Ben Lawers, Perth and Kinross, UK 56.53 -4.25 8 MT888636 MMEEQ00219
Europe Alps Central 10-2_AlpsC_5 Sellajoch, Italy 46.50 9.87 1 MT888635 MMEE00319
Europe Alps Central 10-3_AlpsC_8 Sellajoch, Italy 46.50 9.87 1 MT888634 MMEE00419
UK Lake District 1-1_Lakes_1 Irton fell, Cumbria, UK 54.41 -3.32 4 MT888633 MMEEOQO0519
UK Scotland 11-1 Scot 7 Beinn Odhar, Tyndrum, UK 56.46 -4.69 8 MT888632 MMEEO0O0€19
Europe Alps East 114 Alpst_1 Rein in Taufers, Italy 46.95 12.07 1 MT888631 MMEEOQ0719
UK Lake District 1-2_Lakes_2 Irton fell, Cumbria, UK 54.41 -3.32 4 MT888630 MMEEOQ0819
Europe Alps East 12-1 Alpsg_3 Hochkéng, Austria 47.42 13.05 1 MT888629 MMEEO0919
UK Scotland 12-1 Scot 8 Ben Lawers, Perth ari(inross, UK 56.56 -4.17 8 MT888628 MMEEOQ1019
Europe Apennines 131 Apen 5 Prati di Tivo, Italy 42.47 13.55 10 MT888627 MMEEOQ01119
UK Scotland 131 Scot 9 Schiehallion, Perth and Kinross, UK 56.67 -4.07 8 MT888626 MMEEOQ1219
Europe Apennines 13-2_Apen_6 Prati di Tivo, Italy 42.47 13.55 10 MT888625 MMEEOQ1319
Europe Apennines 13-3_Apen_7 Prati di Tivo, Italy 42.47 13.55 10 MT888624 MMEEO01419
Europe Apennines 134 Apen_8 Prati di Tivo, Italy 42.47 13.55 10 MT888623 MMEEOQ1519
Europe Apennines 14-1 Apen_1 Terminillo, Italy 42.47 13.00 10 MT888622 MMEEOQ1619
Europe Apennines 14-2_ Apen 2 Terminillo, Italy 42.47 13.00 10 MT888621 MMEEOQO1719
Europe Apennines 14-3 Apen_3 Terminillo, Italy 42.47 13.00 10 MT888620 MMEEOQ1819
Europe Apennines 14-4 Apen_4 Terminillo, Italy 42.47 13.00 10 MT888619 MMEEO01919
Europe Pyrenees 151 Pyr 2 Candanchu, Spain 42.75 0.53 14 MT888618 MMEEO020619
Europe Alps East 16-1_Alpsg_4 Solkpass, Austria 47.27 14.07 1 MT888617 MMEEO02119
Europe Alps Central 17-1 AlpsC_6 Thanai, Italy 46.72 10.67 1 MT888616 MMEEO02219
Europe Alps Central 17-2_AlpsC_7 Thanai, Italy 46.72 10.67 1 MT888615 MMEE02219
Europe Alps East 181 Alpsg_5 Schonfeld, Austria 46.98 13.78 1 MT888614 MMEE02419
Europe Alps East 191 Alpsg_2 Sajatmahder, Aiustria 47.03 12.35 1 MT888613 MMEE02519
Europe Alps Central 2-1 AlpsC_1 Berninapass, Switzerland 46.40 10.02 1 MT888612 MMEEO02€19
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Europe Tatras 28-6_CarpN_6 Babky, Tatra Mts, Slovakia 49.18 19.63 18 MT888583 MMEEQ5519
Europe Tatras 28-7_CarpN_7 Babky, Tatra Mts, Slovakia 49.18 19.63 17 MT888582 MMEEO05€19
