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The distribution andpopulation characteristicef plants are largely influenced by the
environmental conditions they encounter across their ranges. In response to environmental
changespopulations can migrate to new locations, exhibit phenotypic plasticity and undergo
evolutionary adaptatiorStudiescomparingpopulation traits along gradients of elevation and
latitudeprovide an opportunity tassesthe influenceof differentenvironmental and historical
factors on plant population characteristid® investigateplant plasticity and evolutionary
potential in response to environmental variationemployed an irtegrative approach
combiningfield surveys, population genetstudes, and experiments. Theidespreadlant
Anthyllis vulnerariawas selected aa model species because @k large elevatioral and
latitudinal distribution in Europe. In particular, | studiedross elevational and latitudinal
gradients(1) the charactestics of habitas and populationsof A. vulnerarig (2) the neutral
molecular genetic diversity and differentiatioh populations (3) the quantitative genetic
differentiaton andthe evolutionary potential opopulations. The elevational gradient in the
Alps range from 500 m to the elevational limit at 2500 m and the latitudinal gradient spanned
2400 km from Central Europe to the range limit in the Nodrtie length of the two gradients
was chosen to correspa to a change af. 11.5 °C in annual mean temperature.

| explored the habitat characteristics of 40 populations Af vulneraria along boththe
elevational and latitudinal gradients and studied their influence on population characteristics.
Plant size and reproduction decreased, but plant density incweisedevation and latitude
indicating higher recruitment and demographic compensation among vital rates. The results
support the view that demographic compensation may be common inpradésspecies.
Temperature variatioralong both gradientsvas found to have the strongest effects on
population characteristics, followed by differences in precipitation, solar radiation, and soil
nutrients.The proportion of plants flowering, seed set aedd mass declined witatitude
indicating resource limitatioandreduced polhationin the North, while thetrongvariation

in these traits along the elevational gradient was not related to elevation or other covarying

environmental variable$ut to local environmental variation in alpine habitats.

| examined the molecular genetic diversity and differentiation of piyaulationsof A.
vulnerariausing microsatellitesyhich are considered to be neutradrkers and unaffected by
natural selectin. Genetic diversity strongly declined and differentiation increased with
latitude. These patterns are likely the outcome of serial founder effects during the northward
colonization following glacier retreat after the last ice age. The genetic diversity a

differentiation among populations o&. vulneraria was not related to elevation. This
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observation could be attributed to the higher gene flow facilitated by the much shorter
elevational gradient. However, | found evidence of isolation by distance labdhgradients,

indicatingrestrictedgene flow among populations along both gradients. Subarctic populations
differed genetically from alpine populations indicating that the northern populations did not

originate from high elevational onestheAlps.

Plants grown from seeds originating from the studied populations stgeedin a common
garden experimertb assess the quantitative genetic differentiation and phenotypic plasticity
of populations alongthe elevational and latitudinal gradients and to dstigate their
evolutionary potentialMost traits measured in the common garden exhibited clinal variation
with elevationand latitude of origin indicating adaptive differentiation of traits along the
gradients. Divergent selection was indicat®ed higher @rvalues(measuring quantitative
genetic differentiation) thans-values (measuringeutralmolecular genetic differentiation)

in some traits. Furthermore, | observed that the differences in performance betotbens

and theirprogeny weresmaller for populations from high elevations and latitudes, suggesting
reduced plasticity of the measured traits in these populations. However, the evolvability of
most traits did not vary consistently along the two gradients indicating that the evalutiona

potentialof peripheal populations was not reduced.

To conclude, this thesis has highlighted the importance of combining field surveys, population
geneticstudies, and ecological experiments to investigate plasticity and genetic variation in
responsed different environmental conditions. Gainiagleeper understanding of how plant
populations adapt to changing environments is crucial for predicting their future responses to
climate changeThe results suggest that the abundant centre model (ACM) dodslly
account for the observed population characteristics and genetic patt&rnvsiineraria Other
factors such as historical migration and local adaptation driven by vagiagtion pressures
along the elevational and latitudinal gradiehtse also importanteffectsin shaping the
distributionof thespecies ands traits across different environments, avitl shapats future
responseto climate change. Whilde rather lowphenotypic plasticityf the arctic and alpine
populationsof A. vulreraria alone may not bsufficientfor themto persistgenetic variability

in fitnessrelated traitstogether withgene flow may allow their adaptationto changing

environmental conditionis the future
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Die Verbreitungrzon Pflanzerund dieCharakteristika ihrePopulatioenwerdenstarkvon den
Umweltbedingungen beeinflusst, denen sie ausgesetzt sind. Als Reaktion auf
Umweltveranderungen konnen Populationen neue Gebiete wandern, phanotypische
Plastizitat zeigen und sich evolutiondr anpass&tudien zum Vergleich von
Populationsmerkmalen entlang von Héhend Breitengradienten bieten die Mdglichkeit, den
Einfluss verschiedener Umweltund historischer Faktoren auf die Mmale von
Pflanzenpopulationen zu bewertetur Untersuchung der Plastizitat und des evolutionaren
Potenzialseiner Pflanze irReaktion auf Umweltverdnderungen habe ich einen integrativen
Ansatz gewahlt, der Feldstudigmgpulationsgenetiche Studiesnd Experimente kombiniert.

Die weit verbreitete Pflanz&nthyllis vulnerariawurdeals Modellart ausgewahlt, weil sie in
Europain verschiedenen Hohenlagen uiigker vieleBreitengrade verbreitet ist. Insbesondere
untersuchte iclentlangvon Hohen und Breitemgradienten (1) die Merkmale der Lebensrdume
und Populationen vorA. vulnerarig (2) die neutrale molekulargenetische Vielfalt und
Differenzierung der Populationen, (3) die quantitative genetische Differenzierung und das
evolutionare Potenzial d&opulatimen.Der Hohengradient in den Alpen reichte von 500 m

bis zur Hohengrenze auf 2500 m und der Breitengradient erstreckte sich Gber 2400 km von
Mitteleuropa bis zur Verbreitungsgrenze im Norden. Die Lange der beiden Gradienten wurde
so gewahlt, dass sie em@&hnlichen Veranderung der Jahresmitteltemperatuicaohl,5 °C

entspach

Ich untersuchte di&igenschafterder Lebenséaume von 40 Populationen voA. vulneraria
entlang von Hohen und Breitengradienten und untersuchte deren Einfluss auf die
Eigenschaftender Populatiorn Die Grof3e der Pflanzen und ihReproduktion nahmen
entlang beider Gradienteab, aber dieDichte der Pflanzennahmzu, was auf eine héhere
Rekrutierung und einerusgleich zwischenverschiedenerdemograhischen Prozessen
hindeutet. Die Ergebnisse stiitzen die Ansicht, dass ein dephigpiaer Ausgleich bei weit
verbreiteten Arterhdufig sein konnte. Es wurde festgestellt, dass Temperaturschwankungen
die starksten Auswirkungen auf verschiedene Populationsmerkmale entlangdraienten
haben, gefolgt von UnterschiedarNiederschlag, Sonneneinstrahlung und Bodennéhrstoffen.
Der Anteil der blihenden Pflanzen, der Samenansatz undakseder Samenmnahmen mit

dem Breitengrad ab, was duhitierendeRessourcenind reduziertd8estaubungm Norden
hindeutet, wahrend die groRe Variation dieser Merkmale entlang des Hohengradienten nicht
mit der HOhe oderdamit korrelierten Umweltvariablen, sondern mistarken lokalen

Unterschieden in dedmweltbedingungemn denalpinen Lebensrduem zusammenhing.
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Ich untersuchte die molekulargenetische Vielfalt und DifferenzierungAdewlneraria
Populationen anhand von Mikrosatelliten, die als neutrale Marker geltenvon der
naturlichen Selektion unbeeinflusst sind. Die genetische VielaltPopulationen nahmmit

dem Breitengradtarkabund die Differenzierungwischen ihnemahm zu. Diese Muster sind
wahrscheinlich das Ergebnis vaeriellen Griundereffektewahrend derAusbreitungnach
Norden infolge des Gletscherriickgangs nach dereletZiszeit. Die genetische Vielfalt und
Differenzierung zwischen den Populationen varnvulnerariahing nicht mit der Hohenlage
zusammen. Diese Beobachtung konnteeanénhdheren Genfluss zuriickzufiihren sein, der
durch den viel kiirzeren Héhengradientsgtinstigt wird. Ich fand jedoch Belege fir eine
Isolierung durch Entfernung entlang beider Gradienten, was auf eimgeschrankten
Genfluss zwischen den Populationen entlang beider Gradienten hindeutet. Die subarktischen
Populationen unterschieden sgdgnetisch von den alpinen Populationen, was darauf hindeutet,
dass die nordlichen Populationen nicht aus den hochgelegenen alpinen Populationen

hervorgegangen sind.

Pflanzen, die aus Samen der untersuchten Populatiogezogen wurden, wurden in einem
geneinsamen Garten untersucht, um die quantitative genetische Differenzierung und
phanotypische Plastizitat dieser Populationen entlang von HaineinBreitengradienten zu
bewerten und ihr evolutionares Potenzial zu untersuchen. Die im Gemeinschaftsgarten
genmessenen Merkmale wiesen eine klinale Variation mit der Hididelem Breitengrad des
Herkunftsortesauf, was auf eine adaptive Differenzierung der Merkmale entlang der
Gradienten hindeutet. Divergente Selektion wurde durch héher&\Verte (Messung der
guariitativen genetischen Differenzierung) alsstWerte (Messung derneutralen
molekulargenetischen Differenzierung) bei einigen Merkmalen angezeigt. Auf3erdem stellte
ich fest, dass di&nterschieden der GrolRezwischenMiittern und ihrenNachkommen bei
Popuhtionen aus hdheren Lagen und Breitengraden geringer waren, was auf eine geringere
Plastizitat in diesen Populationen schlieRen 1d3&.quantitative genetische Variation der
meisten Merkmal@ahmjedoch nicht entlang der beiden Gradierdagrwas darauhindeutet,

dass das Evolutionspotenzial in peripheren Pdjoumi@n nicht verringetist.

Zusammenfassend hat diese Arbeit deutlich gemacht, wie wichtig é=iderhebungen,
populationsgenetche Untersuchungemd 6kologische Experimente zu kombinieren, um die
Plastizitdt und genetische Variation als Reaktigon Arten auf unterschiedliche
Umweltbedingungen zu untersuchen. Ein tieferes Verstandnis dafir, wie sich

Pflanzenpopulationen an veréanderte Umweltbediggnnanpassen, ist entscheidend fur die
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Vorhersage ihrer kiinftigen Reaktion auf den Klimawandel. Die Ergebnisse deuten darauf hin,
dass dagabundant centre modelAGM) die beobachtetetnterschiede in den &tkmala
derPopulatiomnunddie genetischen Musr beiA. vulnerarianicht vollstandig erklaren kann.
Andere Faktoren wie historische Migration und lokale Anpassung, die deiredn
unterschiedlichen Selektionsdruck entlang der Héherd Breitengradienten angetrieben
werden, kdnnten eine bedeutendRrdle bei der Verbreitunder Artund derAusbildung der
Merkmale der Art in verschiedenen Wmltengespielt haben und ihre kiinftigen Reaktionen
auf den Klimawandel beeinflussen. Wahrend die geringere phanotypische Pladgzitat
arktischen und alpinen Bolationenvon A. vulnerariamoglicherweise nicht ausreictitr ihr
Uberlebenkonnteihre genetische Variabilitat in fitnessrelevanten MerkmalenAnggassung

ansichveranderte Umweltbedingungen ermdglichen.
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Background

A major factor determining the distribution of plants is the variatioth@fenvironmentvith
elevation and latitudevz6n Humboldt and Bonpland 1808/oodward 1987; De Frenne ait
2013). In response to environmental changes, populations can migrate lications, which
involvesthe dispersal of propagulesmd successful establishment in previously unoccupied
sites (Jump and Pefuelas 2005). With ongoing climate change, species are expected to migrate
poleward or upward (Parmesan and Yohe 2Q@Root & al. 2003). When exposed to novel
environmental conditions, plants can also exhibit phenotypic plasticity and undergo
evolutionary adaptation. The importance of both plasticity and adaptive evofatidhe
resporse to environmental variatiorhas been ephasized in addressiripe challenges of
climate change and planning conservation strategies (Davis and ShavA2@%t al. 2006;
Nicotra et al. 201Parmesan and Hanley 2015; Capblancq et al. 2020; Buckley and Kingsolver
2021).

The ability of plantsto exhibit phenotypic plasticity is a crucial strategy for coping with
environmental variability (Jump and Pefiuelas 2005; Valladares et al. 2007). Through
plasticity, plant species can adjust their response to different environmental conditions by
expresgig different reversible phenotypes (Piersma and Drent 2003; Atkin et al. 2006).
However, there are limits to the capacity of both individuals species to respontb
environmental changablrough phenotypic plasticity (de Jong 2005; Valladares &08&i7).

While plasticity enables plants to cope with skertn climate fluctuations within their
lifetimes, it may not be sufficient to address the greater changes expected over longer time
scales (Gutschick and BassiriRad 2003).

The occurrence of rapidiglate change imposes new selection pressures on populations,
potentially leading to evolutionary adaptation tovggutlenotypes that are better suited to the
changing conditions (Jump and Pefiuelas 2005). Adaptation to climate change can occur
through the aival and establishment of peelapted individuals, gene flow from warmer
regions within theangeof aspecies, or an increase in the frequency ofpisting preadapted
individuals (Jump and Pefiuelas 2005). Consequently, maintaining genetic dinsersitgial

for preservingthe capacityof a species for evolutionary adaptation (Frankham et al. 2017).
However, populations adapted to their current local conditions may not necessarily possess the
ability to adapt to new conditions, resulting in a dedimi&ness (Franks et al. 20146tudying

species with extensive and continuous distributions is essential for understanding the
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mechanisms ofadaptation (Halbritter et al. 2013; Santamaria et al. 200&)ause the
fragmentatiorof populationgesultingin reducedyene flowand genetic driftan mask clinal
patterns in population traitStudies conducted acrogsivironmentalgradients can helfo
identify the relativeimportance of plasticity and adaptatitor the changes observed along

these gradientand carreveal selection pressures (Hoffmann and Sgro 2011).

Temperature, as a critical climatic factor, plays a fundamental role in shaping plant physiology,
and its effects can be readily investigated along gradients (Woodward 1987; De Frenne et al.
2013). In temperate regionshanges in temperatuoverthousands of meters in elevation are
equivalent to latitudinal temperature changesrthousandsf kilometres (Jump et al. 2000
Therefore, populations distributed along gradients of elevation and latitude provide an
excellent opportunity to examine the influence of temperature and other changing
environmental conditions on plant populations. While previous studiesaing/ focused on
populations along either elevational or latitudinal gradients, there are few comparative studies
examining population changes along both types of grad{€m$ert etal. 2015. Moreover,
gradients offer theopportunity to test predictions of thabundant centre model of
biogeography, which suggestsatthe environmental suitability for a species decreases from
the centre of its distribution towards its range periphery (Brown 1984; Sagarin and Gaines
2002). Consequently, populations closer to itaege limits are expected twave a lower
performance and become scarcer, smaller, and more isolated compared to those at the centre

of the range.

To investigate plasticity and the potential of adaptation in response to environmental variation
in this thesisan integrative approach incorporating ecological and genetic methodseams

A combination of field surveys, population genedtadies, and ecological experimentss

used to gain better insight into the potential impacts of environmental changdanbn
populations. The importance of employing complementary methods to study local adaptation
has been emphasized (De Kort et al. 2014; Lepais and Bacles 2014; Sork et al. 2013). Field
studies provide detailed information on habitat variables thedsuitability of sitesfor a
species. They also offer insights irdemographigrocesses the populations o species

and fitness patterns across its range. Molecular genetic analysede informationabout
genetic drift inbreeding angene flow betweempopulations, which is crucidnowledgeto
preservethe genetic diversity and evolutionary potentadl specieqFrankham et al. 2017).
These analyses also serve as a foundation for compBgingneutral molecular genetic

differentiation) andst (quantitative genetic differentiation) to detect adaptive differentiation
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due to selection across environmental gradients. To investigate quantitative genetic
differentiation and phenotypic plasticity, individuals from different populatveere grown in

a common environment, allowing the quantification of phenotypic differences among them
(Linhart and Grant 1996; Briggs and Walters 1997). Common gasgexrimend facilitate the

study of the genetic foundations of complex traits and their evolutionaeptmitand can
indicate whether plant populatioaselocally adapted to climate conditions (de Villemereuil

et al. 2016).

Outline of the thesis

This thesis aims to examine the effecf elevation, latitude and warying environmental
variables like anndamean temperature on population characteristics, molecular and
guantitative genetic variations of the widespread plant spebnlyllis vulneraria A.
vulnerariawas selected as the model species due to its extensive distribution across elevations
and lditudes in Europe. Populations were sampled alonglange gradients to investigate

local adaptation and evolutionary potential across a broad climatic range. Additionally, the
study aimed to test various predictions derived from the abundant centre wfodel
biogeography, which offers insights into how population traits change acratisttiteutioral

rangeof aspecies.
The thesis consists of three studies:

Chapter 1n Al ti tude and |l atitude have different €
widegpread planAnthyllis vulnerari@ i nvesti gates popul ation and
A. vulnerariapopulation along an elevational gradient in the Alps fromrb@0 the elevational

limit at 2500m and a latitudinal gradient from Central Europeh tange limit in the North.

Both gradients encompassedimilar rangein annwal mean temperature of c. 11.6.°The

study analyses the correlations between habitat variables and elevation or latitude and examines
the effects of elevation and latitude gopulation characteristics such as plant size,
reproduction, population size, plant density, population structure, seed set, and seed mass. The
study also explores the influence of the environmental variables temperature, precipitation,

solar radiation, ahsoil nutrients on population characteristics.

This study was published as: Daco L, Colling G, Matthig¢2@®1). Altitude and latitude have
different effects on population characteristics of the widespread Alahyllis vulneraria
Oecologial97(2), 537549. https://doi.org/10.1007/s0044121-050306
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https://doi.org/10.1007/s00442-021-05030-6

Chapter2i Geneti c diversity and Adthylisvelnemriadlongat i on
el evati onal and Ilusesanthegkneticaiversity ana diffeentiatisnaf thie o ¢
same 40A. vulnerariapopulationsthat werestudied in Chapter 1. Using 17 microsatellite
markers, the study investigatéise genetic diversity within populations arttie genetic
differentiation amog populations along the elevational and latitudinal gradients. The influence

of gene flow, genetic drift, population size, geographical distance, and differences in elevation

onthegenetic distancbetween populatiorare also analysed.

This chapter was yblished as: Daco L, Matthies D, Hermant S, Colling2G22). Genetic
diversity and differentiation of populations @éithyllis vulnerariaalong elevational and
latitudinal gadients. Ecology and Evolutidi®(8), e9167https://doi.org/10.1002/ece3.9167

Chapter3aiQuant i tative genetic differentiation a
plant Anthyllis vulnerariaal ong el evati onal and |l atitudinal
traits d progenyoriginatingfrom plants fromthe 40 populations studied in chapters 1 and 2.

Seeds from 20 families of each population were grown in a common garden in Luxembourg,
underin general more benign conditiotisan inthe populationsof origin. The effects of

elevation and latitude of origin on survival, fithegdated and phenological trgiandselfing

ability were analysedto detect adapte differentiation along the elevational and latitudinal
gradients Quantitative genetic differentiatiorQgr) between ppulationswas comparedo

neutral molecular genetic differentiatiofsf) betweenpopulationsto identify signals of
diversifying selection in specific trait3he study also compa@henotypicmeasurements

taken in the common garden with tieestaken @ the mother plants in the field to assess the

plastic responsesf the plants.The evolvability of quantitative traitfor plants from the
populations alonghe elevational and latitudinal gradients was investigated to examine the

evolutionary potential foperipheral populations.
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CHAPTER 1

Altitude and latitude have different effects on population

characteristics of the widespread plartthyllis vulneraria

Laura Daco, Guy CollingndDiethart Matthies

Published imDecologia(2021) 197:534549. https://doi.org/10.1007/s00443121-050306

LD, GC and DM conceived the study, analysed the data and prepared the manuscript; LD
conducted field worland collected the data. All authors contributed critically to the drafts and

gavefinal approval for publication.
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Abstract

Widespread plants may provide natural models for how population processes change with
temperature and other environmental vdaaland how themay respond to global change.
Similar changes in temperature can occur along altitudinal and latitudinal gradients, but hardly
any study has compared the effects of the two types of gradients. We studied populations of
Anthyllis vulnerariaalong a latitudinal gradient from Central Europe to the range limit in the
North and an altitudinal gradient in the Alps from 500 m to the altitudinal limit at 2500 m, both
encompassing a change in annual mean temperature of c. 11.5 °C. Plant sizeodndtrep
decreased, but plant density increased along both gradients, indicating higher recruitment and
demographic compensation among vital rates. Our results support the view that demographic
compensation may be common in widespread species in cotirdst predictions of the
abundant centre model of biogeography. Variation in temperature along the gradients had the
strongest effects on most population characteristics, followed by that in precipitation, solar
radiation, and soil nutrients. The proportiof plants flowering, seed set and seed mass
declined with latitude, while the large variation in these traits along the altitudinal gradient was
not related to elevation and covarying environmental variables like annual mean temperature.
This suggestshat it will be more difficult to draw conclusions about the potential impacts of
future climate warming on plant populations in mountains, because of the importance-of small

scale variation in environmental conditions.

