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ABSTRACT

During the past century, the distributions of many species have shi!ed, 
apparently in response to changes in climate. Marginal populations at high 
elevation and latitude are most sensitive to such changes in climate, and are 
therefore the "rst to respond. Despite similar declines in temperature along 
gradients of increasing elevation and latitude, other abiotic factors and dispersal 
distances are very di#erent, with implications for genetic processes and the ability 
of species to adapt. Comparing ecological and evolutionary processes along 
elevational and latitudinal gradients therefore provides an interesting means for 
investigating both constraints and potential responses of species to climate change.

$e aim of this thesis is to improve our understanding of the ecological 
and genetic factors limiting species distributions along elevational and latitudinal 
gradients. In addition, it investigates the extent to which populations are locally 
adapted and the factors that in%uence adaptation at the range margins. To achieve 
these aims, I compared the distribution, growth, and genetic structure of ruderal 
plant species along an elevational gradient in the Swiss Alps and a latitudinal 
gradient in Scandinavia.

Elevational gradients have o!en been used as a proxy for understanding 
the e#ect of temperature, for example along latitudinal gradients. In this study, 
I recorded the occurrence of 155 ruderal plant species along both the elevational 
and latitudinal gradients. I then used principal components analysis (PCA) to 
summarize climatic variation in precipitation and temperature and compared 
the climate limits for the "rst two principal components of each species along 
the two gradients. In addition, I used logistic regressions to compare how the 
probability of occurrence of 29 species changed with climate. Species PCA values 
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on the "rst principal component (PC1 explained primarily precipitation) showed 
no correlation along both gradients, but there was a positive correlation with 
the second principle component (PC2 explained temperature). Species reached 
colder climate limits (on average 224 growing degree days lower) and declined in 
abundance more gradually along the elevational gradient than along the latitudinal 
gradient. I conclude that dispersal-related processes play an important role for 
patterns of species abundance and the position of range margins, and argue that 
species may respond di#erently to rapid climate change along the two gradients.

I used neutral molecular markers to characterize gene %ow and genetic 
diversity of central and marginal populations along elevational and latitudinal 
gradients of two ruderal plant species, Plantago lanceolata and P. major. For 
both species genetic diversity and gene %ow were signi"cantly higher along the 
elevational than along the latitudinal gradient. In addition, genetic diversity within 
populations was positively correlated to a species’ probability of occurrence. I 
conclude that patterns of genetic diversity and gene %ow can be very di#erent 
along these gradients, and argue that understanding the role of genetic processes 
in determining range limits along contrasting gradients could help in predicting 
how species will respond to rapid climate change.

To investigate patterns of adaptation along elevational and latitudinal 
gradients I performed a reciprocal transplant experiment with six ruderal plant 
species. I transplanted seeds collected from lowland, high elevational and high 
latitudinal populations of these species to "ve transplant sites along the two 
gradients. $e results showed that high elevational and lowland populations of 
two Plantago species were locally adapted, but not the high latitudinal populations. 
In contrast, Senecio species and the two Fabaceae species Lotus corniculatus and 
Medicago lupulina showed no evidence of local adaptation. $ese results suggest 
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that responses to similar climate conditions might di#er within a species’ range 
(for example between high elevation and latitude) and complicate predictions of 
range shi!s.

$e main conclusion of this thesis is that ecological and evolutionary 
processes a#ecting ruderal plant species di#er along elevational and latitudinal 
gradients. Besides other factors, the steepness of the environmental gradient 
is an important factor in%uencing dispersal-related processes, gene %ow and 
adaptation. Studies predicting future range shi!s of species due to climate change 
should therefore take account of the steepness of the environmental gradient, and 
in particular distinguish between shi!s along elevational and latitudinal gradients.
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Zusammenfassung

ZUSAMMENFASSUNG

Während des letzten Jahrhunderts haben sich die Verbreitungsgrenzen 
von vielen Arten aufgrund des Klimawandels verändert. Populationen am 
Rand eines Verbreitungsgebietes, zum Beispiel in der Höhe und nördlichen 
Breitengraden, sind sehr sensibel auf Veränderungen des Klimas und sie sind 
daher die Ersten, die darauf reagieren. Trotz ähnlicher Temperaturabnahme 
mit zunehmender Meereshöhe und geographischer Breite sind andere 
abiotische Faktoren und Distanzen für die Ausbreitung der Arten entlang dieser 
Gradienten sehr unterschiedlich, was sich auf die genetischen Prozesse und 
die Adaptationsfähigkeit von Arten auswirkt. Der Vergleich von ökologischen 
und evolutionären Prozessen entlang von Höhen- und Breitengradienten bietet 
deshalb eine interessante Gelegenheit für die Untersuchung von Limitierungen 
und potentiellen Reaktionen von Arten auf die Klimaveränderung.