Europe Tatras 288 CarpN_8 Babky, Tatrats, Slovakia 49.18 19.63 18 MT888581 MMEEOQ05719
Europe Tatras 28-9_CarpN_9 Babky, Tatra Mts, Slovakia 49.18 19.63 17 MT888580 MMEEO058&19
Europe Carpathians 294 _CarpS_1 Retezat, Romania 45.37 22.87 19 MT888579 MMEE05919
Europe Balkans 30-1_Balk_1 Komvasjeviek, Montenegro 42.68 19.63 1 MT888578 MMEEO06619
Europe Balkans 30-2_Balk 2 Kom vasjeviek, Montenegro 42.68 19.63 1 MT888577 MMEEO06119
Europe Balkans 30-3 Balk 3 Kom vasjeviek, Montenegro 42.68 19.63 1 MT888576 MMEE06219
Europe Balkans 30-4_Balk_4 Kom vasjeviek, Montenegro 42.68 19.63 1 MT888575 MMEEO06319
Europe Alps West 3-1_Alpsw_2 Taschalp, Switzerland 47.05 7.82 1 MT888574 MMEEO06419
UK Lake District 3-1_Lakes_5 Raise, Cumbria, UK 54.55 -3.00 7 MT888573 MMEEO06519
Europe Balkans 311 Balk_5 Vijetrena brda, Durmitar, Montenegro 43.12 19.02 1 MT888572 MMEEO06619
Europe Balkans 31-2 Balk 6 Vjetrena brda, Durmitar, Montenegro 43.12 19.02 1 MT888571 MMEEOQ6719
Europe Balkans 31-3 Balk 7 Vjetrena brda, Durmitar, Montenegro 43.12 19.02 1 MT888570 MMEEO06819
Europe Balkans 31-4 Balk 8 Vjetrena brda, Durmitar, Montenegro 43.12 19.02 1 MT888569 MMEEO06919
Europe Balkans 31-5 Balk 9 Vjetrena brda, Durmitar, Montenegro 43.12 19.02 1 MT888568 MMEEOQ7019
UK Lake District 3-2_Lakes 6 RaiseCumbria, UK 54.55 -3.00 3 MT888567 MMEEOQ7119
UK Lake District 4-1 Lakes 7 Langdale, Cumbria, UK 54.46 -3.10 4 MT888566 MMEEOQ7219
Europe Pyrenees 4-1 Pyr_3 Etang d'Areau, France 42.77 1.12 15 MT888565 MMEEQ7319
UK Lake District 4-2_Lakes 8 LangdaleCumbria, UK 54.46 -3.10 5 MT888564 MMEEOQ7419
Europe Alps West 5-1 AlpsW_1 Grindelwald, Switzerland 46.67 8.03 8 MT888563 MMEEOQ7519
UK Lake District 5-1 Lakes 9 Wynrose, Cumbria, UK 54.42 -3.13 6 MT888562 MMEEOQ7619
UK Lake District 5-2 Lakes 10 Wynrose, Cumbria, UK 54.42 -3.13 6 MT888561 MMEEOQ7719
Massif
Europe Central 6-1 _MasC_7 Puy Mary, France 45,52 2.80 16 MT888560 MMEEQ7819
UK Scotland 6-1 Scot 1 Glen lyon, Perth and Kinross, UK  56.58 -4.44 8 MT888559 MMEEOQ7919
Massif
Europe Central 6-2_MasC_8 Puy Mary, France 45.52 2.80 16 MT888558 MMEEOQ086019
Massif
Europe Central 6-3_MasC_9 Puy Mary, France 45.52 2.80 16 MT888557 MMEEO08119
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Appendix S1.2: Population locations for all individuals used in mtDNA analysis from 13 mountain
regions.