Keywords

Abundant centre model, clirechange, environmental gradients, herbivory, seed set.

Introduction

Temperature is an important determinant of plant physiology and distribution (Woodward
1987; De Frenne et al. 2013). Climatic factors such as low temperatures and short growing
seasonsypically constrain plant growth and cause absolute limits to plant growth in arctic and
alpine environments (Woodward 1987; Kérner 2003; Halbritter et al. 2013). According to the
altitudefor-latitude temperature model, similar changes in annual mean rtatomgeof c. 5 °C

occur over 1000 m of altitude and 1000 km of latitude in the temperate zone (Jump et al.
200%). Studies of population traits along gradients of altitude and latitude with comparable
changes in temperature provide an opportunity to study the influence of temperature and other

environmental factors on plant population characteristics and stru¢heestudy of natural
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variation in ecologically important traits is crucial to further increase our knowledge of the

mechanisms involved in the distribution and abundance of plant species (Jump etlgl. 2009

Global warming is expected to affect the range abundance of species in the future (Walther
2003; Thomas 2010; Swab et al. 2015). The global mean surface temperature is projected to
increase during this century by up to 4.8 °C (IPCC 2014). An improved understanding of how
climatic conditions influene plants is important for assessing the response of plants to global
change and to conserve threatened plant species under changing climatic conditions. Plant
species with populations occurring along strong gradients in altitude or latitude and
correspondig strong changes in temperature may provide natural models for how population
processes change with temperature (Halbritter et al. 2013).

However, altitudinal and latitudinal gradients differ in a number of factors including
atmospheric pressure, precgtion, solar radiation, and soil nutrients (Kérner 2007; De Frenne

et al. 2013). The response of species across the two types of gradients may thus be expected to
differ in potentially important aspects. While many studies have investigated different
processes in plant populations along either altitudinal (Totland 2001; Pellissier et al. 2010;
Rasmann et al. 2014) or latitudinal gradients (Sagarin et al. 2006; Moeller et al. 2017), there
are hardly any studies that have compared the effect of the two ¢ypgsadients on
populations of a single species (Siefert et al. 2015). Moreover, most studies did not try to
disentangle the effects of temperature on plants from those of other environmental factors (De
Frenne et al. 2013).

The aim of this study was to compare population&rdhyllis vulnerarial. (Fabaceae) along

two temperature gradients of c. 10 °C, a latitudinal gradient of c. 2400 km from Central Europe
to northern Norway and three altitudinal gradients of c. 2000 tharEuropean Alps. We
analysed climatic conditions using data from Worldclim (Fick and Hijmans 2017), soil
nutrients and site productivity and investigated characteristics of the populations including
their size and density, sizelated plant traits, repduction, predispersal seed predation, and
population structure. The altitudinal gradient spanned the species' range from lowland sites to
populations at the altitudinal limit and the latitudinal gradient ranged from the geographical
centre of the distrilstion to the northern distribution limit. These gradients allowed us to test
some of the predictions of the abundant centre model (ACM; Brown 1984; Sagarin and Gaines
2002) of biogeography. The ACM predicts that the abundance and performance of species at
the geographical periphery of their distribution area are lower than those at the centre of their
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range where environmental conditions are assumed to be most suitable (AbeRGt4al
Pironon et al. 2017).

We address the following questions: (1) Howppulation characteristics @&. vulneraria

vary along the two gradients and do altitude and latitude have different effects? (2) Which
environmental variables in addition to temperature are important predictors of population
characteristics along altituthl and latitudinal gradients? (3) Are characteristics of the

populations along both gradients in line with the predictions of the ACM?
Material and methods

Study Species

Anthyllis vulnerariais a very polymorphic biennial or perennial occurring in natr@or
calcareous grasslands and screes all across Europe, the Mediterranean Basin and the Caucasus
(GBIF.org 2019) from sea level up to 3000 m a.s.l. (Conert 1975). In total, 24 infraspecific taxa
have been described in Europe (Cullen 1968). Howevehnylgenetic study based on ITS
sequences and chloroplast microsatellites showed that all subspekiesiloierariaclustered
together and thus did not support the traditional taxonomic subdivisions based on morphology
(Nanni et al. 2004). Moreover, AFbRiriance in a study of eight taxaAf vulnerariadid not

support recognizing intraspecific taxafofvulnerariaat the species or subspecies level (Koster

et al. 2008). In contrast to earlier studies which argued that subspecies do not interbreed due to
the predominantly autogamous reproductive system (Couderc 1971; Couderc and Gorenflot
1978) more recent studies based on molecular markers found that there is considerable gene
flow among and within populations (Honnay et al. 2006; Van Glabeke et al, R863elring

et al. 2015) indicating that the populations are not predominantly selfing. In the present study,
we will therefore not distinguish between putative subspecies a priori to capture a large amount
of variation over the whole study area. The bisaves ofA. vulnerariaform rosettes and the
flowers are grouped into flowerheads with four to more than 20 flowers. Plants usually start
flowering in the second year after germination, but flowering can be delayed for up to eight
years (Erschbamer aitketter 2004). Most plants are monocarpic but some may flower more
than once (Sterk 1975). Flowers are pollinated by Hymenoptera (Couderc and Gorenflot 1978)
and produce a single seed per fruit. An important specialist herbivérevofnerariaare the
caerpillars of Cupido minimugLepidoptera) which feed on the developing seeds (Krauss et

al. 2004). AlthoughA. vulnerariais not considered to be endangered in most parts of its

31



distribution, it has strongly declined in some areas in the last decades, ME.Germany
(Jansen et al. 2019).

Altitudinal and latitudinal gradients

We studied the influence of environmental conditioné&\owulnerariain 40 populations along

an altitudinal and a latitudinal gradient. The length of the two gradients was clwsen t
correspond to a change of 11.5 °C in annual mean temperature. The latitudinal gradient ranged
from the centre of the distribution in Central Europe (46.4 °N) over 2400 km to the northern
distribution limit in Scandinavia (68.1 °N) and the altitudinaldgeat from valley populations

in the Alps at 500 m to the altitudinal limit at 2500 m a.s.l. To account for potential regional
climatic differences, the altitudinal gradient was replicated in three different alpine regions in

France, Switzerland and Austri

Field data

Based on information gathered from local botanists and the GBIF database (GBIF.org 2019),
we sampled 26.. vulnerariapopulations each along the altitudinal and the latitudinal gradients
(Fig. 1; AppendixTable S1). A population was defin@d a group of plants separated by at
least 100 m fron the next conspecific plantSuring summer 2015, we recorded at each site

the altitude above sea level, latitude and longitude with a GPS (eTrex 20, Garmin Ltd.), site
exposition as absolute deviatiororin the north with a compass and inclination with a
clinometer. Populations were sampled at a similar phenological state, i.e. southern and lowland
populations were sampled first. In small populations, all plards @tiinerariawere counted.

In large poplations, the population size was estimated from counts in parts of the total area.
To estimate site productivity, we sampled in each population the -@souad biomass in two
randomly chosen plots (25 cm x 25 cm) in whighvulnerariawas present. Theegetation

was clipped at 5 cm above solil level, dried at 60 °C for 48 h to constant mass and weighed. At
each site, we took at least three random samples of a total of at least 300 g of mineral soil. Soll
organic carbon was determined by subtracting tleegamic carbon content measured with
phosphoric acid from the total carbon content determined by dry combustion at 1200 °C with
a Multi EA 4000 (Analytik Jena, Jena, Germany). Total nitrogen content was determined by
dry combustion at 900 °C with an elenmnanalyzer (Vario MAX cube, Elementar,
Langenselbold, Germany). The pH was measured in a 0.01 M solution ef@tiGi SP2000

pH soil analyser (Skalar Analytical, Breda, Netherlands). PhosphosQs) (8hd potassium
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(K20) were extractedith a 0.05M calcium lactate and acetate solution and the contents were
dosed by inductively coupled plasma optical emission spectrometry (Agilent 726HSP
Radial, Santa Clara, USA).

In each population, we selected one plot of 1 m x 1 m in an areh appeared to have the
highest density oA. vulnerariaand two further plots located at random but whtlvulneraria
present. In each plot, we counted the number of flowerhealsvotnerariaand of flowering
plants and calculated the mean numberaférheads per plant and the mean per population.
In the three plots, we determined the sum of the number of vegetative and of floAering

vulnerariaindividuals and calculated the proportion of flowering plants per population.

In each population we collectedl flowerheads from 20 fruiting plants along a 20 m long
transect. We determined the height for each of these plants. In the laboratory, we determined
for each mother plant the number of healthy seeds (green and large), fully developed but
damaged seedsith clear signs of herbivory, and aborted seeds (small, brown or light green).
We calculated seed set per population as [number of intact and damaged seeds collected / total

number of seeds including aborted], and the proportion of damaged seeds asdanraged

Fig. 1 Map of theAnthyllis
vulnerariastudy sites in
Europe. The inset shows the
locations of the populations ¢
the altitudinal gradient in
France, Switzerland and
Austria




seeds / total number of seeds]. The presence of egGsi@flo minimusn the collected
flowerheads was recorded for each population. For each mother plant, the mean mass of healthy

seeds was determined and then averaged to calculate mean seg@nopulation.

Bioclimatic variables

For each population, we downloaded three climatic variables from the WorldClim database
Version 2.0 (Fick and Hijmans 2017) in a 30-aeconds (1 kA) resolution: annual mean

temperature, annual precipitation, audar radiation.

Statistical analyses

If not stated otherwise, all statistical analyses were carried out using IBM SPSS Statistics for
Windows, version 25.0 (IBM Corp., Armonk, N.Y., USA). To study the environmental changes
with latitude and altitude, &analysed the relationships between altitude or latitude and annual
mean temperature, annual precipitation, solar radiation, standing biomass, soil organic carbon

content, nitrogen, phosphorus, and potassium content with linear regressions.

The effects baltitude and latitude on population means of morphological and reproductive
traits were tested with general and generalized linear models (GLMs) in R 3.5.2 (R Core Team
2018). These analyses investigated also whether mean plant performance declined
continuously from the centre of the distribution to the range margins at high latitudes and
altitudes as predicted by the abundant centre model. The GLMs for proportion data (e.g.
proportion flowering, seed set, seeds damaged) were calculated with a logantink
guasibinomial error distribution (see Crawley 2009). For the altitudinal gradient, the effects of
the three regions within the Alps and the linear and quadratic effects of altitude as well as the
interaction between the region and the linear anduladratic terms were tested. The quadratic
term was integrated to check for a potential #gleivational maximum along the gradient.
Similarly, linear and quadratic effects of latitude were also tested; however, the quadratic terms
were never significant. Bels were simplified by dropping naignificant termsP > 0.05).

For proporti on darfwas calMitatEdad ahe midus theRati®betdeen the
log-likelihood of the model of interest and the Jligelihood of the null model. When region

had a significant effect (only in the case of maximum density)rited the model for each
region was calculated by correlating the predicted values from the overall model and the
observed values. To study the possible effects of altitude or latitudelapopusize and

maximum plant density on the presence of eggSugfido minimusye carried ouseparate
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logistic regressions. Due to overdispersion, we used quasibinomial error distribintithe
GLMs. We compared the strength of the relationships adirmalues of population traits and
altitude with the relationship of the same traits with latitude ithsts using the fpackage
cocor (Diedenhofen and Musch 2015).

We performed a principal component analysis (PCA) based on correlations with sait organ
carbon, total nitrogen and phosphorusQé) contents to characterize soil conditions at the
study sites. The resulting PCA factor (PC Soil nutrients) explained 77.8 % of the total variance
of the component variables and was used in multiple regressisnan explanatory
environmental variable. Factor loadings were 0.96 tay 8179 for ROs, and 0.89 for Gg. TO
elucidate which environmental variables might be responsible for the observed relationships
between certain population characteristics atitlide or altitude, we performed (generalized)
linear models with normal or quasibinomial errors relating these characteristics to the following
explanatory variables: annual mean temperature, annual precipitation, solar radiation, PC Soil
nutrients, stating biomass (seAppendix Table S2). For each plant trait we calculated all
possible models and their Akaike information criteria (AlCc) or the quasi AICc (QAICc; for
proportion data) using the functicinedgeof the Rpackage MuMIn (Barton 2019). To assess

the importance of the individual predictors we averaged all possible models including these
predictors (conditional average, Burnham and Anderson 2002) and derived importance values.
In addition, we selectettie model with the lowest AICc or QAICc. Theof those models was
calculated by correlating the predicted and the observed values for the Gaussian data and by
calcul ati ng Ma?inkhe dadesohpéoportipnslatau Wecalculated standardized
regression coefficients for the variables in these models. Standaregredsion coefficients

for the GLMs for proportion data were calculated using the ldbedretical method (Grace et

al. 2018).

In the analyses, data for population size, maximunmtptiensity and mean number of
flowerheads per plant were lagansformed prior to analysis to achieve normally distributed
residuals and homoscedasticity. Population AAt5 was excluded from most of the analyses due
to missing data (except for populationesimax. plant density, seed set, seeds damaged and

seed mass).
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Results

Habitat characteristics and gradients

Most study sites had a southern exposition (median = 114.5 ° deviation from north) indicating
thatA. vulnerariaprefers welexposed habitat®\ppendixTable S3)Anthyllis vulnerariawas
present at both level sites and slopes of up to 103 % inclination. Standing biomass was
generally low (median 96.1 g findicating little competition for light. Soils were slightly
acidic to neutral (median pHZ1) and the nutrient content was generally low (medians: N

= 0.2 %, BOs < 3.0 mg/100 g soil, YO = 8.0 mg/100 g soil, &= 3.2 %). The range of annual
mean temperatures at the study sites was similar for both the altitu@idafC to 10.8 °C)

ard the latitudinal gradientsX.2 °C to 10.8 °C). Annual mean temperature decreased with

both increasing altitude and latitude (Tablé&fppendixFig. S1).

Several other environmental variables changed along the gradients of altitude and latitude
(Table 3. With increasing altitude precipitation increased and standing biomass decreased,
while with increasing latitude solar radiation, soil N, P and organic C decreased. Potassium (K)
soil content did not vary along the gradients.

Table 1Correlations between altitude and various habitat characteristics for tl
altitudinal populations and latitude and various habitat characteristics for the .
latitudinal gradient populations separately.*x 0.1; *P < 0.05; ** P < 0.01; ***
P < 0.001.%Sample size N = 19.

Altitude Latitude

Habitat variable r r
Annual mean temperature (°C) -0.98*** -0.87***
Annual precipitation (mm) 0.63** 0.28
Solar radiation (kJ rhday?) All sites 0.33 -0.95%*+*

France 0.99***

Switzerlanc 0.94**

Austria 0.82(*)
Standing biomass (g M) -0.40(*) @ 0.36
Organic carbon soil content (%) 0.06% -0.49*
Nitrogen soil content (%) 0.142 -0.57**
Phosphorus soil content (mg/10(
soil) 0.172 -0.48*
K20 soil content (mg/100 gpil) -0.072 -0.33
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Population characteristics and mean plant traits along the altitudinal and latitudinal

gradients

The relationship between maximal plant density and altitude was best fitted by quadratic
functions (Fig. 2aAppendixTable S4). While in the Austrian and French Alps these functions
indicated that plant density was highest at c. 1700 m, in Switzerland plant density increased up
to 2500 m. However, the decline in density above 1800 m in Austria and above 2000 m in
Francewas in both regions due to only a single population. Maximum plant density in the
populations increased with latitude (Fig. 2b). In the 40 studied populations the number of plants
and the maximum density were positively correlated.43,P < 0.01). Ppulation size varied

along the altitudinal gradient from 80 000 individuals and along the latitudinal gradient
from 50- 10 000. The size of the populations increased significantly with altitude (Fig. 2c) but
not with latitude (Fig. 2d). However, tliference in the strength of the relationships was not

significant.

Plant height decreased with both altitude and latitude indicating that both gradients were
limiting plant growth, but altitude was a much better predictor (Fig. 2e, f). In contrast, the
proportion of flowering plants did not vary consistently with altitude (Fig. 2g), but strongly
decreased with latitude (Fig. 2h). The number of flowerheads per plant decreased from c. nine
in the low altitude to four in the high altitude populations (F&). @&d from 17 in the Central
European to five in the arctic populations (Fig. 3b). The mean number of flowerheads per plant
was related to mean plant size in the 40 populations as it increased with plantrheigib

P < 0.001).

Seed set decreasedhatitude (Fig. 3d), but there was no relationship with altitude (Fig. 3c).
However, the difference between the two correlation coefficients was only significant at the
0.08 level. The proportion of seeds damaged by herbivory decreased with botle atitud
latitude (Fig. 3e, f). We detected egg<afpido minimusn 27 of the 40 sites but did not find

any significant relationships between the probability of their presence and alBted& 6),
latitude P = 0.50), population size (AltP = 0.42; Ld.: P = 0.10) or density oA. vulneraria

(Alt.: P =0.66; Lat.:P = 0.19). There was no clear relationship between mean seed mass and
altitude (Fig. 3g), while there was some suppBrt=(0.068) that seed mass decreased with
latitude (Fig. 3h). The diffence between the two correlation coefficients was siglyificant

at the 0.07 level.
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Influences of habitat characteristics on mean populatitraits

Annual mean temperature was the environmental factor that was most important in the models
for six out of eight mean population traits along the altitudinal gradient (FAgpendixTable

S5). Along the latitudinal gradient, temperature hadthlstighest importance values for most
traits. Precipitation had overall the second highest importance. In the best models with the
lowest AICc @AppendixTable S6) mean plant performance in terms of growth and reproduction
declined in parallel with tempature along both gradients, but density and population size
increased with lower temperatures in the higher regions of the Alps. Precipitation, soil nutrients
and solar radiation were further environmental factors that influenced some plant traits,
althoudh mostly in addition to temperature while standing biomass was never part of the best

model.

Discussion

We studied mean population traitsAfvulnerariaalong a latitudinal gradient that extended
from the centre of the distribution of the species inta¢Europe to its northern distributional
margin, and along an altitudinal gradient that ranged from the lowlands to the altitudinal limit
of the species in the Alps. Plant size, reproduction and density reacted similarly to changes in
altitude and latitde and showed clinal variation, potentially allowing to assess the response of
populations to predicted warming of the climate. However, some reproductive components like
seed set and mass and the proportion of plants flowering responded differentlyvo the
gradients and decreased with latitude but not with altitude indicating that the effects of climate

warming on plant populations are likely to differ along the two gradients.

The abundant centre model predicts that all vital rates of a species like survival, reproduction,
growth and recruitment are highest at the centre of the distribution of a species, where
environmental conditions are assumed to be most suitable and deulares the periphery
(Brown 1984, Pironon et al. 2017). The reduced size and reproductidanwvafinerariain
peripheral northern and alpine populations were in line with the decline in plant performance
towards the periphery predicted by the ACM (seeasp Jump and Woodward 2003; Angert
2006; Vaupel and Matthies 2012). However, only 43% of the studies reviewed by Pironon et
al. (2017) found a significant decline of reproduction towards the periphery, while a further
21% found no clear pattern. In coamt to size and reproduction, the densitiofulneraria
increased along both the altitudinal and latitudinal gradients, indicating that recruitment must

be much higher in peripheral high altitude and high latitude populations to more than
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compensatdor the reduced reproduction. The higher recruitment in peripheral populations
could be the result of higher survival of young plants due to the higher precipitation and the
lower intraspecific competition between the smaller plants in these populaseasalso
Villellas et al. 2013 for another shdited species). The opposite trends in vital rates indicate
the existence of demographic compensation between reproduction and recruitment in
populations ofA. vulneraria.Such compensatory changes in vitales across the range are
thought to allow species to occupy larger areas of distribution (Doak and Morris 2010; Villellas
et al. 2015). Our results thus contribute to the increasing evidence that in contrast to the
predictions of the ACM demographic coamsation may be common in widespread species
(Villellas et al. 2013, 2015; Peterson et al. 2018).
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Plant size and density

The size of plants as measured by their height and their number of flowerheads decreased with
both altitude and latitude. A similar fp@rn has been found in many other species (e.g.
Woodward 1986; Weber and Schmid 1998; Hargreaves et al. 2015). In contrast, in some forest
herbs plant height increased with latitude (De Frenne et alb2B8tharya et al. 2017). Fda.
vulneraria, the reslts of the multiple regressions indicated that the reduced size of plants with
increasing altitude and latitude is mainly due to the decrease in temperature. Temperature is an
important constraint to growth and plant size is known to decrease with téunpexad the

resulting shorter growing season in many species (Kérner 2003; De Frenne et al. 2013).

In contrast to plant size, plant density increased with both altitude and latitude. This could be
an effect of reduced intraspecific competition due tostialler size of plants. Furthermore,

the density ofA. vulnerariaincreased with lower soil nutrient levels along both gradients.
Anthyllis vulnerariais a poor competitor (Sterk 1975) and negatively affected by high nutrient

levels due to increased contipen by other species (Ellenberg et al. 1992).