Das Ziel dieser Arbeit ist es, unser Verständnis für ökologische und 
genetische Faktoren, welche die Verbreitung von Arten entlang von Höhen- 
und Breitengradienten limitieren, zu verbessern. Zusätzlich wurde untersucht, 
in welchem Ausmass Populationen sich lokal adaptieren können und welche 
Faktoren Adaptation an den Verbreitungsgrenzen beein%ussen können. Um diese 
Ziele zu erreichen, habe ich die Verbreitung, das Wachstum und die genetische 
Populationsstruktur von Ruderalp%anzen entlang eines Höhengradienten in den 
Schweizer Alpen und einem Breitengradienten in Skandinavien untersucht.

Höhengradienten werden o! als Stellvertreter verwendet, um beispielsweise 
Temperature#ekte, entlang von Breitengradienten, zu verstehen. In dieser Studie 
habe ich das Vorkommen von 155 Ruderalp%anzenarten entlang von Höhen- und 
Breitengradienten erfasst. Weiterhin habe ich mittels Hauptkomponentenanalyse 
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(principal components analysis, PCA) die klimatische Variation von Niederschlag 
und Temperatur zusammengefasst und die klimatischen Verbreitungsgrenzen 
für die ersten beiden Hauptkomponenten für jede Art entlang dieser Gradienten 
verglichen. Zusätzlich habe ich mithilfe logistischer Regression verglichen, wie 
sich die Wahrscheinlichkeit des Vorkommens von 29 Arten mit dem Klima ändert. 
Der PCA-Wert der ersten Hauptkomponente (PC1 erklärt vor allem Niederschlag) 
zeigte für die meisten Arten keine Korrelation entlang der beiden Gradienten, 
hingegen gab es eine positive Korrelation mit der zweiten Hauptkomponente (PC2 
erklärt Temperatur). Die meisten Arten erreichten entlang des Höhengradienten 
kältere Klimagrenzen (durchschnittlich 224 Wachstumsgradtage weniger) 
und ihre Häu"gkeit nahm weniger stark ab als entlang des Breitengradienten. 
Daraus schliesse ich, dass die Ausbreitungsprozesse die Häu"gkeitsmuster und 
Verbreitungsgrenzen von Arten stark beein%ussen und argumentiere, dass die 
Arten somit unterschiedlich auf rasante Klimaveränderungen reagieren könnten.

Ich habe neutrale molekulare Marker verwendet, um den Gen%uss und die 
genetische Diversität von zentralen und marginalen Populationen entlang von 
Höhen- und Breitengradienten von zwei Ruderalp%anzen, Plantago lanceolata 
und P. major, zu bestimmen. Die genetische Diversität und der Gen%uss war 
für beide Arten entlang des Höhengradienten signi"kant höher als entlang des 
Breitengradienten. Zusätzlich gab es eine positive Korrelation der genetischen 
Diversität innerhalb der Populationen mit der Wahrscheinlichkeit für das 
Vorkommen der Arten. Daraus schliesse ich, dass die Muster der genetischen 
Diversität und des Gen%usses sich entlang dieser Gradienten stark unterscheiden 
können. Daher kann das Verständnis der Rolle von genetischen Prozessen im 
Zusammenhang mit Verbreitungsgrenzen entlang unterschiedlicher Gradienten 
hilfreich sein, um zukün!ige Reaktionen von Arten auf den Klimawandel 
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vorherzusagen.
Um Adaptationsmuster entlang von Höhen- und Breitengradienten zu 

untersuchen, habe ich ein reziprokes Transplantationsexperiment mit sechs 
Ruderalp%anzenarten durchgeführt. Ich habe Samen von Populationen dieser 
sechs Arten aus dem Tie%and, von der Höhe und aus hohen Breitengraden 
gesammelt und an fünf Standorten entlang dieser Gradienten transplantiert. 
Die Ergebnisse zeigen, dass Populationen von zwei Plantago Arten in der Höhe 
und im Tie%and lokal adaptiert waren, nicht aber die Populationen von hohen 
Breitengraden. Im Gegensatz dazu zeigten zwei Senecio Arten und zwei Fabaceae 
Arten, Lotus corniculatus und Medicago lupulina, keine Anzeichen von lokaler 
Adaptation. Diese Resultate deuten darauf hin, dass die Reaktionen auf ähnliche 
Klimabedingungen innerhalb eines Areals einer Art sehr unterschiedlich sein 
können (zum Beispiel in der Höhe und hohen Breitengraden), was die Vorhersage 
der Veränderung von Verbreitungs-grenzen erschweren kann.