Appendix S1.3: Bioclimatic variables used in SDMs to predict climate suitabilityfoepiphron

extracted from mean temperature and precipitation data between 1970 and 2000

(http://www.worldclim.orgf . 6 Cel | s6 are 2.5 arc minute (~4.5 Kkr
within a 50km grid at the same spatiastee nt as di stri bution data. 06Sea
summer (June, July, August) and winter (December, January, February).

Climate Variable Location in 50km grid Season
Mean Temperature Coldest cell Winter (Coldest quarter)
Mean Temperature Coldest cell Summer (Warmest quarter)
Mean Temperature Warmest cell Winter (Coldest quarter)
Mean Temperature Warmest cell Summer (Warmest quarter)
Mean Precipitation Wettest cell Winter (Coldest quarter)
Mean Precipitation Wettest cell Summer (Warmegjuarter)
Mean Precipitation Driest cell Winter (Coldest quarter)
Mean Precipitation Driest cell Summer (Warmest quarter)
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Appendix S1.4: All SDM outputs showing probability of climate suitability from presday to

21,000 years ago (22 outputgtdatal). Probability values of occurrence for all panels are scaled from

0 (unsuitable, white) to 1 (suitable, black). Ice sheets (from (Hughes et al., 2016), blue shading) are
present from 21,000 years BP to 10,000 years BP.
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Appendix S1.5: CO1 phylogenetic tree of th&rebiagenus, outgroups arkfl epiphronpopulations.
Phylogenetic tree analyses were performed in Beast using methods desciftegh bWitthauer,

Kleckova, Fric, & Wahlberg, (2015PDutgroup anderebiagenus data were accessed from Genbank

using accession humbers in Pena et al., (2015). AgglibbetweerErebiaand sister taxa of 37.41

Myr (Pena et al., 2015) was used to calibrate the age split beBxeleia epiphrorandE orientalis

Scale bar represents age of tree in million years before present. Node number represent estimated age
of node with blue error bars.
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Appendix S1.6: Locations and ages of remains in the UK of the-ealalpted beetle speciartobus
septentrionis, Amara alpina, Amara quenseidNotaris aethiopswith corresponding most credible
ice sheet extent. Beetle fds$ata acquired from BugsCHBuckland & Buckland, 2006)ce sheet
data from(Hughes, Gyllencreutz, Lohne, Mangerud, & Svendsen, 2016)

Legend

Age of beetle remains (BP)

@ 18500
19500
21580
25500

@® 26000
D Ice sheet (most credible) 18kBP
[ 1ce sheet (most credible) 19kBP
E Ice sheet (most credible) 21kBP
D Ice sheet (most credible) 25kBP
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Appendix 2: Genetic consequences of pegtacial colonisations in montane

species in Britain: Supporting Information

Appendix S2.1 Population level geneticariation measures and numbeisafmples included in final
SNP file

Population Region Grid ref LATITUDE LONGITUDI Samplesin Observed Nucleotide
final SNP file  heterozygosity RA @S N& A
Stob Mhic| Scotland NN2057 56.674695 -4.9313556 9 0.00163 0.00186
Mhartuim
Glencoe| Scotland NN2551 56.622752 -4.8458018 9 0.00181 0.00202
Ben Lui 1 Scotland NN2525 56.389457 -4.828365 9 0.00171 0.00191
Ben Lui 2 Scotland NN2624 56.380852 -4.811526 10 0.00169 0.00198
Beinn Odhar Scotland NN3433 56.464488 -4.68782 10 0.0018 0.00215
Beinn| Scotland NN3531 56.446889 -4.670349 10 0.00176 0.00207
Chaorach
Glen lyon| Scotland NN5045 56.577546 -4.435307 9 0.0018 0.00211
Ben Lawers Scotland NN6139 56.527062 -4.253198 10 0.00176 0.00212
1
Ben Lawers Scotland NN6542 56.555154 -4.1897791 10 0.00169 0.00199
2
Schiehallion Scotland NN7354 56.665114 -4.065602 6 0.00168 0.00203
Irton fell | England NY1402 54.410739 -3.318865 10 0.00137 0.00152
lllgil head| England NY1705 54.43819 -3.2734902 12 0.00135 0.0015
Grey Knotts England NY2113 54.510703 -3.2139612 11 0.00141 0.00155
Wynrose| England NY2603 54.421602 -3.134264 10 0.0014 0.00154
Langdale| England NY2807 54.457829 -3.104414 9 0.00155 0.00172
Raise| England NY3517 54.548623 -2.998646 10 0.00134 0.00149
Grisedale| England NY3814 54.52204 -2.951647 9 0.00136 0.00149
Hartsopp| England NY4111 54.495439 -2.9047096 12 0.00136 0.00149
Dodd
High raise, England NY4412 54.504762 -2.8585861 9 0.00138 0.00153
Appendix S22: P1 and P2 adapters for ddRAD ligation