Seed set and seed mass

The lower seed set and reduced seed mass in high latitude popula#tonailbferariacould

be due to several factors. First, plant sizA.ivulnerariadecreased with latitude asdhaller

plants often have lower seed set and smaller seeds due to resource limitation (Matthies 1990).
In A. vulnerariathe decrease in seed set with latitude was related to lower soil nutrients and
temperatures, in line with the result of other studieslé&and Westoby 2003; Wu et al. 2018).
Second, the diversity and abundance of insect pollinators are reduced at high latitudes and
dominated by Diptera (Elberling and Olesen 1999; Fulkerson et al. 2012). Because the flowers
of A. vulnerariaare exclusivel pollinated by Hymenoptera (Couderc and Gorenflot 1978),
seed set in the northern populations may have been lower due to a lack of pollen. Third, pollen
limitation may result in increased sédftilization and increased abortion of developing seeds

and bwer seed mass at higher latitudes.

While seed set and seed mass decreased with latitude, they did not vary consistently with
altitude and temperature. As in other plant species (Korner et al. 1989; Guo et al. 2010) the size
of plants ofA. vulnerariadecined with altitude, but this did not result in a decline of seed set
and mass. Instead, both reproductive components were highly variable at all altitudes,

confirming that local environmental variation may strongly influence reproductioA. in
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vulneraria (Kesselring et al. 2015). Environmental factors may also interact with pollen
availability to determine reproduction in alpine environments (Totland 2001). The few other
studies that have investigated the relationship between seed set and altitude hdve foun
conflicting results (Totland and Birks 1996; Vaupel and Matthies 2012; Hargreaves et al.
2015). Similarly, studies that have investigated how mean seed mass varies with altitude in
individual species found also no consistent pattern. In some spectesyaszincreased (Holm
1994; Olejniczak et al. 2018), whereas in others it declined (Totland and Birks 1996; Pluess et
al. 2005; Guo et al. 2010; Olejniczak et al. 2018), or showed no relationship with altitude (Holm
1994; Pluess et al. 2005; Vaupel andttki@s 2012; Olejniczak et al. 2018).

Seed predation

The seeds oA. vulnerariaare attacked by several species of specific insect herbivores, e.g.
Cupido minimusHypera trilineata Tychiussp., Bruchophagusp. (Sterk et al. 1982). Rre
dispersal seed piation decreased both along the latitudinal and the altitudinal gradient,
although population size increased with altitude and plant density increased along both
gradients. Larger and denser plant populations are more likely to be found by specific seed
predators and to sustain viable populations of them (Kéry et al. 2001; Colling and Matthies
2004; Vaupel and Matthies 2012). In contrast to our results, the level of seed predation would
thus have been expected to increase along the two gradients. Thededgredation at high
elevations and latitudes is most likely due to low temperatures and short summers that
negatively affect larval development and abundance (Alonso 1999; Hodkinson 2005; Lee and
Kotanen 2015). Our results are in line with those of nahgr studies that found a decrease

in seed predation with increasing altitude
Buckley et al. 2019) and the few that studied effects of latitude (Vergeer and Kunin 2011; Lee
and Kotanen 2015; but see Anstetalet2014). Our results indicate that the positive effects of
increased density and larger population size of the host spAciesllneraria cannot
compensate for the negative effects of the more severe weather conditions on the populations
of the seed predators and support the notion of a general decline of the importance of insect
herbivory with increasing latitude (Schemske et al. 2009).

Population structure

Anthyllis vulnerariais usually considered a biennial, which in the first year produces a rosette

that in the second year flowers, fruits and then dies (Sterk 1975). In the current study, the
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proportion of flowering plants decreased sfty along the latitudinal gradient. A possible
explanation for the high proportion of vegetative plants in the North could be the higher
recruitment due to higher soil moisture, leading to an increase in the density of young
vegetative plants in combinati with a high mortality of vegetative plants over winter
(Villellas et al. 2013). Alternatively, plants in the North may stay in a vegetative state for more
than one year because flowering is delayed because of lower solar radiation, temperatures and
nutrient availability (Lacey 1988; Lempe et al. 2005, but see Vergeer and Kunin 2011). This
would increase the proportion of rlowering plants over multiple growing and germination
seasons as they accumulate in the population (Lacey 1988; Becker et al.12@@Htrast,
although similar environmental changes could be expected along the altitudinal gradient, at
high altitudes both populations with a low and a high proportion of flowering plants were
found. This indicates heterogeneity in local conditiong. @ow cover and time of snow melt)

at a smaller scale than the Worldclim data that override the effects of general trends in climatic
and edaphic conditions. Heterogeneity of sreallle habitat conditions is particularly high in
alpine habitats (K6rnez007).

Conclusions

Our study of variation in population mean traits along two gradients from the centre of the
distribution ofA. vulnerariain Central Europe to its range margins in the subarctic North and
at the high altitudes in the Alps only partially support the abundant centre model (ACM). The
reduced size and reproductionAafvulnerariain peripheral populations were in line with the
decline in performance towards the range margins predicted by the ACM. However, the
increase of recruitment and plant density towards the range limits contributes to the growing
evidence that the general decline in vital rates towards the periphery agsuthedACM is

too simplistic (Abeli et al. 2014; Pironon et al. 2017). Instead, demographic compensation
between vital rates, as between reduced reproduction and increased recruitment in
vulneraria may be an important factor contributing to the laagga of distribution and wide
altitudinal range of a species (Doak and Morris 2010). The plasticity of the life cycle might
also provide some buffering for widespread species against negative effects of climate change
(Doak and Morris 2010; Villellas et.a2015; Peterson et al. 2018, but see Sheth and Angert
2018).

Population characteristics &f vulnerariavaried strongly along the altitudinal and latitudinal

gradients and environmental conditions influenced mean population traits, population structure

44



and demography. Changes in temperature along the gradients appeared to have by far the
strongest effects on the populations, followed by those in other climate variables like
precipitation and solar radiation, and in soil nutrients. Increasing altitudéasitodle both
reduced sizeelated traits of plants and seed predation, but only with latitude was there a clinal
decline in the proportion of plants flowering, and in seed set and seed mass. Observed
latitudinal patterns in population characteristics #mes of only limited value to predict
changes with altitude. This indicates that it will be more difficult to draw conclusions about
potential impacts of future climate warming on plant populations in mountains, because of
large local variation in importatraits not related to altitude and annual mean temperature, but
to smaltscale variation in environmental conditions (Scherrer and Kérner 2010; Oldfather and
Ackerly 2019) and potentially in plagpollinator interactions (Totland and Birks 1996).
However the actual responses of species to predicted climate warming will also depend on
genetic variation among populations and their phenotypic plasticity (Peterson et al. 2018). Our
study did not allow to disentangle the effects of phenotypic plasticity tigarsiation and

local adaptation. Common garden experiments and molecular genetic analyses will be

necessary to identify the mechanisms involved.
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Abstract

The abundant centre model (ACM) predicts that the suitability of environmental conditions for
a species decreases from the centre of its distribution towards its range periphery and
consequently its populations will become scarcer, smaller and moredsoésealting in lower
genetic diversity and increased differentiation. However, little is known about whether genetic
diversity shows similar patterns along elevational and latitudinal gradients with similar changes
in important environmental conditionssldg microsatellite markers we studied the genetic
diversity and structure of 20 populations eachAwthyllis vulnerariaalong elevational
gradients in the Alps from the valleys to the elevational limit (2500 m), and along a latitudinal
gradient (2500 kmjrom Central Europe to the range margin in northern Scandinavia. Both
types of gradients corresponded to a 11.5 °C difference in mean annual temperature. Genetic
diversity strongly declined and differentiation increased with latitude in line with the
predctions of the ACM. However, as population size did not decline with latitude and genetic
diversity was not related to population sizéAinvulnerarig this pattern is not likely to be due

to less favourable conditions in the North, but due to serialdEuaffects during the pest
glacial recolonization process. Genetic diversity was not related to elevation, but we found
significant isolation by distance along both gradients, although the elevational gradient was
shorter by orders of magnitude. Subargbcpulations differed genetically from alpine
populations indicating that the northern populations did not originate from high elevational
Alpine ones. Our results support the notion that postglacial latitudinal colonization over large
distances resulted ia larger loss of genetic diversity than elevational range shifts. The lack of
genetic diversity in subarctic populations may threaten theirtemy persistence in the face

of climate change, whereas alpine populations could benefit from gene flovofreatevation

populations.

Keywords

Abundant centre model, climate change, Pleistocene glaciation, isolation by distance,

population size effect, founder effect

Introduction

The genetic diversity of populations and their differentiation is influenced bgth
contemporary evolutionary processes like gene flow, genetic drift, and natural selection and by

the histoy of a species (Frankham et a017). In small and isolated populations genetic
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variation is often strongly reduced and genetic divergence amopglgtions increased
because of reduced gene flow and stronger genetic drift (Fisnbdevatthies 1998; Aguilar

et al. 2008; Schlaepfer et &018). Bottlenecks and founder effects may also have strong
negative effects on genetic diversity (Frankharal.e2017). Due to environmental gradients

the processes that influence genetic diversity often vary across the distributional range of a
species. The abundant centre model (ACM) predicts that the suitability of environmental
conditions for a species decreasrom the centre of its distribution to its range periphery and
consequently its populations will become scarcer, smaller and more idolateds the range

limits (Brown 1984; Sagarimnd Gaine2002). Genetic consequences of the decrease in the
numberand size of populations towards the range periphery and their increasing isolation are
predicted to be reduced genetic diversity within populations and increased genetic
differentiation among populations due to increased genetic drift and reduced geaé the
periphery of the distribidn of a species (Eckert et al. 2008; Sexton e2@0D9; Hardieand
Hutchings2010; LopezDelgadoandMeirmans 2022)However, while a recent review found

that only approximately half of the available studies supporesethredictions (Pironon et al.
2017), a study of 91 North American native plants found strong support for the ACM {L6pez
Delgadoand Meirmang022).

The genetic diversity and population structure of plant species across its range may also be
influenced by range shifts linked to Pleistocene ateroscillations (Harter et &015), which

had a major impact on the preseigtribution of plants (Hewit2000). Populations typically
retained high levels of genetic diversity and allelic richness in the glacial refugia where they
survived during the ice ages (Beattyd Provar2011; LépezDelgadoand Meirman2022).

With the retreat of the ice shields aftem@te warming, individuals from the surviving
populations colonized the new suitable habitats. Postglacial colonization over long distances
by serial founder events often resulted in a decline in genetic diversity. Thus, populations often
have less genetiariation at higher latitudes and are genetically more differentiated than at
lower latitudes (Hewit 2004; Ehrich et al2007; LopezDelgado and Meirmans2022).
However, northern populations in Europe may also have become established by a massive
migration of coldtolerant plants from the Central European tundra into the forelands of
retreating ice shields during the window of opportunity before tree species migrated North. In
this scenario one would expect that genetic diversity within populations wotlldecrease
towards the northern periphery. An example is the-atfite specieBryas octapetalavhose

genetic diversity in Scandinavian populations is highammid ay 6 s ar cti c popul
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European cluster are closely related to alpine popukiimaicating a common origin in the
tundra south of the Scandivian iceshield (Skrede et a2006).

Important environmental conditions (e.g. temperature) that influence the suitability of habitats
for a species may change along elevational gradientsnitas ways as with latitude and
influence the balance between drift and gene flow. However, there are also important
differences between the changes in environmental conditions along the two types of gradients,
including those in day length, irradiancé&){partial presure, and precipitation (Kérn2007).
Moreover, elevational gradients are much shorter than latitudinal ones and thus gene flow
between populatns is more likely (Hahn et al. 2012; Halbritter et28l15). Four patterns of
genetic diversit along elevational gradients have been found (Ohsantdde2008; Itinoand

Hirao 2016): (1) Populations at intermediate elevations have higher genetic diversity than
populations at both higher and lower elevations, because conditions at intermeeiate (i.
"central”) elevations are optimal, whereas populations at the lower and upper elevation edges
are more affected by restricted gene flow, genetic drift and founder effects, leading to reduced
genetic diversity (Ohsawa et @007; Herrerand Bazaga 20Q08yars et al. 2009; Meng et al.
2019). (2) Populations at low elevations are genetically mostst (PremolR2003; Quiroga

and Premoli2007), because conditions at low elevations are best and founder effects have
occurred during upward range expansi(8). Genetic diversity increases with elevation in
species whose main habitats are in the alpine zone, or whose populations are negatively
impacted by human activities at lowelevations (e.g. Reisch et al. 2005; Shi et al. 2011,
Halbritter et al2015). Fnally, genetic diversity may be unrelated to elevation due to extensive
gene flow or random variation caused sy local factors (Hahn et al. 2012; Halbritter et

al. 2015). Reviews of studies on genetic diversity along elevational gradients haventound
general patterns (Ohsawad |de2008; Itinoand Hirac2016) and little is known about whether
latitudinal and elevational gradients in environmental conditions have similar effects on the
genetic structure and diversity of a plant species. A bettigratanding of patterns of genetic
diversity and differentiation along these gradients is important, because genetic diversity will

determine the potential of populations to adapt tmorngglobal change (Jump et 200%).

The effects of the two typed gradients should ideally be compared in species that have both

a large latitudinal and elevati extension (Halbritter et &015).We chose the kidney vetch
Anthyllis vulneraria(Fabaceae) as a model species to study the patterns of genetic variability
and differentiation as influenced by latitude and elevation, because it has an exceptionally wide

geographic and elevational distritan in Europe. The large distribution & vuneraria
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allowed us to study general genetic patterns that cannot be detected talpneticspecies or

in rare species with fragmented and isolated populations. We studied the genetic diversity and
structure ofA. vulnerariaalong two gradients chosem ¢orrespond to a change of 11.5 °C in
annual mean temperature: a latitudinal gradient of c. 2400 km from Central Europe to Iceland
and northern Norway and three elevational gradients of c. 2000 m elevational difference in the
European Alpgsee also Dacet al.2021) The latitudinal gradient ranged from the centre of

the distribution ofA. vulnerariato its northern range limit and the elevational gradient in the
Alps from the valleys to the upper elevational edge of its distribufienaddress the folwing

specific questions: (1) Does the genetic diversi#.ofulnerariavary similarly along gradients

of elevation and latitude? (2) Are patterns of genetic differentiation similar along the two types

of gradients?

Materials and methods

Study species

Anthyllis vulnerariaL. (Fabaceae) is a diploid biennial to perennial herb of nutpeat
calcareous grasslands and screes. Its distribution is exceptionally wide as it occurs from the
North of the African continent across Europe to above 70 °N in Scamalgwad from sea el

up to 3000 m a.s.l. (Coner®75).A. vulnerariais not threatened in most parts of its distribution
area but has become less common in certain geuiged@reas (e.g. Jansen et2419). The
flowers of A. vulnerariaare grouped imeads and seed mass varies between 1.9 and 4.0 mg
across the studied distribution range (Daco et al., 2@2Nulnerariahas been found to be

auto or xenogamous irdifferent populations (Couderc 1971; Navart899). Several
subspecies oA. vulnerariahave been described as the spgds very polymorphic (Cullen
1968), but molecular genetic studies did not support the splitting into numerous subspecies
(Nanniet al. 2004; Kdster et a2008). In the present study, we did not differentiate between

infragpecific taxa because we wanted to capture a large amount of genetic variation.

Sampling

We sampled 20 populations eachfofvulnerariaalong elevational and latitudinal gradients
(Table 1). The latitudinal gradient ranged over 2000 km from the centine alistribution of
A. vulnerariain Central Europe to the northern distributional margin, and the elevational

gradient extended from valley populations at 500 m a.s.l. to the populations at the elevational
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limit of the species in the Alps at 2500 m a.¥/k defined a population as a group of plants

that were at least 500 m from the next conspecific plant.

During summer 2015, we collected in each population leaves from 20 plants along a 20 m long
transect and put them into separate paper bags. The leaf material was preserved in silica gel
until DNA extraction. The local spatial reference of each sampledidhdil was recorded

along the transects. At each site, we also recorded the elevation above sea level and the latitude
and longitude with a handheld GPS (eTrex 20, Garmin Ltd.). In small populations (< 100) we
recorded the number of plants to the neaiigst fvhile in large populations we counted the

plants in a part of the total area and extrapolated the number to the whole population area.

Genotyping using microsatellite markers

We extracted genomic DNA using a DNeasy Plant Mini Kit (QIAGEN, Hildenntaey)
starting from approximately 10 mg of dried material. Samples were genotyped at 17
microsatellite loci (AV2, AV3, AV7, AV8, AV10, AV12, AV14, AV23, AM000290, AV
002128, AV004868, AVV005692, AV015354, AV020270, AV021012, A\V021224, AV
021803, foreferences see Van Glabeke et al. 2007 and Kesselring et al. 2013) in four multiplex
reactions using the QIAGEN Multiplex PCR Kit (QIAGEN, Hilden, Germany).

Multiplex 1 containd loci AV23 (Van Glabeke et ak007), AV-000290 ad AV-015354
(Kesselring efal. 2013). Multiplex 2 contained loci AV2AV3, AV12 (Van Glabeke et al.
2007), AV-021012 and AW21224 (Kesselring et al., 2013). Multiplex 3 contained loci AV7,
AV8, AV10 (Van Glabeke et al. 2007hd AV-004868 (Kesselring et &013). Multiplex 4
contaned loci AV14 (Van Glabeketeal. 2007), AV-002128, AV005692, A\020270 ad
AV-021803 (Kesselring et akR013). We amplified each multiplex using the QIAGEN
multiplex Kit (QIAGEN, Hilden, Germany)Each multiplex reaction contained 1 x QIAGEN

multiplexma st er mi x and 0.2 €M of each primer in

The PCR conditions wer e: 56 at 95 AC, 30 cy
Mul tiplex 1) and 3066 at 72 AC and a | ast st
a Mastecycler nexus (Eppendorf, Hamburg, Germany). PCR products were separated using
an automated sequencer (3730xI DNA Analyzer, Applied Biosystems). The data were analysed

using Geneious 11.1.5 (httpsuw.geneious.com, Kearse et 2012).

To estimate thereor rate, we extracted and genotyped 5% of the samples twice. The mean
error rate per sample was calculated as the number of errors divided by the total number of
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analysed loci within replicated sampl&8e randomly chose one of the repeated samples to

continue with the analyses.

Analysis of genetic diversity

All analyses unless otherwise stated were carried out using IBM SPSS Statistics for Windows,
version 25.0 (IBM Corp., Armonk, N.Y., USA). Genetic diversity indices including number of
multi-locus gentypes (Ns), number of private alleles @N number of alleles (N, number of
effective alleles (), and observed and unbiased expected heterozygdityarid WHe,
respectively) were estimated in GenAlEx 6.5 (Peakall Smouse€006, 2012). Allelic
richness (Ar) was calculated with the-Rackag@ PopGenKit 1.0 (Rioux Paque2812) and

the inbreeding coefficient (& Weir and Cockerham, 1984) was Icalated in FSTAT 2.9.4
(Goudet2003). We used regression analysis to test for the effects of elevaticatiurdelon
diversity measures and to test for the effect of population size eandHrs. Population size

was logtransformed prior to analysis.

We tested for the significance of heterozygote deficiency or excess (Mauiperg
equilibrium) in the 4@opulations using the Markov chairethod in GENEPOP 4.7.3 (Rousset
2008) with 10 000 dememorisation steps, 500
populations were tested for linkage disequilibrium among loci using an exact test based on a
Markov chain method as implemented in GENEPOP. For both tests, the false discovery rate
technique was used to eliminate false assignment of sigmeclay chance (Verhoeven et al.

2005).

The software Mianchecker (Van Oosterhout et 2004) was used to chetir the presence of
null alleles in each locus x population combination. Adjusted null allele frequencies were
calculated with the software FreeNA (Chapwisd Estoup2007). The adjusted allele

frequencies were used to recalculate unbiased expected ggtesity values.

Analysis of population differentiation

We used-st (Weir and Cockerham984) and & (Meirmansand Hedrick2011) to measure
genetic differentiation among the 40 studied populations and among the populations of the
elevational and latitudial gradients separately. In addition ta,kt has been recommended to

use an alternative statistics like®$ which is an unbiased estimator of population

differentiation suitable to infer demographic history and migration (MeirnaasHedrick
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2011).Pairwise populatioffstand G<rand globaFstand G<rwere calalated with FSTAT
2.9.4 (GoudeR003) and Genodive 3.0 (Meirmap820), respectively. Significance tests were
based on 1000F67) and 999 permutations f&y).

The partitioning of genetic variation within and among populations, and between the three
mountain regions (France, Switzerland and Austria) was analysed with AMOVA as
implemented in GenAlEx 6.5 (Peakalid Smous2006, 2012). The significance of the rksu

was tested with 999 permutations.