P1 top 5
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTXXXXXXXXTG
CA-3

P1 bottom. 3'
TTACTATGCCGCTGGTGGCTCTAGATGTGAGAAAGGGATGTGCTGCGAGAAGGCTAGAXXXXXXX¥X
Phos5'

P2top 5-Phos
AATTCCIIINNNNNAGATCGGAAGAGCACACGTCTGAACTCCAGTCACXXXXXXXXATCAGAACAA-3'

P2 bottom 3'
GGMMHNNNNNTCTAGCCTTCTCGTGTGCAGACTTGAGGTCAGTGXXXxXXXXTAGAGCATACGGCAG
AAGACGAAC-5'

Appendix S23: RAD forward and reverse primers for PCR amplification
RAD 1 . F *AATGATACGGCGACCACCGAG3 6

RAD2 . REAAGCGAGAAGACGGCATACGAG3 o

106



Appendix S24: Stairway plots of effective population size (Ne) since 60kya. Red lines show the
medians of the inferred populations, dark grey lines show 12.5% and 87.5% percentiles of inferred
populations and light grey lines show the 2.5 and 97.5 percentiles of the inferred populations. A)
Scottish populations, B) English populations, C) East IRik&ict populations and D) West Lake
District populations.
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Time (1k generations ago)

400

600 8001,000

2,000
L

4,000 6,0008,000

100
80 +

Ne (1k individual)

08 T
06

04

D)

Time (1k years ago)

Time (1k generations ago)

400

400

600 8001,000

600 8001,000

2,000

2,000
I

4,000 6,0008,000

4,000 6,0008,000

Ne (1k individual)

02 4+

0.1
0.08
0.06 +

0.04 4

Time (1k years ago)

400

600 8001,000

t
2,000

4,000 6,0008,000

108




Appendix S25: Phylogenetic tree of all ddRAD samples aligneé&tebia ligeagenome coloured
labels indicate the genetic population from Structure analysis (Engfastl= Red, England East =
Green, Vosges mountains, France = Blue, Scotland = purplg.digetaoutgroup = grey). Tree was
made using RAXMENG (Stamatakis, 2014) and plotted using the ggtree package in R (Yu et al.,
2017).
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Appendix 3: Smaller montane butterflies at warm range boundaries may
affect persistence under future climate change: Supporting Information

Appendix S3.1:Morphological measurements taken using Image J. A) Forewing length was
measured in field scanned images as the distagteesbn the cell base and vein 10 B) Forewing

length was measured in Natural History Museum photographs as the distance between the cell base
(near to thorax) and vein 10.

A)

Cell base
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Appendix S3.2 Model outputs of GLMs to explain forewing mean lgngith regional and
temperature affects in modern and museum material. Tables present the estimate (slope), the standard

error, t value and P value of the explanatory variables. AdjustguBRred and-Btatistic of overall

model presented below A) Modalitput of modern population forewing mean length with region and
annual mean temperature (1kri*¢)Y and B) Model output of museum material forewing mean length

with region and mean temperature during larval development (2kn)Models for other wing

measurements can be found in Supplementary Materials 8Mdrisk denotes whether the test was

significant, * P O 0.065), ** P O 0.01,
A) Modern
Estimate Standard t P
(slope) Error value
(Intercept) 16.36 0.6 27 **
Region Scotlanc 0.76 0.14 539 ***
Annual mean temperature -0.21 0.08 -2.47 *
Adjusted Rsquared 0.48
Fstatistic 1175
N 246
B) Museum
Estimate  Standard t P
(slope) Error value
(Intercept) 13.39 0.9 14.85 ***
Region Scotlanc 1.56 0.18 8.43 ***
Developmental temperature 0.14 0.09 1.58
Adjusted Rsquared 0.36
F-statistic 66.6
N 228

*

* *
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Appendi x 4: Exploring the potential fo
conserve genetic diversity in wild populations: Supporting Information

Appendix S4.1Methodsfor systematic literature review and questionnaire
Literature review

We conducted a systematic |literature review (pub
evidence of genetic conservation in the literature. Gnidies where the main or one of the main

purposes of the conservation was to protect or increase genetic diversity were included. Searches in

the |iterature include 6genetic rescued, Ogene r
significantuni t 6. Further | iterature was obtained thro

study, the name of the species along with the type of genetic conservation management was extracted.