Mean pairwise &rvalues for each population were calculated by averaging all pairki&e G
between a population and all other populations within each gradites.represent measure

of population divergencey@kimowskiand Ecker2008). We performed regression analyses

to test for the effects of elevation and latitude on mean pairfi€ev@lues. For the elevational
gradient, the effects of the three Alpine regions, elevation and the interaction betwean regi
and elevation was tested in a general linear model. For the latitudinal gradient we tested
whether the relationship between pairwigf@nd (log) geographic distance differed between
southern (1 to 9) and northern populations (10 to 20) using a tsromal GLM with 5000
permutations with the fRackage ImPerm 2.1.0. (Wheetard Torchian@016).To analyse the
correlation between @ and He along both gradients the effects of gradiemdg and the

interaction between gradient anHe were testedn a general linear model.

We examined the relationship between genetic (pairwis&/@G- G°$) and geographical
distances for populations of the latitudinal gradient with a Mantel test (GenAlEx 6.5; 999
permutations) to test for isolatidyy-distance BD). For the populations in the Alps, we
analysed the relationship between pairwise genetic distances and both geographical distances
and the differences in elevation with a linear mo&elalues were derived from sequential
permutation tests with 100Gpnutations using ImPerm. We also tested whether the mean
genetic distance between pairs of populations differed between populations north of 56 °N and
those further south by relating the genetic distances to the geographic distances and population

type usng a permutational analysis of covariance with 1000 permutations using ImPerm

Analysis of population genetic structure

We conducted a principal coordinate analysis (PCoA) based on pairfésediues between
populations. We fitted the two variables elevation and latitude on the ordination usengfibe
function in the Rpackage vegan 2:3 (Oksanen et aR020).
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We used SRUCTURE 2.3.4 (Pritchard et &000) to analyse the genetic structafehe 40

A. vulnerariapopulations. To estimate the number of genetic cluskersie carried out ten
independent runs witk = 1i 20 with 1¢ Markov chain Monte Carlo (MCMC) iterations after
a burnin period of 16, using the model with correlated a#lefrequencies and assuming
admixture. We decided on the most probable numbKrhmdsed on the log probability of the
data and their variability associated with e&dfiPritchard et al. 2007; Gilbert et al. 2012) and
the consistency with the PCoA.aNisedCLUMPAK (Kopelman et al2015) to summarize the

runs and generate bar plots of cluster assignments.

Spatial genetic structure within populations

We carried out a spatial autocorrelation analysis with SPAGeDi 1.5d (ldailyyekemans

2002) using the kinshipoefficient F (Loiselle et al1995) and the local spatial coordinates of

744 individuals from 39 populations. Population A5 and five individuals from populations F3
and 10 had to be excluded from the dataset because the local coordinates had ectfukssh r

The intrapopulation distances were divided into ten distance classes each with a minimum of
27 637 pairs of individuals. Thej For each pair of individuals in each distance class was
calculated and the significance levels of the means weramettaith permutation tests with

1000 permutations. Mear) Bver pairs of individuals d&. vulnerariawas plotted against mean
distance for each class and the significance of the slope of that regression was obtained with a

permutation test with 1000 peutations.

Results
Genetic diversity along the elevational and latitudinal gradients

We genotyped 768 individuals with 17 polymorphic microsatettitgkers to study the
influence of the elevationadnd latitudinal gradients on genetic population structure and
diversity. The estimated mean error rate was less than 1% per sample. We found 660 unique
genotypes. Across the 40 populations, the 17 loci analysddiedi 209 alleles, with # 26

(mean =12.9) alleles per locus. The number of mititus genotypes (& was generally high

but was lower in the subarctic populations and was particularly low for the three northernmost
populations (no. 18, 19 and 20; Table 1). We found at least one privaténathelst elevational
populations, but only in six latitude populations, and those were mostly located in the southern

part of the gradient (Table 1). Two of the northernmost populations (no. 18 and 19) were
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Table 1 Study sites, population size, number ahgées, and genetic diversity indices for theAGulnerariapopulations sampled across elevational and latitudinal gradients.

Population Country Latitude (°N) Longitude (°E) Elevation (m a.s.l.) N N Ne Np  Na Ne AR UHe Ho Fis Prwe
Elevational gradient

Al Austria 47.3980 11.2661 961 100 20 20 2 453 275 3.82 055 0.59 -0.06 0.306
A2 Austria 47.4421 11.6501 1521 300 20 20 1 565 3.01 446 057 0.56 0.03 0.282
A3 Austria 47.1606 11.7149 1810 1000 19 19 1 324 199 278 0.39 0.37 0.06 0.129
A4 Austria 47.1690 11.3533 1151 150 19 19 4 3.82 224 338 047 042 0.11 0.044
A5 Austria 47.3127 11.3894 2250 200 19 19 3 512 3.02 434 057 0.55 0.03 0.230
S1 Switzerland 46.1338 7.0595 545 200 19 19 2 394 263 355 053 0.1 0.04 0.121
S2 Switzerland 46.0833 7.1265 1042 80 20 20 1 394 223 334 049 047 0.05 0.242
S3 Switzerland 46.0496 7.9564 2162 30000 20 20 2 4.06 247 337 050 0.40 0.20 <0.001
S4 Switzerland 46.2539 7.2734 1585 1000 20 20 O 553 324 450 0.63 0.58 0.08 0.063
S5 Switzerland 46.2735 7.2374 1250 1500 20 20 0 4.88 325 4.03 0.64 0.53 0.18 0.004
S6 Switzerland 46.0881 7.4067 1940 10000 20 20 1 524 313 426 059 0.54 0.08 0.036
S7 Switzerland 46.1081 7.5801 2413 10000 20 20 1 465 262 384 052 0.51 0.03 0.090
F1 France 45.0533 6.3892 2362 2000 20 20 1 371 201 296 040 0.32 0.21 <0.001
F2 France 45.0512 6.3533 1997 1500 17 17 1 424 259 371 052 0.39 0.26 <0.001
F3 France 45.1562 6.4237 1518 100 20 20 0 341 207 287 042 037 0.12 0.018
F4 France 45.2166 6.3250 1223 200 20 20 1 524 336 435 061 0.59 0.03 0.007
F5 France 45.0932 5.7804 471 1200 20 20 1 3.82 234 318 047 0.34 0.28 <0.001
F6 France 45.1735 6.0389 936 250 20 20 3 553 337 450 058 0.58 0.01 0.401
F7 France 45.1210 5.9852 717 200 10 10 O 388 245 380 056 0.56 0.00 0.574
F8 France 45.0598 6.3157 1807 300 19 19 0 429 268 3.64 050 0.46 0.07 0.033
Latitudinal gradient

1 France 46.4368 4.7528 323 60 18 18 5 4.06 259 341 051 040 0.21 <0.001
2 France 48.1880 5.5534 443 800 19 19 1 406 267 354 052 0.46 0.11 0.610
3 Luxembourg 49.4956 5.9969 342 1000 20 20 2 441 278 3.78 057 0.54 0.04 0.109
4 Luxembourg 49.7314 6.2819 355 50 18 17 O 365 241 325 048 0.37 0.23 <0.001
5 Germany 51.2228 9.7610 442 250 20 19 1 400 269 348 054 047 0.15 0.002
6 Germany 52.0051 10.4075 191 400 20 20 O 3.71 237 323 048 0.47 0.03 0.949
7 Germany 54.0443 10.2290 32 1500 20 20 O 3.06 222 283 049 049 0.00 0.411
8 Germany 54.6873 9.4342 22 1500 20 20 O 359 230 3.05 051 043 0.16 <0.001
9 Denmark 55.5150 9.4244 42 400 20 20 O 3.88 241 332 050 0.52 -0.06 0.277
10 Sweden 56.3671 12.8002 81 800 15 15 0 194 130 1.77 0.18 0.15 0.15 0.189
11 Sweden 57.8892 11.9466 24 300 20 20 O 276 180 236 0.34 0.30 0.11 0.176
12 Sweden 58.6979 11.2199 5 100 18 18 0 3.06 185 270 0.36 0.31 0.13 0.107
13 Norway 61.0621 10.3971 438 100 20 20 1 188 144 176 0.23 0.18 0.21 0.716
14 Norway 62.0139 9.2074 483 75 20 9 0 147 127 130 0.15 0.02 0.88 <0.001
15 Norway 63.4409 10.6567 18 350 19 17 0 218 145 185 0.27 0.11 0.62 <0.001
16 Iceland 63.8164 -22.6970 20 10000 20 8 0 141 132 1.38 0.17 0.00 1.00 <0.001
17 Norway 64.3162 12.3475 168 4000 20 12 1 141 121 1.38 0.13 0.08 0.38 0.008
18 Sweden 66.4261 16.8501 453 300 20 2 0 1.00 1.00 1.00 0.00 0.00 NA -
19 Norway 67.2511 15.4282 6 1000 20 1 0 100 1.00 1.00 0.00 0.00 NA -
20 Norway 68.1022 16.3783 47 1000 19 2 0 106 106 1.06 0.06 0.06 NA -

N population size, n sample size; Number of multlocus genotype, Binumber of private alleles,Ahumber of alleles, Nnumber of effective alleles,/fallelic richness, uHunbiased expected
heterozygosity, H observed heterozygosityishinbreeding coefficientPnwe significance valuesf exact test for HardyVeinberg deviations (values in bold were significant before correction for multiple t
values < 0.03emain significant® < 0.05)after adjusting for the false discovery rate)
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homozygousat every locus indicating that all individuals in the populations were fixed at the

17 microsatellite loci (N, Ne and Az = 1; Table 1).

Expected heterozygosity (gHper population varied from 0.390.65 (mean = 0.53) for the
elevational gradient and from-00.57 (mean = 0.32) for the latitudinal gradient i{feal).
Genetic diversity (ug) did not decrease clearly with elevation=(-0.19,P = 0.44; Fig. 1a)

and also showed no optimum (quadratic regressfen.05,P = 0.34), but decreased strongly
with latitude ¢ =-0.92,P < 0.001; Fig. 1b). Other mea®ss of genetic diversity also decreased
with latitude (M: r =-0.94;Ne: r =-0.94;Ar: r =-0.94; allP < 0.001), but not with elevation

(Na: r=0.09,P =0.72; N r =-0.07,P = 0.77; A: r =-0.19,P = 0.94). However, closer
inspection showed that genetic diversity fiMias similarly high in populations from 46 °N

to 56 °N (no. 1 to 10) and decreased strongly for the populations further north. Genetic diversity
(uHE) did not decrease with populatisize (Alt.:r =-0.01,P = 0.98; Lat.r =-0.21,P = 0.39)
indicating that there was no strong genetic drift in small populations (Fig. 2). In nearly all the
populations, kb was smaller than uHand ranged from 0.320.59 in the elevational and from

0- 0.54 in the latitudinal gradient.

The inbreeding coefficientig&ranged from-0.06 to 0.28 in the elevational populations and
from -0.06 to 1 (in populations whereol 0) in the populations along the latitudinal gradient
(Table 1). In the most northerngdations (no. 18, 19, 20),d€ould not be calculated because
nearly all the individuals of each population had identical rhoittis genotypes leading to
very small ult. Fs increased with latitude € 0.72,P < 0.001) but did not vary consistently
with elevationi(= 0.19,P = 0.43).
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We found significant deviations from Harilyeinberg equilibrium (HWE) for less than 10%

of the allele x population combinations after correcting for the false discovery rate. Thirteen of
the 17 loci significantly deviated from HWE in at least one populasiod 15 populations
showed significant deviation from HWE (Table 1). Populations of the latitudinal gradient
showed deviations from HWE from population 14 on northwards except in populations 18, 19,
20 where deviations from HWE could not be evaluatedolNios systematically deviated from
HWE and no pairs of loci were systematically in linkage disequilibrium after correcting for

multiple tests. All loci were therefore included in the subsequent analyses.

Null alleles were suggested in 64 locus x populatmmbinations (9%), of which 17 were for
locus AV23. However, adjusting the allele frequencies for the null alleles did not change the
unbiased expected heterozygosity in any of the analysed populations-\Whaimey U testP

> 0.81). Therefore, all following analyses were performed with the original data set.

Population genetic structure

The first two axes of the PCoA explained 35.6% of the variation (Fig. 3). The populations from
the Alps were placed close to each other glibre first PCoA axis while all population north

of 56 °N were placed to the right of the Central European populations. In particular, high
elevation populations from the Alps and subarctic populations were widely separated from each
other. Fitting of thewo environmental gradients onto the ordination revealed that the genetic
differentiation between populations was mainly correlated with the latitudinal gradient (
0.81,P < 0.001 vsr2=0.65,P < 0.001 for elevation).
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Fig. 3 Principal coordinatanalysis (PCoA; first two factors) based on pairwiSér@alues
between all studied populationsAxfithyllis vulneraria The elevational and latitudinal
gradients were fitted as vectors onto the ordination. Population labels correspond to
abbreviations sed in Table 1.

In the STRUCTURE analysis the log probability of the data [In P(D)] increased gradually and
the value that also converged well across the ten independent runs was obtaked #or
(Appendix Fig. S1). However, the patterns fiir= 6 andK = 7 were very similar and we
therefore preferred the lower number of groups. Structuring the populations into six clusters
grouped the ten most northern populations together (Fig. 4a, b), confirming their differentiation
from the Central European one$iefmain difference between the patternsder 6 andK =

7 was a further subdivision of the northern populatiohgpéndix Fig. S2) which was not
consistent with the PCoA and probably spurious due to the very low genetic diversity of these
populations. Th ten Central European populations were divided into two groups of five
populations consistent with their latitudinal positions along the gradient. In the Alps, two low
elevation populations (Al, F7) were grouped together with populations no. 6 to 10. High
elevation Austrian and Swiss populations clustered together. Some admixture was present in

the midelevations of the three mountain regions (Fig. 4b, c).
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Fig. 4 Results of the STRUCTURE analysis for 40 populations sampled across elevati
and latitulinal gradients assuming= 6. Pie charts in (a) and (b) represér proportion of
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segments that represented an individua
Vertical black lines separate the 40 different populations. Arrows represent increasing
elevation along each of the three regions in the Alps and increasing latitude along the
latitudinal gradient. For paation labels see Table 1.

Population differentiation

We detected high levels of genetic differentiation among the 40 studied populations (global
Fst=0.36 and3°$r = 0.63). The genetic differentiation among populations was much higher
across the latitudinaFér = 0.46 and3°$r = 0.69) than across the elevational gradi€st €

0.19 and3°$r = 0.40), indicating that the populations in the Alps are less differentiated from
each other. AMOVA indicated that only a small proportion (4.8%) of the genetic variation was
among the three mountain regions, the differentiation among populations \egjoms was

much higher (15%). Most of the genetic variance was within populations (Table 2).

Table 2Results of an AMOVA for the populations Af vulnerariaalong the elevatiaa gradient,
partitioning the genetic variation between mountain regions and among and within popula

Sum of Variance Proportion of
Source of variation df squares components  variation (%) P-value
Among mountain regions 2 210.37 0.27 479 <0.001
Among populations 17 625.89 0.85 15.04 <0.001
Within populations 744 3361.14 4,52 80.16 <0.001
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Pairwise populatioffst andG°<$r-values between all populations are given in Table S1. Mean
pairwise G°<r of a population is a measure of genetic divergencergmesents the genetic
distinctness of that population from the other ones. Mean pai6fi§eper population within

the elevational gradient did not vary with elevat{fig. 5a) and did not vary among regions
(elevation P = 0.90, regionP = 0.64, ineraction:P = 0.32). In contrast, mean pairwi€8<r
increased stronglyith latitude (Fig. 5b) and was significantly higher for populations north of
56 °N than for southern populatiors< 0.001). Mean pairwis@®$rdecreased with increasing
genetic dversity (uH) for both gradients (Fig. 6), indicating absence of migradioft
equilibrium. However, the relationships differed for the populations from the two gradients:
Genetic distinctness of the latitudinal populations was much higher than thatedévational
populations G°<r: P < 0.001), but the slope of the relationship was less steep (interaction
gradient typex uHe: P < 0.01).

Among populations of the latitudinal gradient, genetic distafe®/(1-G°$r) was not related

to geographical distance£ 0.07,P = 0.25). However, after removing an outlier caused by the
high mearG®$r of northern populations, a pattern of isolattmydistance (IBD) was detected

for the latitudinal populations (Fig. 7ia5 0.21,P = 0.03). The mean pairwise genetictdise
between populations, adjusted for the effect of geographical distance, was much higher for the
northern (lat. > 56 °N) than for the more southern populations (5.563#6. 1.16 = 0.71, P

< 0.001).

Mean genetic differentiation (G",)

(a) (b)
0.8 A r=-0.03 r=0.84
P=0.90 | P <0.001 o %o
0.6 1
°® & * *

] o o .
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Fig. 5 The relationship between the mean genetic distant&)6f each population to all
others and (a) elation for the populations along the elevational gradient and (b) latitud
the populations along the latitudinal gradient.
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Genetic and geographical distances of the populations in the Alps were also related fFig. 7b,
= 00008, P < 0.001). Moreover, adjusted for the effects of geographical distance, genetic
differentiation between the populations in the Alps also increased with their difference in
elevation (Fig. 7cb = 0.129,P = 0.013). The effects of 1 km differencealevation on the
genetic distance between populations were similar to those of a difference of 161.3 km in
horizontal distance indicating that the effects of vertical were much stronger than those of
horizontal distance. However, the maximum elevationsiadice between populations was

only 2 km.

Spatial genetic structure within populations

Spatial autocorrelation analysis within populations showed that mean kinship coefficients
decreased with distance between plants in the populattons0;00044,P < 0001; Fig. 8).

Plants growing less than 2 m from each other had a higher probability to be genetically related
than plants separated by greater distances suggesting limited gene flow due to restricted

pollinator movement and limited seed dispersal.

Discusson

Our results show that the patterns of genetic diversity and differentiation of the populations of
the widespread plant speciestByllis vulnerariadiffer between the elevational and latitudinal

gradients. We observed a strong decline of genetic diversity with latitude down to only a single
SSRgenotype in one of the most northern populations. In contrast, no pattern of genetic

diversity in relation @ elevation was observed in the Alps. Similarly, in the only comparable
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study of both gradients, genetic diversity of populationBlahtago lanceolatandP. major
also decreased with latitude but nothwelevation (Halbritter et aR015).

The decrease of genetic variation with latitude, the much strgegetic differentiation among
northern populations and the very few private alleles present in these populations are in line
with the predictions of the abundant centre model (ACM). A decline of genetic diversity from
the centre to the periphery of thetdisution has been founith many species (Hirsch et al.
2015; Hirao et al. 2017; Gougherty et al. 2020; but see llves et al. 2016; Plenk et al. 2017;
Casazza et a021). However, the ACM assumes that the lower genetic diversity and stronger

differentiaton among peripheral populations is due to less favourable conditions which lead to
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smaller and more isolated populations and subsequently to genetic erosion and strong
differentiation (Eckert et al. 2008; Sexton et28109; HardieandHutchings2010). In contrast,

in A. vulnerariathe size of populations increased with latitude indicating favourabletmorsli

in the north (Daco et a2021), and genetic variation was not related to current population size.
This suggest that not curreobnditions resulting in fragmentation, but historical processes
(colonization after the ice age) are responsible for the much lower genetic diversity of northern
populations. Other shelived plant species likArabidopsis thaliangdLewandowskeSabat et

al. 2010) orPlantago coronopug¢Berjano et al2015, which have migrated north after the
retreat of the ice sheet after the Last Glacial Maximum also showed such genetic patterns. A
similar combination of founder effects followed by demographic expa@asiamA. vulneraria

has been suggested as the reason for the population structure of ScandimaNias

europaeugDespres et ak002).

The decline of genetic diversity with increasing latitude was essentially restricted to
populations situated nortf 56 °N latitude (pop. no. 10 to 20). This limit corresponds to the
southern limit of the icshield during the YoungeDryas period (Stroeven et @016).
Populations north of this latitude also formed a distinct cluster in the STRUCTURE and PCoA
analyses. The decrease of genetic diversity and the increasing differentiation with latitude
suggests that northern populations lost genetic diversity due to serial founder effects during the
colonization of northern Europe after the ice age, producing gelhetsxaated populations

with very low subsequent geflew among them (Despres et al. 2002; Excoffier e2@09).

The rare presence of the Scandinavian cluster in lowland populations in Central Europe are in

line with the hypothesis that the Scandinaypapulations were founded by random individuals
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from lowland Central European populations that migrated north after the retreat of the ice
sheets. In contrast, our results do not supportAfovulnerariathe scenario that arctic
populations of speciesdhalso occur in the Alps were founded lipirze genotypes (Despres

et al. 2002; Schonswetter et al. 2003; Albach et al. 2006; Skrede et al. 2006; Ehri20G&t)al.

as no higkelevation genotypes of the Alps were found in the Scandinavian populatiéns of
vulneraria In contrast to studies that compared populations of aalgiine species, we were

able to detect the importance of the serial founder effects during recolonization after the ice
age inAnthyllis vulneraria because this species has a eardus distribution from the Alps to

the arctic including populations in the lowlands.