The species were then categorised into species group (treematsmlants (not trees), birds,

reptiles, amphibians and fish) and seemnomic value (conservation, timber, craft, medicinal, game,

fisheries, agriculture and ornamental). Data from the literature review is available from the Dyrad

Digital Repositoryhttps://doi.org/10.5061/dryad.3]9kd51{Minter et al., 2021).

Questionnaire

To understand how different stakeholders including conservationists and other land managers
perceive the importance of gatit diversity, and to gather information about current approaches to
genetic conservation in the UK a questionnaire was designed. The questionnaire was made up of four
sections: 1) information about the participant (organisation sector), 2) their pensepitigenetic
conservation (including perceived importance, perceived impact of genetics on UK conservation), 3)
their understanding of current genetic conservation in the UK (if genetic data were used to inform
conservation management, what genetic cvasien has been implemented, which species this had
been focussed on) and 4) their understanding of the concept of Gene Conservation Areas (including
risks and benefits) (see Questionndippendix S4.8 Sections 43 are mostly made up of questions

with standardized answers, and section 4 contains questions witleged guestions to get detailed
input from participants. A variety of stakeholders was targeted for this study, including NGOs, land
managers (i.e. including farming and estate managemengrmgment/nordepartmental public

bodies and research institutes/universities.
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A)

B)
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M Genetic rescue (translocation)
M Genetic rescue (Captive breeding)
Genetic rescue (connectivity)
B Gene Conservation Unit/Area
M Assigning a Evolutionary Significant Unit (ESU)

Mammal Insects Plants (not Birds Reptiles Amphibians Trees
trees)

Taxa group

n=11

Fish

Conservation

Assigning a Evolutionary Significant Unit (ESU) g

W Economic
Gene Conservation Unit/ AT ea | ——

Genetic rescue (Connectivity)
Genetic rescue (Captive breeding)
Genetic rescue (translocation) |

0 20 40 60 80
Number of species

120

Appendix $4.2: A) Number of species whidh situgenetic conservation management strategies

have been implemented on, grouped by taxon and management typd, jiaby management type
and reason for conservation action, either species of conservation value or economic value, such as
agriculture, forestry, game etc.
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Water utility
Volunteer
Self-employed

Research institute/University

Museum

Land management (i.e. including farming and
estate management)

Organisation/employer

Government/Non-departmental public body

6 8

10 12 14 16 18

Number of respondents

Appendix $4.3. Questionnaire respondents and their employ&0
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A) Have you or your organisation used
genetic information to guide your
management recommendations?

B) Have you or your organisation used
genetic scientific research to guide
your management recommendations?

Don't know Don't know -

No

Yes

o
=
o
N
o
w
o

40 0 10 20 30 40

Number of respondents

C) Does your organisation have a genetic
policy in respect to conservation?

Yes

o

0 10 20 30 40

Appendix $4.5. Questionnaire response to questions about the use of genetic information and

research to guide management practises in the UK

Creation of new habitats 1l

Identifying a role of genetic variation (and evolution) in ecological resilience
Adressing inbreeding

Improving habitat connectivity between populations

Improving population health

Re-introductions of species where they had previously gone extinct
Taxonomic Identification

Translocations of species beyond their current range

Number of respondents

Appendix $4.6. The reasons for which genetic information has been incorporated into species

conservation in the UK
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A)

C) D)

Appendix $4.7. Case species UK distribution (green circles@mbus distinguenduareat yellow
bumblebee, data 199920 from GBIF ittps://www.gbif.org), B) Erebia epiphrorMountain ringlet,

dataButterflies for the New Millennium recording scheme courtesy of Butterfly Consery#&tionet

al., 2015) C) Hypocreopsis rhododendHazelgloves fungus 1972020 from GBIF, D)Campanula
rotundifolia Harebell 1972020 from GBIF
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