The Central Europeah. vulnerariapopulations were separated into a southern (no. 1 to 5) and

a northern (no. 6 to 10) subgroup in the STRUCTURE and the PCoA analyses. T
geographical location of this separation is reflecting another genetic signature of the last ice
age as this limit corresponds to the maximum extent of continental ice sheets during the Last
Glacial Maximum (LGM) some 2000 years BP (Stroeven et 2016). The STRUCTURE
analysis indicated a similarity between higlevation Swiss and Austrian populations whereas
French higkelevation populations were separated. These results suggest that after the last
glacial period, glacier forelands and alpine meaglaere colonized from different refugia in

France than in Austria and Switzerland.

The genetic variability of peripheral populationsfofvulnerariaat the elevational limit in the

Alps was similar to that of populations at lower elevations and sinuldahé mean value
presented in the review of Nybom (2004). This is in contrast to the predictions of the ACM that
genetic erosion in small populations would lead to reduced genetic diversity in high elevation
populations. However, iA. vulnerariathe sizeof populations actually increased with elevation

in the Alps (Daco et al., 2021) and one might thus have even expected an increase of genetic
diversity with elevation, but no relationship was found. No change of genetic diversity with
elevation has also ba found in several other studies (Plussg Stocklirr004; see review of
Ohsawaand Ide 2008; Hahn et &012). A likely reason is gene flow among the populations
along the short elevational gradient, which is supported by admixture in thelenatioral

populations of all three regions studied.

Another norexclusive explanation would be that during the postglacial -todatant
genotypes rapidly colonized alpine habitats in glacier forelands when the ice shields retreated
due to the short geographicdistances from lowland to alpine environments. The alpine
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environment was to those ceidlerant genotypes not ecologically marginal as predicted by
the ACM but in fact corresponded largely to their ecological niche in the tundra of the lowlands.
A third possible explanation would be that catderant plants survived locally in nunataks
(see Schneeweissid Schonswett®011) and colonized in pegtacial times glacier forelands

and alpine meadows. However, in this case we would expect strong genetientedteon
among mountain regions and reduced genetic diversity in high elevation populations due to
long-term isolation and low population sizes of the source populations in the isolated nunataks
(Stehlik et al. 2002). Our results are not in line with thaatak hypothesis as genetic
differentiation among mountain regions was rather low and genetic diversity did not decrease

with altitude.

Along both gradients, we found significant isolation by distance patterns, indicating that gene
flow is restricted ad strongest between geographically close populations. However, a vertical
(elevational) distance of a certain length between populations in the Alps resulted in a much
stronger genetic differentiation between populations than the same horizontal distaresnb
populations of the latitudinal gradient. This could be due to phenological differences in
flowering periods that may restrict crefgstilization among populations at different elevations
(Premoli 2003; Reisch et al. 2005; Yamagishi et28l05). Havever, overall the genetic
differentiation between valley and alpine populationéovulnerariawas much smaller than
between Central European and subarctic populations along the same gradient in mean annual
temperature (11.5 °C), because the elevatigradients were much shorter than the latitudinal
gradient. The kinship analysis revealed that gene flow is even restricted over short distances

within populations which may be due to restricted pollinator movement and seed dispersal.

Peripheral populatits of A. vulnerariain northern Europe separated by a certain spatial
distance were more differentiated genetically than populations in Central Europe, indicating
lower gene flow between them. A possible reason are greater mean spatial distances between
neighbouring populations in the North. Occurrence data from GBIF.org (2022) appear to
support this, but might not be representative. A decline of population frequency towards the
range periphery would be in line with the predictions of the ACM. The recaatwef studies

testing the ACM (Pironon et a2017) found that while there was only limited support for a
general decline in population size, there was much stronger support for the prediction that the

frequency of populations declis¢owards the rangeeriphery.
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Conclusions

Populations along the two gradients showed very different patterns of genetic diversity and
genetic differentiation. Whil@. vulnerariamaintained high amounts of genetic diversity in its
Alpine and Central European populations, towards the North genetic diversity decreased
strongly and genetic differentiation among populations increased due to serial founder effects
during postglacial ecolonization. Our results support the notion that postglacial latitudinal
colonization over large distances results in a larger loss of genetic diversitydéhatioaal

range shifts (Hewitt 1999; Ehrich et 2D07). Subarctic populations differed gecaty from

alpine populations indicating that the subarctic populations did not originate from the high

elevational alpine ones.

The consistently high genetic diversity, allelic richness and number of private alleles across the
A. vulnerariapopulations fom the three Alpine regions in comparison to the Scandinavian
ones indicates that the alpine populations have a higher evolutionary potential. Responses of
alpine and arctic populations to climate change are thus likely to differ. The lack of genetic
diversity in subarctic populations may threaten their ogmgn persistence whereas in alpine
populations gene flow from lowlevation populations along the short elevational gradient

could permit admixture with genotypes originating fromiteb with highetemperatures.
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CHAPTER 3

Quantitative genetic differentiation and evolutionary potential
in the widespread plamnthyllis vulnerariaalong elevational

and latitudinal gradients

Laura Daco, Guy Colling and Diethart Matthies
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Abstract

The large distribution of a plant may be the result of phenotypiasticity or of genetic
differentiationof populations indifferent environments. We studied quantitative traftthe
widespread planfnthyllis vulnerariain a common gardenThe plantsoriginated from
populations alon@n elevationalgradientfrom the lowlands to the elevational limit of the
species in the Alps, arfdom populations along latitudinal gradient from the centre of the
distribution of the species in Central Europe to its resrthdistributional marginTraits
measured in the common gardesguentlyshowed clinal variation with elevati@ndlatitude

of origin indicding potentialadaptive differentiation of traits along the gradieBtadence for
divergent selection was indited by higherQsr-values (measuring quantitative genetic
differentiation) tharFst-values (measuringeutralmolecular genetic differentiation) some
traits The quantitative genetic diversity of most traits was only weakly correlated with the
neutral nolecular genetic diversity of populationd/e alsofound that the ability to benefit
from the benign conditions in the common garden declined with both increasing elevation and
latitude of origin indicating lower plasticitywhich may threaten survivalnder changing
climatic conditionsIn contrast, the evolvability of most traits did not vary consistently along
the two gradients indicatintpat the evolutionary potentiabf peripheral populationgas not
reduced Thegenetic variabilityin quantitatiwe traitsin arctic populationgould allow them to
adapt to changing environmental conditions althotig#ir genetic diversitywas strongly
reduced.Along the elevational gradient, evolutionary potenttak high molecular genetic
diversity, and the shortength of the gradierthatfavours gene flowmay alsoallow genetic
adaptation to new condition®ur resultsupportthe growing evidence th#tere is no general

relationship betweewariation in neutral molecular markexsdvariation in quantitativéraits

Keywords

Divergent selectiongbundant centre modetlimate changequantitative genetic variation,

environmental gradient&volutionary potential

Introduction

Plant species with a wide distribution across elevational and latitudinal grachebts plastic
by expressing different reversible phenotyaedcandifferentiategenetically to adapt locally

to the different conditionalong these gradient®¢ Frenne et al. 20&1Bakhtiari et al. 201p
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Adaptation consists of the evolution of a pgtion towards a phenotype that better fits its
present environment (Orr 2005), whereas plasticity acts as a buffer against environmental
variation and can allow an individual plant to respond to different environments by changing
its phenotype (Atkin eal. 2006; Nicotra et al. 2010\daptive differentiation in plants has
frequently evolved in response to environmental changes associated with gradients in elevation
(GonzaleTurpin and Hazard 2009; Vergeer and Kunin 2013; Zhang et al. 2019) and latitude
(Santamaria et al. 2003; De Frenne ef@llla; Zhang et al. 2019)lo study theextentof
phenotypic plasticity and adaptive evolution is imporfanunderstanohg and predidhg the
response of populations &a&hanging climate anfibr consering the evolutionary potential of
speciesEranks et al. 200)4The ongoing changes in climate are particularly strong in alpine
and arctic regions, where temperature increases more strongly than in other regions (Post et al.
2009; Pepin et al. 2015).

Strang gralients in elevation or latitude witissociatedhangesn temperaturend the length
of the growth seasoprovide ideal models to studylasticity and evolutionarghanges in
response to differergnvironments (Halbritter et al. 2013y the temperate zoe, similar
changes in annual mean temperature occur avangeof 1000m in elevationvs. arangeof
1000km in latitude (Jump etal. 200d). However, elevational and latitudinal gradieatso
exhibit distinct characteristics, such aBfferent variations in atmospheric pressure,
precipitation, solar radiation, and soil nutrients (Kérner 2007; De Frerale2€13 Daco et
al. 202). Consequently, the responses of species along these two types of gradients may differ
significartly in various creial aspects, butttie is known about thalifferent effects of
environmental changedong both types of gradients local plant population®e Frenne et
al. 2013)

Adaptation of species to different environments requires genetic diversity withiespethe

raw material of evolution (Jumgt al.200%; Chung et al. 2023). The genet@riation within

and between populatioms influencedoy mutationsnatural selection, genetic drift, agene

flow. These processesin lead t@eneticclinesin allelic compositiorthat are correlated with
environmentagradientgRossetto et al. 2011; Hahn et al. 2012; Daco et al.)2B®pulation

genetic studies have often solely considered neutral varigtiongh the study of molecular
markersHowever, b detet variation in traits important for evolutionary responses to different
environments and to assess the adaptive poteotighopulations quantitative genetic
approaches may be more appropriate (Kramer and Havens 2009; Pauls et al. 2013; Leamy et
al. 2014;Diamond 2016; Hansen and Pélabon 20&dixeira and Huber 202LThung et al.
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2023). A metaanalysisfound only a wealcorrelation between molecular and quantitative

genetic variatiorfReed and Frankham 2001

Quantitative genetidifferentiation amog populationgan be studied in common gardday
guantifying the phenotypic differences among plants of different origins under the same
environmental conditions (Linhart and Grant 1996; Briggs and Walters.X88xying plants

in the same environment ais to study the genetic basis of phenotypic variation among and
within populations.Genetic clines observed in common garden experiments typically align
with the phenotypic clines observed in natysapulations along environmental gradients
indicating gpattern of cegradient variatiorfKremer et al. 2014By comparing traits measured

for mother plants ithe fieldand their progenin the common gardeplastic responsés the

newenvironmendl conditionscan be studie@oczydlowskiand Waller 2021)

To investigatepossibledivergent selection in specific quantitative traits one can contpare
guantitative genetic differentiatiqi@st) of traitswith the differentiation in neutral molecular
markers(Fst) betweenpopulations While Fst reflectsdifferentiation due taneutral genetic
drift, Qst reveals boththe consequences of dréind of different selectionregimes due to
environmental differencedost Qst - Fststudies found stronger differentiation in quantitative
than molecular traitbetweenpopulations suggesting that diversifyisglectionresulting in
adaptation tenvironmental gradients common (Frei et al. 2014; Evans et al. 2016; Walisch
et al. 2015).

The study of quantitative genetic traits along gradieatsalso allowto test someof the
predictions of the abundant centre model (ACM; Brown 1984; Sagarin and Gaines 2002) of
biogeography. The ACM predicts that genetic variability within populations decreases and
genetic differentiation among populations increases from the cented$tribution toward

its range periphery (Brown 1984; Pironorakt2017). Thus, range margins often represent the
point beyond which adaptation is no longer possible because they lack selectively important
alleles (Hargreaves et al. 2014; Volis et24116). However, peripheral populations may also
contain alleles important for the adaptation to changing environments due to selection under
marginal conditions (Lesica and Allendorf 1995). Peripheral populdil@alpine and arctic
onesmay face additinal challenges, such as a scarcityafinators. Inperipheral high latitude
populations selection may favour the loss of incompatibility and a higher ability to self,
allowing plants to reproduce even in the absence of reliable pollination servioes$a(Ga
Camacho and Totland 2009; Griffin and Willi 201¥owever, there is conflicting evidence
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how pollinator dependence changes with elevatiindieshave founda negative, positive or
no relationship between pollinator dependence and elevation (Eegksk 1993; Arroyo et al.
2006; Wirth et al. 2010Abdusalam and Li 2019; Xu et al. 2023).

The aim of this study was to investigatariation in quantitative traitandthe evolutionary
potentialof plant populations samplesdong elevational anthtitudinal gradients. We chose

the shortived perennial planAnthyllis vulnerariaas a model species because of its wide
geographical and elevational distribution across Eurdpe two gradients were chosém
correspond to a similar change of 11.5 °C in annual mean temperature: an elevational gradient
of c. 2000 m from lowland sites to the elevational limit in the European Alps and a latitudinal
gradient of c. 2400 km from the centre of the distributioritdonorthern range limit in
Scandinavialn field populations ofA. vulnerarig several phenotypic traits showed strong
clinal variation along the two types of gradients (Daco et al. P8Ad molecular genetic
diversity decreased with latitud®aco et al 2022).To study the variation ofjuantitative
genetic traits along the same gradients, we grew plants from different popudatibfasnilies

in a common gardelocatedat low elevationin the southern part ofhe latitudinal gradient

The choice of théowland garden simulatl an increasim mean annual temperature fopst
populations of origin along thelevationaland latitudinal gradierntb assess tlrepotential to

respond telimate change.

We address the following questioi$) Do population meatmaits show clinal variation along
gradients of elevation and latitudé® Are population mean traits measured in the field and
the common garden correlated? (3) Does the ability to take advantageigconditions in

the common garden decrease with increasing elevation and latitude of the population of origin?
(4) Is there evidence of diversifying selection for quantitative traitsD¢&s evolutionary
potential in quantitative traitshow clinal variabn along the elevational and latitudinal

gradients and is it positively correlated with molecular genetic variation?

Materials and methods

Study Species

Anthyllis vulnerarialL. (Fabaceae) is a biennial to perennial herb of nutpent calcareous
grasslads and screes. It occurs all across Europe, the Mediterranean and the Caucasus from
sea level up to 3000 m a.s.l. (Conert 1975). Its exceptionally wide geographic and elevational

distribution in Europe makes it a good model species for studying patieyesatic variation
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(Daco et al. 2022). Seedlings Af vulnerariadevelop a rosette in their first yeand usually

flower in their second yed6terk 1975)Plant height and the number of flowerheads per plant
decrease with elevation and latitude (Datale2021).A. vulnerariais a very polymorphic
species and numerous infraspecific taxa have been described (Cullen 1968). However, we
choose not to differentiate between subspecies because molecular genetic studies did not find
support for this divisioffNanni et al. 2004; Kdster et al. 2008).

Sampling

We visited 20 populations &nthyllis vulnerariaalong a 2400 km latitudinal gradient from

the centre of its distribution in Central Europe (46.4 tiN)ts northern distribution limit in
Scandinavia (68.°N)and 20 populations along threlevational gradienis the French, Swiss

and Austrian Alps from 500 m to the elevational limit at 2500 m a.s.l. (Table 1). The length of
the two gradients was chosncorrespond to a change of 11.5 °C in annual mean temperature.

In summer 2015, we recorded at each site the elevation above sea level, latitude and longitude
with a GPS (eTrex 20, Garmin Ltd.). In each population, we collected fruitheads from 20 plants
along a 20 m transect and placed them in separate paper bags. To compare trait values in the
field and in the common garden, for each mother plant we determined the height, the diameter
of the rosette, the width of the longest leaflet, the number of stemasthe number of
flowerheads. In the laboratory, we extracted all healthy seeds (i.e. green and large) from the

fruitheads of each mother plant.

Cultivation in the ommon garden

In April 2016, ten seeds from each mother plant were scarified by rulbl@ngtietween sheets

of sand paper, placed on moist filter paper in Petri dishes and kept at 20 °C in a greenhouse for
germination. After five days, five seedlings (if available) per family (Table 1) plarged

into square pots of 11 cm x 11 cm x 12 cnteéll with a 3:1 mixture of lowutrient soil
(Substrat 1, Klasmanrbeilmann GmbH, Geeste, Germany) and sand. The plants were
randomly placed outdoors in a common garden of the municipal park service of the city of

Luxembourg. Plants were watered when neargsand rerandomized several times.

Measurements of quantitative traits

In July 2016, we recorded which of the initially 3207 plants had survived and recorded the

following traits for each plant: number of leaves, diameter of the rosettes, and thefwtin
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Table 1Populations of. vulnerariasampled across elevational and latitudinal gradients.

Latitude Longitude Elevation

Population Country °N °E m a.s.l. Nfield Nfam  Npiants/family Ntotal
Elevational gradient

Al Austria 47.3980 11.2661 961 100 20 44 87
A2 Austria 47.4421  11.6501 1521 300 20 48 95
A3 Austria 47.1606  11.7149 1810 1000 19 40 76
A4 Austria 47.1690  11.3533 1151 150 17 45 77
A5 Austria 47.3127  11.3894 2250 200 15 47 70
S1 Switzerland 46.1338 7.0595 545 200 18 44 80
S2 Switzerland 46.0833 7.1265 1042 80 16 42 67
S3 Switzerland 46.0496 7.9564 2162 30000 20 5.0 100
S4 Switzerland 46.2539 7.2734 1585 1000 20 47 93
S5 Switzerland 46.2735 7.2374 1250 1500 20 49 98
S6 Switzerland 46.0881 7.4067 1940 10000 20 48 96
S7 Switzerland 46.1081 7.5801 2413 10000 16 39 63
F1 France 45.0533 6.3892 2362 2000 20 49 97
F2 France 45.0512 6.3533 1997 1500 14 3.2 45
F3 France 45.1562 6.4237 1518 100 1 3.0 3
F4 France 45.2166 6.3250 1223 200 18 48 87
F5 France 45.0932 5.7804 471 1200 20 49 97
F6 France 45.1735 6.0389 936 250 20 49 97
F7 France 45.1210 5.9852 717 200 15 3.1 47
F8 France 45.0598 6.3157 1807 300 20 43 85
Latitudinal gradient

1 France 46.4368 4.7528 323 60 20 50 99
2 France 48.1880 5.5534 443 800 20 50 99
3 Luxembourg  49.4956 5.9969 342 1000 16 3.1 49
4 Luxembourg  49.7314 6.2819 355 50 20 45 90
5 Germany 51.2228 9.7610 442 250 20 48 96
6 Germany 52.0051 10.4075 191 400 20 4.7 93
7 Germany 54.0443  10.2290 32 1500 20 50 99
8 Germany 54.6873 9.4342 22 1500 20 4.7 94
9 Denmark 55.5150 9.4244 42 400 20 4.9 98
10 Sweden 56.3671  12.8002 81 800 20 50 99
11 Sweden 57.8892  11.9466 24 300 13 35 45
12 Sweden 58.6979  11.2199 5 100 20 47 93
13 Norway 61.0621  10.3971 438 100 20 45 89
14 Norway 62.0139 9.2074 483 75 20 50 99
15 Norway 63.4409  10.6567 18 350 20 47 94
16 Iceland 63.8164 -22.6970 20 10000 18 34 62
17 Norway 64.3162  12.3475 168 4000 16 3.8 61
18 Sweden 66.4261  16.8501 453 300 17 43 73
19 Norway 67.2511  15.4282 6 1000 11 26 28
20 Norway 68.1022  16.3783 47 1000 20 44 87

Nrield Size of population of origin. &, number of seed families grown in the gardegnamiymean number
of plants per family grown in the gardenoMNnumber of plants per population grown in the garden.
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longest basal leaf. We measured leaf chlorophyll content with a chlorophyll meter {82AD

Plus, Minolta, Osaka, Japan) atrdnsformed the values obtained into actual chlorophyll
concentrations usinthe formula for total chlorophyll content given by Richardson et al.
(2002).0One year later, in June 2017, we recorded the following traits for the 1043 surviving
plants: plant height, date of opening of the first flower, number of flowering stems, total
number of flowerheads and the number of flowerheads with open flowers. From each plant, we
collected three flowerheads per plant and counted their number of flowers. We also collected
the highest cauline leaf of each plant, placed them between wet pamds to labelled
envelopes in plastic bags and stored them at 5 °C. On the next day, the leaves were weighed to

determine their fresh weight, placed in separate paper envelopes, pressed and dried with silica

gel.

We weighed the dried leaves and scannedtht a resolution of 300 x 300 dpi together with

a length standard. With the program ImageJ v. 1.51j8 (Schneider et al. 2012) we measured the
area of the cauline leaves and calculated specific leaf area (SLA) as the ratio between leaf area
and dry mass. @af drymatter content (LDMC) was calculated as the ratio between dry and
fresh weight. As a proxy for flowering phenology we calculated the proportion of heads
flowering per population as the ratio between the sum of flowerheads with open flowers and
thetotal number of flowerheads. Survival was calculated as the number of plants that survived

per population divided by the total number of seedlings planted per population.

Pollination experiments

In June 2017, selfingbility was tested on a subset of 228nps from 27 populations. On each

plant, an immature flowerhead was selected. One flower per flowerhead was marked with a
permanent marker and the flowerhead protected by a bag of fine nylon mesh (mesh size ca. 0.1
mm) against pollinators. Once the flowdrad opened, each flower was either left as a control

for autonomous sefbollination or hanepollinated with pollen from the same flowerhead by
using a toothpick to gently transfer pollen to the receptive stigma. In August of the same year,
the marked fhwers were collected and the presence of developed seeds was determined.

Statistical analysis

We studied the effects of elevation and latitude on population means of traits with general and
generalized linear models (GLMs) in R 4.2.2 (R Core Team 2022) GLMs for proportion
data (e.g. survival) were calculated with a logit link and a quasibinomial error distribution due
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to overdispersion (see Crawley 2009).0 r proportion dat%awas Mc Fad

calculated as one minus the ratio between thdikaedjhood of the model of interest and the
log-likelihood ofthe null model. We also included seed mass in the model to check for potential
maternal effectsFor each population, survivalas calculatedasthe number of plants that
survived until summer othe second year / total number of plartee proportion ofheads
flowering wascalculated asumberof heads flowering total number of flowerheadand the
selfing ability azhe sum ofdeveloped seedgotal number of flowestreated Thefew plants
thatfloweredin the first year (from populations F5 and S1) were excluded from the analyses
of the variable "flowering onset and"proportion of heads floweririgAll statistical analyses
were carried out using IBM SPSS Statistics for Windows, versidh (@B8M Corp., Armonk,

N.Y., USA) if not stated otherwise.

For the analysis of the selfing ability of the plants in the common garden, we tested separately
for the data from the latitudinal and elevational gradients the effects of the gradient, of
populatbn identity and of pollination treatment on seed set with generalized linear models with
alogit link. The effects of the gradients were tested against the variation among the populations,
while the effects of treatment were tested against the residuahdewsing quasi-tests. No
differences between the two treatments of autonomous and hapoltiakition were found in

the latitude (QE110= 0.03,P = 0.86) and the elevation dataset (= 0.16,P = 0.66) and

data for the two treatments were therefore pooled per population.

For the studied populations along the two gradients, we performed bivariate correlations
between the following mean traits determined for both plants in the field and in tineocom
garden: height, rosette diameter, width of the longest leaf, number of stems and number of
flowerheads. Based on these traits, pairwise Mahalanobis distances between both the field and
the garden populations were calculated as a measure of quantgatietic distances.
Mahalanobis distances measure distance in multivariate space taking into account correlations
among traits and are independent of the scale of the traits (Legendre and Legendre 1998). We
compared the matrix of pairwise quantitative gendistances for the traits measured in the

field with the matrix of genetic distances calculated from the traits measured in the common
garden for the samgopulations with a Mantdkst in GenAlEx 6.5 witf999 permutations
(Peakall and Smous2006, 2012 Furthermore, as a measure of the plasticity of the studied
populations in response to the conditions in the common garden, we calculated for each of the

five traits the difference between the means for plants in the common garden and for plants in
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the field. We then related these trait differences to the elevational and latitudinal gradients by

linear regressions.

To study the distribution of genetic variation in quantitative traits we calculated variance
components for the traits measured in the comgayden among populations ), among
families within populations (Mm) and among individuals within families &) by restricted
maximum likelihood with thémer and VarCorr functions of the Rpackage Ime4 v.1-31
(Bates et al. 2015). $was compued as Vop/ (4 Viam + Vpop). We conservatively assumed
that members of a family were ftdlbs since the relationships between offspring of a mother
plant was notknown (Podolsky and Holtsford 1995; Jimerfenbriz et al. 2007).We
calculated 95% confideradntervals for th&stof each trait by jackknifing over pofaiions
(O'Hara and Merila 2005We calculated evolvability as the genetic coefficient of variation

CVgen=sqrt (2 Mam ) / mean.

Molecular genetic data based on microsatellites markers were available for all study
populations (Daco et al. 2022). We calculated niganalues over all loci and their respective
95% confidence intervals separately for both gradients by bootstrapmndoovin FSTAT

2.9.4. (Goudet 2003).

We examined the relationship between quantitative genetic distances (Mahalanobis distances)
and pairwise elevational distances between populations along the elevational gradient, pairwise
geographical distancégtwea populations along the latitudinal gradient, and pairwise genetic
distance (Er-values) between populations for both gradients separately with Mastsl|
(GenAlEx 6.5, 999 permutations). We also studied the relationship between Mahalanobis
distances ancklevational distances and between Mahalanobis distances and geographical
distances while adjusting for the effect of neutral genetic distance (pakwis@lues) with

999 permutations using the functiorantel.partialin the Rpackage vegan 24 (Oksamen et

al. 2022).

We studied the relationships between the following variables with simple regressions: (1) mean
CVgen per trait over populations of the elevational gradient vs. meag.@¥r trait over
populations of the latitudinal gradien?, CVgen0f a trait in a population vs. elevation, latitude,

and uH: of the population of origin,3) mean C\{en per trait over all populations vs. tk&r

for that trait separately for the populations of the elevational and latitudinal gradient.
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Fig. 1 The relationship between various traits in the common garden and the elevatior
populations of origin oAnthyllis vulnerariaalong the elevational gradient. (a) Diameter ¢
first year rosettes, (b) chlorophyll content of first year leaves, (c)vammtil summer of th
second year, (d) time from planting until flowering, (e) mean proportion of heads with «
flowers in midJune of the second year, (f) mean number of flowerheads per plant, (g)
dry matter content (LDMC), (h) specific leaf a&gl.A). Solid lines indicate relationships
with P < 0.05, dashed lines those with< 0.1)
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Results

Effects of elevation and latitude of the population of origin on traits measured in the

common garden

Overall, 3207 plants oAnthyllis vulnerariawere grown from seeds and their fate and
development followed over the course of two vegetation periods. The diameter of the rosettes
(Fig.1a) and the chlorophyll content of the leaves (Fig. 1b) in the first summer decreased
continuously with the elevation dfi¢ source population. Similarly, survival until summer of

the second year also decreased with the elevation of the population of origin (Fig. 1c). Plants
from higher elevations started to flower earlier than those from lower elevations (Fig. 1d) and
in mid-June of the second year a greater proportion of their flowerheads were already flowering
(Fig. 1d), both indicating an earlier phenology of alpine genotypesr8eted traits like width

of the longest leaflet and plant height were smaller in alpimggp(allr <-0.67,P < 0.0014),

and the number of flowerheads also decreased with population elevation (Fig. 1f). The dry
matter conten{LDMC) of leaves decreased with poputatielevation(Fig. 1g), but specific

leaf area (SLA) showed no clear pattefig( 1h).

The mean trait values per population varied with increasing latitude of the origin of the
populations in a similar way as with increasing elevation, as all signs of the correlations were
the same for the populations from the two gradients (Fayi &). However, except for the
number of flowerheads the relationships with latitude were less strong than those with
elevation. In particular, chlorophyll content (Fig. 2b) and survival (Fig. 2c) showed much
weaker declines with increasing latitude thaith increasing elevation of population origin.

All these effects remained qualitatively the same when seed mass was included tofaccount
potential maternal effects.

The proportion of flowers producing a fruit by selfing (selfing ability) increasel tdth

elevation and latitude of the palption of origin (Fig. 3a, b).

Comparison between traits measured both in the field and in the common garden

Several traits were measured both for the mother plants in the 40 field populations and for their
progenyin the common garden. For populations of both gradients, the pairwise quantitative
genetic distances (Mahalanobis distances) between populations based on mean traits of the
progeny in the common garden were significantly correlated with the pairwise Mabizla
distances between populations based on the same traits measured for the mother plants in the
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Fig. 3 Selfing ability (proportia of flowers producing a fruit by selfing) in the common
garden of plants from populations (a) along the elevational gradient, and (b) along the
latitudinal gradient. A solid lines indicates a relationship Wit 0.05, a dashed line that
with (P < 0.1).
field (Fig. 4ap). An analysis of the correlation between each trait measured for the populations
in the field and the common garden indicated that for the elevational populations the positive
correlations found between Mahalanobis distances were nthielyo relationships between
the two height measurements and the two measurements of leaf size (Table 2a). Correlations
between the Mahalanobis distances for the latitudinal populations were due to correlations
between the same variables (height and leaflee) and in addition due to the correlation

between the mean number of flowerheads of the mother plants and the progeny (Table 2b).

Elevational gradient Latitudinal gradient
(2) |® =026
" « * o P=0.006

Mahalanobis distance (garden)
e

. .
FINEY i "L AN P <0.001

0 1 2 3 4 5 6 7 0 2 4 6 8 10
Mahalanobis distance (field)

Fig. 4 Relationship between pairwise quantitative genetic distances (Mahalanobis dist
of traits measured in thdmmon garden and of traits measured in the field for (2 the
vulnerariapopulations of the elevational gradient and (b) the populations of the latitudi
gradient.P-values are derived from Manttsts.
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Table 2 Correlations between traits measubedh in the field and in the common gardet
onA. vulnerariaplants (a) for the 20 elevational populations and (b) for the 20 latitudil
gradient populations separately. Note that diameter and width of longest leaflet were
measured on adult plants in the field but on juvenile plants in the common garden.

(a) Elevational (b) Latitudinal
gradient gradient
Variable r P r P
Height 0.67 <0.01 0.77 <0.001
Diameter -0.36 0.13 0.27 0.26
Width of longest leaflet 0.51 0.03 0.73 <0.001
log No. of flowerheads 0.07 0.79 0.60 0.005
Stems per plant -0.04 0.88 0.34 0.15

Mean plant size measured as rtesdtameter or number of flowesads per plant was generally
much greater for the progeny in the common garden than the mother plants in the field
populations, as indicated by the positive differences betweeiormance of progeny and
mother plants (Fig. 5&). These positive differences indicate more benign conditions for the
Anthyllis plants in the common garden. However, plants from higher elevations and higher
latitudes were less plastic and benefittest l'om the more favourable conditions than those
from lower elevations (Fig. 5a, ¢) and latitudes (Fig. 5b, d) in terms of rosettetdraamd

number of flowerheads.

Genetic differentiation among populations

The Qst valuesof individual traits for popul@ons of the elevational and latitudinal gradient
were correlatedr(= 0.67,P = 0.03).Qst values were significantly higher th&ar values for
someof the measured traits for plants from populations of Igo#dients (Fig. 6) indicating
divergent seleatin along the elevational and latitudinal gradiefisis was true for rosette
diameter and the date of onset of flowering. For the latitude popul&gnaluesfor several

traits were lower than thiest valug which was due to the much high&sr value These traits
included sizerelated traits like the number of leaves, stems and flowerheads as well as

physiological traits like leaf chlorophyll, LDMC and SLA.
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Fig. 5 Morphological plasticity of plants from populationsAfvulnerariaalong the
elevational and the latitudinal gradients. (a, b) The difference between the rosette dial
the progeny in the common garden and that of the mother plants in the field regresse:
the position of a population along (a) the elevatigmatlient and (b) the latitudinal gradiel
(c, d) The difference between the mean number of flowerheads of the progeny in the
garden and that of the mother plants in the field regressed against the position of a pc
along (c) the elevationglr adi ent and (d) the |l atitud
The population denoted by the open symbol in figure (d) was omitted from the regres:
analysis.

Pairwise quantitative (Mahalanobis distagiceand elevational distanse(Fig. 7a) or
geographical distancegFig. 7b) were significanty correlated Pairwise quantitative
(Mahalanobis distange and molecular genetic distances (pairwisg values) were only

weakly correlated for populations of bdtte latitudinal gradierdndthe elevéional gradient

(Fig. 7c, d). The clear positive relationships between quantitative genetic distances and
elevational or geographical distances remained even when the relationships were adjusted for
the effects of molecular genetic distances (Fig. 7@h®se patterns indicate that genetic drift

is not sufficient to explain the differences in morphology among populations in the common

garden, but that local adaptation and diversifying selection acts along both types of gradients.
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Quantitative genetic variation within populations

The mean evolvabilities per trait of the elevational gradient were highly correlated with the
ones from théatitudinal gradient (Fig. 8Relationships between quantitative genetic variation
of traits in the populations and the position of a population along the elevational gradient were

ST

ST

Fig. 6 Comparisorbetween
the quantitative genetic &9
and the molecular genetic
differentiation (fst, from
Daco et al. 2022) between
populations oAnthyllis
vulneraria(a) along the
elevational and (b) the
latitudinal gradient. Vertica
lines show the lower limit o
the 95% confidence interva
of the Gt and dashed lines
show the confidence
intervals offFsr.

nearly all positiver(= 0.14 tor = 0.43),with exception of onset of flwering ¢ = -0.25,P =

0.35). The relationships between evolvability and latitude of a population were nearly all weak

(r =-0.17 tor = 0.29), with the exception of onset of flowering=0.54,P = 0.02), leaf
chlorophyll § = 0.47,P = 0.07), and rostt diameterr(=-0.40,P = 0.08).
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Fig. 7 Relationships of pairwise quantitative genetic distances (Mahalanobis distances
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Only the evolvability CVgen) of chlorophyll per population was clearly correlated with
molecular genetic variatiome), and only for the populations of the latitudinal gradignt
-0.55,P = 0.03;for all othertraits and populations from both gradierjts< 0.53,P > 0.06)
The nean evolvabilityof a trait in the populations decreased with increasing genetic
differentiationbetweerpopulations Qst), bothfrom the Alps androm the latitudinalgradient
(Fig. 9a, b).
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differentiation among populations €€ for the populations of (a) the elevational and (b)
latitudinal gradient.
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Discussion

Plant species with avidespread distributiorcan respond withplasticity and/or genetic
differentiationto different environmentdNe studied quantitative traitd plants ofAnthyllis
vulnerariain a common gardefrom populationsalong an elevational gdient that ranged

from lowland populationdo the elevational limit of the species in the Alps, and along a
latitudinal gradient from the centre of the distribution of the species in Central Europe to its
northern distributional margirseveral lines of evidence indicatdivergent selection among
populations ofA. vulnerariaalong both gradients. Mogtopulationtraits measured in the
common gardershowed clinalvariation with elevation or latitude of origin suggesting
selectionand indicating potentiallyadaptive differentiabn of traits along the gradients. A
recent review (Halbritter et al. 2018) found that adaptation to elevation is common in plants
and studiehave also foundocal adaptatioralong latitudinal gradients(Joshi et al. 2001,
Becker et al. 2006; De Frenne et al. 281%We found that the ability to benefit from the benign
conditions in the common garden declined with both increasing elevation and latitude of the
origin of the plantsndicating lower plastity. In contrast, the evolvability of most traits did

not vary consistently along the two gradieinidicating a considerable evolutionary potential

even in peripheral populations.

Genetic differentiation among populations

Quantitative genetic distances tlveen populations as measured their Mahalanobis
distancesincreased withelevatioral differences between populationsn the Alps and
geographical distansealong the latitudinal gradienfThese relationships remainechem
controlling for differences imeutral molecular genetic variationdicatingthat quantitative
genetic differentiation between populations was higher thqected by neutral processes
suggestinglivergent selection along the elevational and latitudinal gragli@nsimilar pattern
of quantitative genetic variation has been found in the pRwirisula sieboldii(Yoshioka et al.
2007) andCarduus defloratugVaupel 2013).

The Mahalanobis distances between traits meadoreghother plantsn the fieldand their
progenyin the common garden correlated strongly for both gradients, providing additional
support that at least some differences in quantitative traits had a strong genetic component.
However, a correlation between traits measured in the field and in the gasdenlyvabserved

for plant height and the width of the longest leaf. This suggests either that the other traits do
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not have a strong genetic component or that a substantial plastic response masked the potential

effects of selection.

Further evidence for ssttion wa indicatedby higher Qst-values(measuringguantitative
genetic differentiationjhan Fst-values(measuringheutralmoleculargenetic differentiation)

in traits like rosette diameter, leaflet width, time of flowering onset and LDMGQChe
populatons from the elevational gradiemind in rosette diameter and time of flowering onset
along the latitudinal gradient. These results are in line thitse ofmost studies comparing
Qst and Fst, which found evidence fodivergent selection (Merila and Crnokrak 2001; De
Kort et al. 2013; Leinonen et al. 2013). In contrast, for several traits of the latitudinal
populationsFst was higher thai®st, which could be interpreted as the resultstabilizing
selection However,Qst values were mostly similar for the two gradients and the pattern of
lower QstthanFst was due the high value &6t for the latitudinal populations, which was
driven by the extremely strong differentiation between the arctic populatighsvafneraia

as a result of serial founder effects after the last ice age (Daco et al. 2022).

Clinal variation in quantitative traits

Plants fromarctic and alpin@opulationglowered eatiker than thosérom southern or lowland
populations, and thgroportion of heads floweringas highemt the time of measurement
alpine plants, indicatinghat they were furtheadvancedn their life cycle in the common
garden. A more rapid initiation of flowering in response to warm conditions is thoughato be
crucial adaptation of plants frolmgh elevations and latitudés a shorter growing season
which allows thento complete their reproductive cycle before the climatic conditions become
unfavourable (Inouye and Wielgolaski 20@iffith and Watson 2005Colautti and Barrett
2013. Northern populations have been found to flower earlier than southern ones in the herbs
Campanula rotundifoligPreite et al. 2015) andythrum salicaria(Olsson and Agren 2002

but not inArabidopsis thaliangdStinchcombe et aR004).Similarly, flowering startecarlier

in high elevational populatiorsf Campanula rotundifoligPreite et al. 2015) ari@hinanthus
minor (Ensing and Eckert 201 a common garden. In contragdtetstart of floweringvas
delayedwith increasing kevation of originin other studiesGiménezBenavides et al. 2007;

MontesinosNavarro et al. 2011; Hamala et al. 2p18

Plantsof A. vulnerariafrom arctic and alpine populations produdedves with a lower LDMC
than southern and lowland plan®lantswith a low LDMC allocate fewer resources to

structural components, which allowlse available resources to be uded rapid growth
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(Wright et al. 2004Grassein et al. 2015) his strategy to quickly exploit resources when they
are available is found iratgrowing specieat sites wittshortvegetation periods (Garnier et

al. 2004;Polley et al. 200) and could be an important adaptation for alpine and arctic plants
(Korner 20186.

In A. vulnerariathe ability to produce seeds by autonomous selfing increasedbwailh
elevation and latitudé\n increased capacity for sdértilizationcan be selected by conditions

of chronic pollen limitation(Baker 1955; Cheptou 201Eulkerson et al. 201 Hargreaes et

al. 2015) It has been suggested that selfing rates generally increase with elevation to assure
seed productionbecause pollination is limited in alpine environments due to the short
vegetation period and the unfavourable conditijedan et al. 202, GarciaCamacho and
Totland 2009 Jiang and Xie 2020 he same argument has been made dpufations athe
northern range limjtand several studidsave foundplants from northermpopulations to be
more selfcompatible tharthose fromsouthernpopuktions (Agisdéttir and Thérhallsdottir
2006; Griffin and Willi 2014 Moeller et al. 2017; Yang et al. 2018jowever, other studies

did not find thatplants are generally polldmited in alpine environmentg§Totland 2001;
GiménezBenavides et al. 200&u et al. 2023 and that pollen limitation ikigherat high
latitudes (Koch et al. 2020; Daws@lass and Hargreaves 202@ur study supports the notion

of selection for a higher selfing ability in arctic and alpine environments.

In natural populationsfoA. vulnerariawe found a decrease of plant size and number of
flowerheads with elevation and latitude (Daco et al. 2021). We also found a decrease of these
traits with elevation and latitude of origin in the common garden. A smaller size in cold
environnents is assumed to be adaptive for plants because closer to the ground the
microclimate is warmer and they are protected from wind (Kérner 2003; 2016; Halbritter et al.
2018). A decrease iditnessrelated plansize traits with elevation or latitude waéind in

many other speciégs common garden settisgOlsson and Agren 2002; Byars et al. 20D¢;

Frenne et al. 2013; Vitasse et al. 20R4eite et al. 201%ut see MntesinosNavarro et al.

2011).

The much lower survival of alpine populations indicatkat alpine populations were
maladaptedto the conditions in théowland common garden. A recent review on plant
adaptations to elevation found that the environment limits the ability of genotypes to persist at
strongly different elevations mainly througielection on survival (Halbritter et al. 2018).
Similarly, another review of 38 studies on vascular plants found that individuals transplanted
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downward showed lower survival than locaddividuals (Midolo and Wellstein 2020). The
often low survival ofalpine plants under lowland conditions has been linked to the higher
respiration of alpine in comparison to lowland plants (Kérner 2@88)a lower temperature
optimum of photosynthesis (Billings and Mooney 1968A Inulnerarig the strongly reduced

leaf chlorophyll content of plants from alpine populations may have contributed to their low
survival in the common gardeRlants from high radiation environments like high elevation
habitats have been found to show lower leaf chlorophyll concentratiantothiand plants in

the field inHypericum perforatunjRoblek et al. 2008). Inontrast to the elevational gradient,
we did not find a decrease in chlorophyll content with latitude. Other studies also found that
alpine plants had lower chlorophyll concexttons than arctic ones when grown under common
conditions (Mooney and Billings 196Tieszen an@onde 1967)Chlorophyll content is often
linked to nitrogenavailability (Mohotti and Lawlor 2002) anithe alpine populations of the
legumeA. vulnerariamayhave suffered in the common garden from a lack of nitrogen due to
the absence of specifittrogenfixing rhizobiathat occurat higher elevationgeeVollmann

et al. 2011)

Since the common garden experiment was implemented with seeds collected in field
populationsmaternal effects could also have contributed to the observed. dine®ver, a

strong influence of maternal effects is unlikely in the cas&. efulnerariabecause including

seed mass in the analysis to account for maternal effects didarae the results qualitatively.
Moreover, maternal effects are usually rare, weak and mostly observable in early life stages
(Uller et al. 2013).

Phenotypic fasticity

To investigate itlinesin plant traitsvere caused by plasticity or loadaptation, we compared
phenotypic measurements taken in the common garden with the ones taken on the mother
plants in the fieldThe size of the progeny from the southern and low elevation populations
and thenumber oftheir flowerheadsvas much larger #n that of their mother plants in the

field. This indicates that conditions in the garden were more benign due to the absence of
competition, watering of the plants, and higher nutrient levels. However, differences between
the performance of progeny in tharden and that of their mother plants in the field were much
smaller for populations frommigh elevations and latitudgadicating tlat they were less plastic.

The observed differences in traiistweenowland andhigh elevation anthetweensouthern

and high latitudepopulationsare thus mainly due to genetic differencesolm experiment,
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environmental distances between the home site and the lowland common garden increased with
increasing latitude and elevation. Our results are thus in contrassedfimczydlowski and
Waller (2021)who found that the progemyf Impatiens capensigsembled their mothers less

as the environmental distance between their home site and the common garden increased

Lower plasticity has been hypothesized to be an evolaty response to adverse climate
conditions (Hemborg and Degpr2011), and arctic and alpine populationg\of/ulneraria

may thus show a cautious strategy of an early cessation of growth and a switch to reproduction
even under benign environmental conditions. A reduced plasticity of rosette diameter and
number of inflorescences was also foundRemunculus bulbosus high vs. low elevation

populations (Frei et al. 2014

Evolutionary potentialof populations

The abundant centre model hypothesizes that genetic diversity within populations may decline
and genetic differentiation among populations may increase from the ogtiteedistribution

of a species towards tleelge (Eckert et al. 200&jronon etal. 20173. However, ve did not

find a decreaseeitherof evolvability of quantitative traitsior of molecular genetic diversity

with elevation(Daco et al. 2022)in contras, in A. vulneraria molecular genetic diversity
strongly declined with latitude due to the loss of variability through serial founder effects (Daco
et al. 2022). However, no such decline with latitude was observed for the evolvability of traits
as a mease of quantitative genetic variation within populations, except for rosette diameter.
In line with our results, arthernpopulations ofArabidopsisspecies with low genetic divergit

also presented strong evidence of adaptation and adaptive pdténkiat et al. 20144amala

et al.2018; Takou et al. 20217 possible explanation for tHack of a relationship between

the genetic variation imolecular markers and quantitative traitgshat quantitative traits in
contrast to molecular markers aréeafed by selectiofMcKay et al. 2001; Kingsolvest al.

2012; Estoup et al. 20L&Moreovermolecular markers are discrete tratonglyaffected by
bottlenecks, whereas quantitative traits integrate effects and interactions of multiple genes,
which ae much less prone to the negative effects of bottlengbdked and Frankham 2001,
Estoup et al. 2016PPolygenicquantitativetraitsare more likely to accumulate variability due

to mutationsand should thus sustain more genetic variability at small pbpnolsizes and
recover genetic variability more rapidly after a bottleneck than discrete molecular snarker
(Estoup et al. 2006 The evolutionary potential of arct&. vulnerariapopulations may thus
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have been preserved despite serial founder effeatiing to very low genetic diversity in

neutral markers (Dacet al. 2022).

Conclusions

We found clinal variation imuantitative traitsneasuredn Anthyllis vulnerariain a common
gardenin plants originating fronpopulations alon¢arge elevational anlatitudinal gradier.

The observed variations were similar along the two types of gradients although the
relationships with latitude were weaker. The correlation between measurements in the field and
in the garden indicated that a large part of the cliagation in phenotypic traits had a genetic
basis. The genetic differentiation among populations along the gradients Allewseraria

to occupy a wide climatic niche and questions the existence of the many subspecies which have
been describe@Cullen 1968§.

Alpine and arctic regions are particulaaffected byongoing changes in climatth higher
increases itemperature than in other regions (Pepin et al. 2018 lower plasticityf plants

from alpine and arctidhan lowland and southern populations may jeopardize their future
survival. The alpine populations are particularly sensitive to changing conditionsiras the
survivalin the lowland gardemwas very low However, their genetic diversity anldet short
length ofthe elevational gradient favang gene flow among alpine and lowland populations
could allow genetic adaptation to nesenditions (Gonzald@urpin and Hazard 2009). In
contrast, f[gh latitude populationdid notshowlower survival in the common gardefmheir
evolutionary potential in quantitative trait®uld allow them to locally adapt to changing
environmental conditionalthough arctic populations had a very reduced molecular genetic
diversity(Daco et al. 20220ur results confirm that the variatiamneutralmolecular markers

is a poor predictor of variation in quantitative tratsdis of limited usefulnest determine

the adaptive potentiabf populations(Reed and Frankham 2001; Teixeira and H @21,
Chung et al. 2023pincewe did not finda decline of evolutionary potential from the centre to
the periphery of the gradientsyr resultsalsosupport the growing evidence that timundant
centre modetloes not capture the complexity of predicting the suitability of a species to its

ervironmert (Pironon etl. 2017).
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Environmental variationsuch as thsefound acrosgradients oklevation and latitude, play

a crucial role in determining the distribution of species, their population characteristics, and
their ability to survive (Woodward 1987; De Frennealet2013).In response tanew
environmental conditions, plants camhibit phenotypic plasticityby expressing reversible
phenotypegPiersma and Drent 2003ump and Pefiuel@905 Atkin et al. 2006 Valladares

et al. 2007J. Theycan alsaundergo evolutionarghangesandadapttowards phenotypes that

are better suited to thecd conditions(Jump and Pefuelas 2005). Consergegeticvariation

is essential tpreservea s p eapaciey $o@volutionaryadaptatior(Frankham et al. 2017).

In this dissertationl, studied populations of a widespread plant spedashf/llis vulneraria)

along an extensive latitudinal gradient from Central Europe to the Arctic and an elevational
gradient of 2000 m in the European Alpo examine plasticity andeneticvariation of
populations and how they may respond to changing environmemidiions In bothstudied

gradients, mean annual temaieire decreased by c. 11.5 °C.

Clinal variations along elevational and latitudinal gradients

Previous research spredominantlhyfocused on studying populations along either elevational
(Totland 2001 ;Pellissier etal. 2010; Rasmann ai. 2014)or latitudinal gradient¢Sagarin

etal. 2006; Moeller etl. 2017) often assuming that changes along elevation can serve as a
proxy for changes with latitude or ongoing climate change. Howéwereffects of the two

types of gradients should preferably be comparedl species that have bdénge latitudinal

and elevation distributionare well suited for this approa¢Hialbritter et al. 2015)Even if

similar changes in annual mean temperatae be measureaver 1000 m in elevatioand

1000 kmin latitude (Jump et al. 2009b@levationaland latitudinal gradients diverge in a
number of aspects including atmospheric pressure, precipitation, solar radiation, and soil
nutrients (Koérner 2007; Derénne et al. 2013 Consequently, the response of @pe across

these gradients masary in crucial characteristics.

To studythe clinal variations in population tradtong theslevational and latitudinal gradients

| explored the impact ofarioushaktat characteristicsorrelating with elevation and latitude
Temperature variations were found to have the strongest effects on population characteristics
along both gradients, followed by differences in precipitation, solar radiation, and soil
nutrients.Along both the elevational and latitudinal gradients, there wlgresin plant size,
reproduction, and density &. vulnerariapopulations. However, while the density Af

vulnerariapopulations increased along both gradients, the size and reproduction of the plants
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exhibited a decline. This contrasting trend between reproduction and recruitment indicated a
compensation between vital rates in populationé.ofulnerariaalong the grdients called
demographic compensation, which is known to play a role in shaping the distribution of
widespread species across a broad climatic r&ngthermore, ther@asa consistent decrease

in seed predation along both the elevational and latitugmadientswhichcould be attributed

to the influence of lower temperatures on the development and abundance of herbivores. In
contrast, seed set and seed mass exhibited distinct responses along the two gradients. The
decline in these reproductive variabl with latitude could be due to changing habitat
characteristics such as decreasing soil nutrients and temperatures, decreasing diversity and
abundance of pollinators, or increasing pollen limitation. On the other hand, seed set and mass
did not exhibit aconsistent pattern with elevation, displaying high variability instead, which is
likely a result of local environmental heterogeneity or stochasticity in pollen availability.

Regarding ppulation structuré only found a clinealong the latitudinal gradm, where he
proportion of flowering plants decreased, suggesting different life cycle strategies between
high-latitude and higkelevation populations of this plant species previously described as
mainly biennial. In northern populations, higher levelspoécipitation may explain the
increased recruitment that, in combination with a high mortality of young plants during winter,
resulted in a higher proportion of vegetative plants. Another possible explanation is that
flowering in northern populations expenced a delay due to plants remaining vegetative for
more than one year, indicating the absence of a strict biennial pattern. The lack of consistent
variations in the proportion of flowering plants along the elevational gradient suggests that
these poputions grow in very heterogeneous habitats that vary on a small geographical scale
Alpine habitatggenerallyexhibit high levels of heterogeneity smallscale habitat conditions
(Korner 2007)

Using microsatellite markers, which are considered to bé&aleand unaffected by natural
selection | examined theresence of clines imolecular genetic diversity and differentiation

of the A. vulnerariapopulations. The observed genetic patterns differed between the two
gradients. Along the latitudinal gradiergenetic diversity decreased, while differentiation
among populations increased. These patterns are likely the outcome of serial founder effects
during the northward colonization following glacier retreat after the last ice age. This is
supported by thedentification of distinct genetic clusteirs populations along the latitudinal
gradient. Populations located north of the ice shield's limit during the Last Glacial Maximum

and the Younger Dryas formed separate clusters. Due to the migration towaedm@tjions,
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the newly established populations in the North experienced genetic isolation, resulting in
limited gene flow that led to a strong genetic differentiation. In contrast to the latitudinal
gradient, the genetic diversity and differentiation ampaogulations ofA. vulnerariadid not

exhibit clinal patterns along the elevational gradient. This observation could be attributed to
the higher gene flow facilitated by the much shorter elevational gradient and supported by the
presence of admixture in polations situated at intermediate elevations. However, despite the
disparity in gradient length, | observed evidence of isolation by distance in both the elevational
and latitudinal gradients indicating restricted gene flow among populations along both

gradients.

Clinal variatiors with elevation or latitude of origiwerealso foundfor population means of
guantitative traits ofA. vulnerariaplants grownin a common gardeffom seedsoriginating

from the studiedpopulations Arctic and alpine populationsxhibited earlier flowering and a
higher proportion of flowering heads compared to southern or lowland populations, indicating
their advancement in the reproductive cycle in the common garden. This early flowering is
believed to be an important adaptatiorcope with shorter growing seasons in high elevations
and latitudegInouye and Wielgolaski 2003; Griffith and Watson 2005; Colautti and Barrett
2013. Additionally, plants from arctic and alpine populations displayed lower leaf dry matter
content (LDMC)compared to plants from southern and lowland populations. Plants with low
LDMC values allocate fewer resources to structural components, which allows for rapid growth
and a shorter life cycle. Furthermore, | found that the capacity fofesglization increased

with both elevation and latitude . vulnerarig suggesting an adaptation to conditions of
limited pollination in alpine and arctic environments. Plants from alpine populatioAs of
vulnerariaexhibited lower survival rates in the common gartigan plants originating from

low elevations. Possible explanations for this maladaptation to the common garden conditions
include higher respiration and a lower temperature optimum of photosynthesis in alpine plants.
The reduced leaf chlorophyll contentalpine populations of the legurnde vulnerariamay

also have contributed to their low survival in the common garden, potentially indicating
nitrogen limitation due to the incompatibility with local rhizoblaalso found that the
evolutionary potentiah the measured quantitative traits was not reduced towards the periphery
of the gradient since the evolvability of most traits did not vary confligteith elevation or
latitude.

To determine whether the observed clinal variations in plant traits wergodplasticity or

local adaptation we compared the phenotypic measurements of plants grown in the common
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garden with those of their mother plants in the field. The differences in performance between
progeny and mothers were smaller for populations fragh relevations and latitudes,
suggesting reduced plasticity and a strong genetic component in these pop@atiaiations
between traits measured in the common garden and on their mother plants in the field also
supported the strong genetic compondrgame quantitative trait§urthermore, gantitative

genetic distances between populations increased with elevational and latitudinal distances
confirming the presence of genetic difentiation between populations amibdicating
divergent selection alorthese gradient&lso indicating divergent selection in both gradients
were thehigher values of quantitative genetic differentiationsfQcompared to molecular
genetic differentiation (§1) found for many traits along the elevational gradient anddare

traitsalong the latitudinal gradient

Considerations regarding the aundant centre model

The abundant centre mod@\CM) has been explored through the analysigp@pulation
patternsalongelevatioral and latitudinal gradients in many studigaypéd and Matthies 2012;
Villellas et al. 2013; Casazza et al. 2D2lhe population characteristiasbserved along both

types ofgradientsn this thesishavealsobeenexaminedwithin the framework of the ACM
studiedthe gradierdfrom the centre of theistribution of theA. vulnerariain Central Europe

to its northerredgeand from the lowlands to tredevationalimit of the species in the Alps
According to the ACM, vital rates and genetic diversity are expected to decrease, while genetic
differentiation among populations increases from the centre to the periphery of a species’
distribution (Brown 1984; Sagarin and Gaines 2002). These pattersg@osed to be due to

less suitable environmental conditions at the periphery, leading to smaller, more isolated and
genetically depauperate populations. However, | mostly found no support for these predictions.
Contrary to expectations, population siaesl density did not decrease towards the periphery

in both the elevational and latitudinal gradients. In fact, they increased with elevation and
latitude. Although there was a decline in plant size and reproduction, shirchne with the
predictions 6the ACM, a more detailed analysis revealed the significant role of demographic
compensation, by compensating the decreased reproduction with an increased recruitment.
Such compensatory changes in vital rates across the range are thought to allowt@pecies
occupy large areas of distribution (Doak and Morris 2010). Similarly, the decline in molecular
genetic diversity andhe increase in molecular genetic differentiation observed along the

latitudinal gradientvere in linewith the ACM. However, these pathsarelikely a result of
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the historical migratioprocess after the last ice agairthermore, measurements on plants in

the common garden experiment confirmed that there was no declquairitativegenetic
variability from the centre to the periplyasf the distribution oA. vulnerariasince evolvability

did not decrease with elevation or latitude. The predictions of the ACM were only partially
confirmed in peripheral populations in the North, which exhibited reduced seed set and seed
mass. Howevethese patterns were not observed in populations at the elevational limit of the
species in the Alps. Overall, the findings suggest that the ACM does not fully explain the
observed population characteristics and genetic pattefsvinineraria Other fators such as
historical migration and local adaptation may have played more significant roles in shaping the

species' distribution and traits across different environments.

Potential responses talimate change

Climate plays a fundamental role in shaptheg distribution ofplants (Woodward 1987; De
Frenne et al. 2013)Gaining a deeper understanding of how plant populations respond to
changing environmental conditions is crucial for predicting their future responses to climate
change and taking measuressppecies conservation managemdrte effects of changing
climatic conditions on plastcan be exploredy studyingpopulations distributedlong
environmental gradientike thosefoundacrosglifferent elevations and latitud@dalbritter et

al. 2013) The results of the studiesong elevational and latitudinal gradiemtshis thesican
thusbe used to explore how climate change may affepulations othe widespread species

A. vulneraria

| found that temperaturplays an essential role in thésudibution and physiology oA.
vulneraria and that changein temperature will have strong effects on plant populations.
However, ppulations along the elevational and latitudinal gradients will face different
challenges with climate changsome populdion characteristics in the fieshoweddistinct
patternsalong the two types of gradients, suggesting that climate change maglitierent
effects on A. vulneraria populations along the elevational and latitudinal gradients
Consequently, latitudinal patterns in population characteristinge alimited value for
predictng changes witkelevation(Jump et al. 2009bY.heproportion of plants flowering, seed
set and seed mass declined with latitwdeereas the considerable iadion in these traits along
the elevationalgradient was not associated with elevation or other covarying environmental
factors like annual mean temperatufidis suggests thatirawing conclusions about the

potential impacts of futurelimate warming on imuntain populations will be more challenging
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due to the significance of smaitale environmental variatiofscherrer and Kérner 2010;
Oldfather and Ackerly 20)9However, the observed differences in population structure and
resulting in potential plasiity in life cycle strategies between higtitude and higkelevation
populations may provide some resilience against the adverse effects of climate(Clwatge
and Morris 2010; Villellas edl. 2015; Peterson at. 2018, but see Sheth and Angert 2018)

| found dstinct patterns of genetic diversity agenetic differentiatioamongheA. vulneraria
populations in Alpine and Scandinavian regions. The alpine populations exhibited consistently
high genetic diversity, allelic richness, and a greater number of private alleles, suggesting a
higher evolutionary potential compared to the Scandinavian gagmdaThese resultonfirm

that responses to climate change may differ between alpinsudacttic populations. The
limited neutral moleculagenetic diversityof subarctic populationsaises concerns for their
long-term persistence in the face of clim&hange. On the other hand, the alpine populations
have the potential to benefit from gene flow from del@vation populations along the shewrt
elevational gradient, allowing for admixture with genotypes originating from warmer habitats
(TantoHadado etl. 2010; Rossetto et al. 2Q1This genetic exchange may contribute to the

adaptive potential of the alpine populations in response to changing climatic conditions.

| found that the variation in neutral molecular markers is of limited usefulndstaminethe
adaptive potentiabf A. vulnerariapopulations becaudée relationship between the genetic
variation in neutral molecular markers atit of mostquantitativetraits wasweak The
evolutionary potential ohigh latitudepopulationshadbeen peserved despitthe very low
genetic diversies in neutral markersbecause no decline daévolutionary potential in
guantitative traitsvith latitude was foundl'hus, theevolutionary potential in quantitative traits
could allow northern populationgo locally adapt to changing environmental conditions
Similar to the arctic populations, there was no declirevaiutionary potential in quantitative
traits in the alpine populationsallowing genetic adaptation to new conditioas well.
However, alpingpopulations might be more sensitive to changing conditions as they had a very
low survival in the lowland garden. Plants from higher elevations and latitudes exhibited lower
levels of phenotypic plasticity and derived less benefit from the more favoucaalions in

the common garden compared to lower elevations and latitudes of whigih may threaten

their survival in the short term under rapidly changing climetginditions(Radersma et al.
2020)
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Perspectives

While this workhas shed light on key aspects@énetic variatiormnd plasticity in quantitative
genetic traits further research iseededto enhance our comprehension of the mechanisms
driving adaptation to environmental chang@&eciprocal transplant experiments, which
involve planting individuals from different origim®th at their home sites and other site®

ideal experimental setups to determine whether their traits vary across défevenhmental
conditions and to test for local adaptat{@ecker et al. 200@-ranks et al. 2014)n reciprocal
transplant experiments, local adaptation is shown by an enhanced fitness in the local
populations in comparison to the immigrant orteaweckiand Ebert 2004 Thus, to further
investigate if local adaptation in populationsfofvulnerariacould increase or decrease their
performance in the face of global change and to predict how populations may respond to rapid
climate change, conducting reciprocal transplaxperimentsthroughout the species'

distribution would be hilgly valuable.

Climate change islso likely to increase the frequency arought(Mukherjee et al. 2018
AghaKouchak et al. 2021To investigate the effects of drought and explore the potdatial
adaptation, m experiment with seedlings from Central European lowland populations, high
elevation and high latitude populationsfofvulnerariacould be conducteid which the plants

are subjected to different levels of drougiid performance and y$iological traitsare
recorded. This experimentould allow to gain insights intdifferences irplastic responses to
drought and genetic variation in drought resistance between high elevation/latitude and lowland
populations. Furthermore, this experimamauld investigate the evolutionary potential of
populations to respond to incredsgrought periods andhethergenotypes exist at higher
elevations and higher latitudes that are preadapttiek firedicted drieconditions(Gugger et

al. 2015; Hamann etl. 201§.

In addition to common garden experiments, genomics stodgd provide a complementary
approach to further our understanding of local adaptdtdenVillemereuil et al. 2016)By
using genomic analysesne could identify specificloci that ae norneutraland potentially
associated with adaptive traisnd that show correlationsin allele frequencieswith
environmental gradient§?ardeDiaz et al. 2014; Ahrens et al. 2018 hesemarkerscould
offer a means of detecting adaptation pralidevaluableinsights into the genetic architecture
of complex traits, helpingo understand the contribution of genetic variation to phenotypic

variation.
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Furthermore,te results of this studyouldinitiate further investigations intthedemographic
characteristicef Anthyllis vulneraria particularly with respect to its life strategies. Although

the species igenerally considered biennigbterk 1975) this study revealed variation its

life cycleamongthepopulationsalong the elevational andtltudinal gradientsTo gain a better
understanding of these differences, demographic studies could investigate whether these
populations exhibit divergent lifespans and survival strategies in response to varying climatic

conditions across their range.
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Chapter 1

Table S1Anthyllis vulnerariastudy sites.

Population Country Latitude (°N) Longitude(°E) Altitude (m a.s.l.)
Altitudinal gradient

AFrl France 45.05330 6.38920 2362
AFr2 France 45.05119 6.35326 1997
AFr3 France 45.15615 6.42366 1518
AFr4 France 45.21658 6.32499 1223
AFr5 France 45.09324 5.78040 471
AFré France 45.17351 6.03890 936
AFr7 France 45.12095 5.98519 717
AFr8 France 45.05978 6.31574 1807
AChl Switzerland 46.13377 7.05947 545
ACh2 Switzerland 46.08331 7.12650 1042
ACh3 Switzerland 46.04960 7.95643 2162
ACh4 Switzerland 46.25389 7.27336 1585
ACh5 Switzerland 46.27354 7.23742 1250
ACh6 Switzerland 46.08813 7.40669 1940
ACh7 Switzerland 46.10807 7.58007 2413
AAtl Austria 47.39796 11.26613 961
AAL2 Austria 47.44211 11.65014 1521
AAt3 Austria 47.16064 11.71487 1810
AAt4 Austria 47.16901 11.35334 1151
AAt5 Austria 47.31265 11.38936 2250
Latitudinal gradient

L1 France 46.43682 4.75282 323
L2 France 48.18803 5.55341 443
L3 Luxembourg 49.49562 5.99690 342
L4 Luxembourg 49.73139 6.28194 355
L5 Germany 51.22280 9.76097 442
L6 Germany 52.00507 10.40749 191
L7 Germany 54.04430 10.22901 32
L8 Germany 54.68729 9.43418 22
L9 Denmark 55.51500 9.42435 42
L10 Sweden 56.36709 12.80019 81
L11 Sweden 57.88923 11.94657 24
L12 Sweden 58.69792 11.21994 5
L13 Norway 61.06211 10.39708 438
L14 Norway 62.01385 9.20743 483
L15 Norway 63.44094 10.65668 18
L16 Iceland 63.81644 -22.69699 20
L17 Norway 64.31624 12.34754 168
L18 Sweden 66.42609 16.85014 453
L19 Norway 67.25107 15.42817 6
L20 Norway 68.10215 16.37830 47

129



Table S2Pairwise correlations between the predictor variables used in the general ¢
generalized linear models for both the altitudinal and latitudinal gradien®<(9.1; *P
<0.05; *P<0.01; ** P<0.001.

Annual mean Annual Solar Standing
temperature precipitation radiation biomass
r r r r
Altitude
Annual precipitation -0.628 **
Solar radiation -0.317 0.284
Standing biomass 0.334 -0.087 0.002
PC Soil nutrients -0.103 0.130 0.057 -0.203
Latitude
Annual precipitation 0.044
Solar radiation 0.815 *** -0.258
Standing biomass -0.324 -0.021 -0.456 *
PC Soil nutrients 0.539 * 0.040 0.666 ** -0.271

Table S3Medians and ranges of habitat characteristics for the 40 stAdie
vulnerariapopulations.

Habitat characteristic Median Range

Exposure (° deviating from north) 1145 0.0 - 177.0
Slope (%) 24.0 0.0 - 102.7
Standing biomass (g f) 96.1 23.0 - 334.2
pH 71 A7 - 7.6
P,0s (mg [100 g soilf) 30 1.0 - 10.0
K20 (mg[100 g soil}}) 80 20 - 40.0
Corg (%) 3.2 0.2 - 17.5
Ntot (%0) 0.2 0.0 - 1.1
Annual mean temperature (°C) 6.1 -12 - 10.8
Annual precipitation (mm) 1037.5 413.0 - 1462.0
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Table S4Analysis of variance of the effects of the three
regions within the Alps and the linear and quadratic effi
of altitude on the maximal plant density of the populatic
of the altitudinal gradient? of the overall model = 0.94.

Max. plant density (n) df F P
Region 2 13.2 0.001
Altitude linear 1 57.4 <0.001
Altitude quadratic 1 59.9 <0.001
Region x Alt. linear 2 87 0.005
Region x Alt. quadratic 2 116 0.002
Error 11
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Table S5 Results of model averaging of the effects of five explanatory variables on various population
characteristics along the altitudinal and latitudinal gradients. Model averaging of all possible models ai
importance calculation was done using thpd@kage MIMIn. n: number of populations included in the

analyses.
Dependent variable  Intercept Explanatory variable Importance Estimate Standard errol
Altitude (n = 19)
Max. plant density 2.301 Annual mean temperature 1.00 -0.06107 0.01422
PC Soil nutrients 0.55 -0.06304 0.03313
Solar radiation 0.45 -0.00007 0.00004
Standing biomass 0.20 -0.00048 0.00054
Annual precipitation 0.18 -0.00024 0.00031
Population size 4.581 Annual mean temperature 0.99 -0.18888 0.05458
Annual precipitation 0.57 -0.00183 0.00096
Solar radiation 0.22 0.00014 0.00014
PC Soil nutrients 0.16 0.06067 0.11628
Standing biomass 0.15 -0.00074 0.00184
Plant height -18.640 Annual mean temperature 1.00 3.14337 0.62758
Annual precipitation 0.76 0.02335 0.00986
Standing biomass 0.40 0.02837 0.01749
Solar radiation 0.36 0.00216 0.00141
PC Soil nutrients 0.13 -0.41895 1.21362
Prop. flowering 0.223 Annual mean temperature 0.34 -0.10809 0.07935
Solar radiation 0.21 0.00016 0.00022
Standing biomass 0.20 0.00208 0.00338
Annual precipitation 0.19 -0.00086 0.00160
PC Soil nutrients 0.17 0.04993 0.22627
Flowerheads per plar  0.074 Annual mean temperature 0.67 0.04241 0.02033
Solar radiation 0.40 0.00010 0.00006
Standing biomass 0.34 -0.06627 0.05016
PC Soil nutrients 0.32 0.00109 0.00079
Annual precipitation 0.17 -0.00003 0.00048
Prop. seed set 0.541 Annual precipitation 0.26 0.00195 0.00177
Solar radiation 0.24  -0.00028 0.00029
PC Soil nutrients 0.21 0.21317 0.26602
Standing biomass 0.19 -0.00177 0.00314
Annual mean temperature 0.18 -0.03240 0.08476
Prop. seeds damager -3.219  Annual mean temperature 0.74 0.26420 0.12110
Annual precipitation 0.21 0.00057 0.00369
Standing biomass 0.17 -0.00078 0.00405
Solar radiation 0.16 -0.00009 0.00036
PC Soil nutrients 0.16 -0.02075 0.39170
Seed mass -0.092  Annual precipitation 0.83 0.00231 0.00099
Annual mean temperature 0.35 0.06893 0.05750
Solar radiation 0.27 0.00016 0.00015
Standing biomass 0.16 0.00052 0.00183
PC Soil nutrients 0.15 -0.03694 0.12351
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Latitude (n = 20)
Max. plant density

Population size

Plant height

Prop. flowering

Flowerheads per plar

Prop. seed set

Prop. seeds damage:

Seed mass

1.341

2.207

40.272

-3.557

0.111

4.500

-3.060

2.415

Annual precipitation

PC Soil nutrients

Solar radiation

Annual mean temperature
Standing biomass

Annual precipitation
Standing biomass

Solar radiation

Annual mean temperature
PC Soil nutrients

Annual mean temperature
Standing biomass

Annual precipitation

Solar radiation

PC Soil nutrients

Annual mean temperature
PC Soil nutrients

Solar radiation

Standing biomass

Annual precipitation

Solar radiation

Annual mean temperature
Annual precipitation
Standing biomass

PC Soil nutrients

Annual mean temperature
PC Soil nutrients

Annual precipitation

Solar radiation

Standing biomass

Annual mean temperature
Standing biomass

Solar radiation

PC Soil nutrients

Annual precipitation
Annual mean temperature
PC Soil nutrients

Solar radiation

Annual precipitation
Standing biomass

0.87
0.58
0.37
0.22
0.15
0.80
0.50
0.35
0.24
0.17
0.69
0.51
0.30
0.30
0.20
0.66
0.52
0.40
0.40
0.22
0.63
0.28
0.27
0.23
0.20
0.72
0.70
0.70
0.46
0.16
0.67
0.37
0.25
0.20
0.17
0.62
0.26
0.24
0.17
0.17

0.00111
-0.26629
-0.00017

0.02906
-0.00024

0.00142

0.00431
-0.00025

0.06261
-0.03557

2.36622
-0.09715
-0.01613
-0.00296
-2.84218

0.27155

0.90605

0.00070

0.00793
-0.00080

0.00015

0.02761
-0.00038
-0.00148

0.04763

0.24958

1.08700
-0.00249
-0.00074
-0.00384

0.28989
-0.01380

0.00010

0.37806

0.00098

0.06845

0.15930

0.00002

0.00009
-0.00029

0.00040
0.13404
0.00014
0.06075
0.00197
0.00056
0.00244
0.00022
0.08813
0.23627
1.35573
0.05568
0.01392
0.00602
4.96278
0.12482
0.51620
0.00052
0.00497
0.00114
0.00008
0.04028
0.00037
0.00174
0.15840
0.14977
0.60205
0.00136
0.00058
0.00617
0.15632
0.00937
0.00047
0.54226
0.00190
0.03673
0.16620
0.00015
0.00045
0.00207
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Table S5 Standardized regression coefficients for general and generalized linear models of the relat
between population characteristicsAafthyllis vulnerariaalong an altitudinal and a latitudinal gradient a
habitat characteristics. Standardized regression coefficients for binomial models for proportions are
calculated with the lateftheoretical method (Grace et al. 2018)atues are igen for variables with a
gaussian distribution andvalues for the ones with a quasibinomial distribution. The best model was
chosen using the lowest AICc for the variables with a gaussian distribution and using the lowest QA
the variables with guasibinomial distribution using thepackage MuMIn. Only dependent variables ar
presented for which the best model contained at least one explanatory variable in addition to the int

Totalr? is indicated for the models with a gaussian distribytdMcFadden's pseudéfor the ones with a
quasibinomial one. Annual mean temperature is highlighted in bold*f&c€.0.05; ** P < 0.01; *** P <

0.001
Dependent variable Explanatory variable Coefficient vaflljé P
Altitude (n = 19)
Log Max. plant densityr€ = 0.62***) Annual mean temperature -0.76 -4.90 <0.001
PC Soil nutrients -0.29 -1.85 0.083
Log Population sizerf = 0.58***) Annual mean temperature -0.94 -457 <0.001
Annual precipitation -0.40 -1.92 0.073
Plant heighti? = 0.69***) Annual mean temperature 1.06 6.65 <0.001
Annual precipitation 0.39 248 0.025
Log Flowerheads per plant(= 0.35**) Annual mean temperature 0.63 2.83 0.012
Solar radiation 0.41 183 0.086
Prop. seeds damaged (pseutio 0.34) Annual mean temperature 0.40 2.57 0.020
Seed masg{=0.27%) Annual precipitation 0.52 253 0.022
Latitude (n = 20)
Log Max. plant densityrf = 0.49***) Annual precipitation 0.58 3.33 0.004
PC Soil nutrients -0.43 -2.47 0.024
Log Population sizerf = 0.28*) Annual precipitation 0.53 2.67 0.016
Plant height1? = 0.24%) Annual mean temperature 0.49 238 0.028
Prop. flowering (pseudc = 0.57) Annual mean temperature 0.33 244 0.026
PC Soil nutrients 0.28 195 0.068
Log Flowerheads per plant?(= 0.28%) Solar radiation 0.53 2.64 0.017
Prop. seed set (pseurdfo= 0.59) Annual mean temperature 0.53 2.98 0.009
Annual precipitation -0.35 -2.89 0.011
Solar radiation -0.57 -2.53 0.023
PC Soil nutrients 0.47 256 0.022
Prop. seeds damaged (pseutis 0.30) Annual mean temperature 0.46 2.36 0.030
Seed masg{=0.23%) Annual mean temperature 0.48 2.31 0.033
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Table S1Pairwise £, (below diagonal) and %r (above diagonal) between populationstathyllis vulneraria

AAt1 AAL2 AAL3 AAt4 AAL5 ACh1ACh2ACh3ACh4AChSAChGACh7AFrl AFr2 AFr3 AFrd AFr5 AFre AFr7 AFr8
AAtl 0 0.34 0.5% 0.3C 0.31 0.3¢ 0.4€ 0.4% 0.3t 0.3€ 0.31 0.3% 0.51 0.4C 0.4€ 0.3% 0.34 0.24 0.2¢ 0.4z
AAt2 0.18 0 0.2% 0.4C 0.1% 0.4z 0.4€ 0.2t 0.2¢ 0.3¢ 0.24 0.2z 0.5¢ 0.4t 0.4t 0.31 0.3% 0.27 0.4z 0.47
AAt3 0.2€ 0.1z 0 0.5€ 0.27 0.58 0.5¢ 0.31 0.5C 0.5€ 0.3t 0.3% 0.6€ 0.5¢ 0.6C 0.5C 0.4€ 0.5C 0.61 0.6C
AAt4 0.1€ 0.1€ 0.31 0 0.34 0.4C 0.6C 0.5% 0.4t 0.4¢ 0.4% 0.3¢ 0.6¢ 0.5¢ 0.5€ 0.4€ 0.4Z 0.4t 0.5C 0.62
AAt5 0.14 0.0€ 0.14 0.1€ 0 0.3¢ 0.5C 0.3z 0.2¢ 0.3¢ 0.1€ 0.1€ 0.6% 0.5z 0.4¢ 0.3€ 0.3€ 0.37 0.4Z 0.54
ACh1l 0.1% 0.1¢ 0.3C 0.2C 0.1¢ 0 0.3z 0.3¢ 0.37 0.4z 0.37 0.41 0.6 0.4€ 0.51 0.31 0.37 0.3€ 0.44 0.4¢
ACh2 0.2z 0.21 0.3% 0.31 0.24 0.1€ 0 0.44 0.3t 0.37 0.4% 0.4¢ 0.6 0.47 0.5z 0.2¢ 0.5C 0.3¢ 0.51 0.47
ACh3 0.21 0.1z 0.17 0.27 0.1¢ 0.1¢ 0.2z 0 0.3t 0.4% 0.3C 0.34 0.5€ 0.4€ 0.5C 0.3C 0.3€ 0.34 0.5 0.4
ACh4 0.14 0.11 0.24 0.2C 0.1z 0.1€ 0.14 0.1F 0 0.1€ 0.21 0.24 0.47 0.3% 0.3t 0.1F 0.3¢€ 0.21 0.3t 0.3z
ACh5 0.14 0.1 0.27 0.21 0.14 0.17 0.1€ 0.1€ 0.0¢€ 0 0.1¢ 0.2€ 0.47 0.3€ 0.4z 0.2Z 0.44 0.2€ 0.34 0.37
ACh6 0.14 0.1C 0.1€ 0.2C 0.0€¢ 0.1€ 0.2C 0.14 0.0¢ 0.07 0 0.0€ 0.54 0.41 0.4t 0.24 0.35 0.31 0.31 0.4z
ACh7 0.1% 0.1C 0.1€ 0.1€ 0.07 0.2C 0.24 0.1€ 0.1C 0.1z 0.04 0 0.54 0.41 0.3¢€ 0.2€ 0.3¢€ 0.3C 0.4C 0.44
AFrl 0.2€ 0.3C 0.41 0.3€ 0.3% 0.34 0.3€ 0.3z 0.2 0.2 0.27 0.2¢ 0 0.1¢€ 0.3¢ 0.3 0.5¢ 0.32 0.4€ 0.24
AFr2 0.1€ 0.2C 0.3z 0.2€ 0.2¢ 0.2z 0.2% 0.2z 0.1f 0.1t 0.1€ 0.2C 0.1C 0 0.2% 0.21 0.47 0.1€ 0.41 0.1C
AFr3 0.24 0.2% 0.3€ 0.31 0.2€ 0.27 0.2¢ 0.27 0.17 0.2C 0.2¢ 0.2C 0.2¢ 0.1z 0 0.27 0.5€ 0.2¢ 0.5% 0.27
AFr4 0.14 0.1 0.2£ 0.21 0.1% 0.1¢ 0.1Z 0.1z 0.0€ 0.0¢ 0.1C 0.1z 0.1€ 0.0¢ 0.1z 0 0.37 0.1Z 0.3z 0.1¢
AFr5 0.17 0.1€ 0.2€ 0.2Z 0.17 0.1¢ 0.2€ 0.1¢ 0.1€ 0.1¢ 0.17 0.1€ 0.32 0.24 0.31 0.17 0 0.37 0.44 0.44
AFr6 0.1C 0.11 0.25 0.21 0.1€ 0.1€ 0.1€ 0.1t 0.0¢ 0.11 0.1 0.14 0.17 0.07 0.1Z2 0.0 0.17 0 0.32 0.17
AFr7 0.1C 0.1€ 0.32 0.24 0.1¢ 0.2C 0.2¢ 0.2t 0.14 0.1t 0.1:Z 0.1€ 0.2¢ 0.1€ 0.2¢ 0.1 0.2z 0.14 0 0.4z
AFr8 0.2C 0.2z 0.35 0.3z 0.2€ 0.2z 0.24 0.2z 0.14 0.1€ 0.1¢ 0.2z 0.1% 0.0t 0.1f 0.0¢ 0.2 0.0€ 0.2C O
L1 0.2z 0.2z 0.37 0.2€ 0.28 0.2€ 0.3C 0.3C 0.2z 0.2C 0.24 0.2¢ 0.3¢ 0.2€ 0.34 0.21 0.2¢ 0.21 0.1€ 0.31
L2 0.2Z 0.2% 0.3€ 0.3C 0.24 0.2€ 0.3C 0.2¢ 0.1¢ 0.1¢ 0.2¢ 0.27 0.3t 0.27 0.3z 0.1€ 0.31 0.2C 0.2C 0.2¢
L3 0.14 0.12 0.2¢€ 0.1¢ 0.1€ 0.2C 0.2% 0.2z 0.1z 0.1% 0.1f 0.1¢£ 0.3C 0.2C 0.2% 0.15 0.24 0.1Z 0.14 0.2¢
L4  0.2% 0.1¢€ 0.32 0.2€ 0.21 0.2z 0.24 0.2C 0.17 0.2C 0.21 0.2% 0.3€ 0.2€ 0.2¢ 0.1€ 0.2¢ 0.1€ 0.21 0.2¢
L5 0.14 0.1¢€ 0.31 0.21 0.21 0.1€ 0.2% 0.2t 0.1¢ 0.1€ 0.2C 0.2% 0.31 0.2z 0.2€ 0.14 0.2% 0.1£ 0.14 0.24
L6 0.17 0.2z 0.32 0.2£ 0.24 0.2z 0.2¢ 0.2€ 0.21 0.21 0.21 0.2% 0.3C 0.24 0.3z 0.1¢ 0.21 0.1¢€ 0.0¢ 0.2¢€
L7 0.1Z 0.2z 0.35 0.2€ 0.24 0.2¢ 0.2¢ 0.2¢ 0.2C 0.1€ 0.1€ 0.2% 0.2¢€ 0.21 0.31 0.1€ 0.24 0.17 0.0C 0.2
L8 0.1z 0.2€ 0.3¢ 0.2£ 0.24 0.2% 0.3C 0.3z 0.21 0.1¢ 0.2z 0.2¢ 0.3C 0.24 0.3% 0.2C 0.2 0.1¢ 0.0€ 0.2¢€
L9 0.1€ 0.2% 0.3€ 0.27 0.24 0.24 0.3C 0.3C 0.1¢ 0.17 0.1&€ 0.2t 0.31 0.24 0.3C 0.1¢ 0.2£ 0.2C 0.07 0.24
L10 0.3z 0.41 0.55 0.5C 0.45 0.44 0.47 0.47 0.3¢ 0.37 0.37 0.4Z 0.47 0.41 0.5¢ 0.37 0.4z 0.3¢ 0.2€ 0.4z
L11 0.34 0.4C 0.5z 0.4C 0.4C 0.4C 0.4€ 0.4t 0.3¢ 0.34 0.3¢ 0.41 0.4€ 0.4z 0.4€ 0.3€ 0.4% 0.3 0.34 0.4<
L12 0.34 0.3¢€ 0.4€ 0.41 0.3¢ 0.37 0.44 0.4z 0.37 0.3% 0.3€ 0.4C 0.4€ 0.3¢ 0.5C 0.37 0.41 0.3€ 0.3¢ 0.4
L13 0.41 0.4z 0.5¢ 0.47 0.4€ 0.44 0.5C 0.5z 0.3¢ 0.4C 0.4 0.4€ 0.5t 0.47 0.5Z 0.3€ 0.5C 0.41 0.4C 0.4¢
L14 0.5Z 0.54 0.6€ 0.57 0.5€ 0.5% 0.5¢ 0.6C 0.51 0.4¢ 0.5& 0.5¢ 0.6€ 0.5¢ 0.6t 0.51 0.61 0.51 0.5¢ 0.6C
L15 0.4Z 0.44 0.5€ 0.47 0.4€ 0.4€ 0.5C 0.51 0.41 0.41 0.4 0.4¢ 0.5€ 0.4¢ 0.54 0.4C 0.51 0.41 0.3¢€ 0.5C
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