Die zentrale Schlussfolgerung dieser Arbeit ist, dass ökologische und 
evolutionäre Prozesse entlang von Höhen- und Breitengradienten, welche 
Ruderalp%anzen beein%ussen, sehr unterschiedlich sein können. Neben 
anderen Faktoren beein%usst vor allem die Steilheit des Klimagradienten 
Ausbreitungsprozesse, Gen%uss und Adaptation von Arten. Studien, die 
zukün!ige Veränderungen der Verbreitung von Arten durch Klimawandel 
vorhersagen, sollten daher die Steilheit des Klimagradienten berücksichtigen und 
insbesondere unterscheiden zwischen Verbreitungsveränderungen entlang von 
Höhen- und Breitengradienten.
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SAMMENDRAG

I løpet av forrige århundre har spredningsgrensene for mange arter 
forandret seg på grunn av klimaendringen. Populasjoner på grensen av sitt 
utbredelsesområde, for eksempel i høyden og nordlige breddegrader, er svært 
følsomme for endringer i klima og de er derfor de første til å reagere på slike 
endringer. Til tross for at det er sammenlignbare temperatur reduksjoner både 
med økende høyde over havet og geogra"sk bredde er andre abiotiske faktorer 
og spredningsavstander av arter svært forskjellige. Dettepåvirker genetiske 
prosesser og adaptasjonsevnen av arter langs gradientene. En sammenligning 
av økologiske og evolusjonære prosesser langs høyde- og breddegradienter byr 
derfor på en interessant mulighet for å studere potensielle reaksjoner av arter til 
klimaendringer.

Målet med arbeidet er å øke forståelsen for hvordan miljømessige 
og genetiske faktorer begrenser utbredelsen og fordelingen av arter langs 
høyde- og breddegradienter. I tillegg har det blitt undersøkt i hvilken grad 
populasjoner kan adaptere seg lokalt, og hvilke faktorer som påvirker adaptasjon 
på utbredelsesgrensene. For å oppnå disse målene, har jeg studert utbredelsen, 
veksten og den genetiske populasjonsstrukturen av ruderale planter langs en 
høydegradient i de sveitsiske Alpene og en breddegradient i Skandinavia.

Høydegradienter blir o!e brukt i studier, for eksempel til å forstå temperatur 
e#ekter, langs breddegradienter. I dette studiet, har jeg registrert forekomsten av 
155 ruderale plantearter langs høyde- og breddegradienter. I tillegg har jeg ved hjelp 
av prinsipal komponent analyse (PCA) oppsummert den klimatiske variasjonen 
av nedbør og temperatur og sammenlignet de klimatiske spredningsgrenser 
for de første to komponentene av alle arter langs disse gradientene. Videre 
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har jeg analysert sannsynligheten for forekomsten av 29 arter forandrer seg 
med klimaet ved hjelp av logistisk regresjon. PCA-verdien for den første 
hovedkomponenten (PC1 forklarer frem for alt nedbør) viste for de %este arter 
ingen korrelasjon langs gradientene, men ga det en positiv korrelasjon med den 
andre hovedkomponenten (PC2 som forklarer temperatur). De %este artene nådde 
kaldere klima grenser (gjennomsnittlig 224 vekstgrad dager mindre) og deres 
frekvens falt mindre sterkt langs høydegradienten enn langs breddegradienten. 
Konklusjonen er at spredningsprosessene er veldig viktig for frekvensmønstrene 
og utbredelsesgrensene av arter, og at artene derfor kan reagere forskjellig på raske 
klimaendringer.

Jeg har brukt nøytrale molekylære markører til å bestemme gen-%yten og 
den genetiske diversiteten av sentrale og marginale populasjoner langs høyde- 
og breddegradienter av to ruderale planter, Plantago lanceolata, og P. major. 
Den genetiske diversiteten og gen-%yten var for begge arter signi"kant høyere 
langs høydegradienten enn langs breddegradienten. I tillegg fans det en positiv 
korrelasjon mellom genetisk diversitet innen populasjonene og sannsynligheten 
for forekomsten av artene. Fra dette konkluder jeg at mønstrene av den 
genetiske diversiteten og av gen-%yten kan variere sterkt langs disse gradienter 
og argumenterer for at forståelsen av genetiske prosesser i forbindelse med 
utbredelsesgrenser kan være nyttig for å forutsi reaksjonen av arter til raske 
klimaendringer. 

For å undersøke adaptasjonsmønster av høyde- og breddegradienter, har 
jeg gjennomført et resiprokt transplantasjonseksperiment med seks ruderale 
plantearter. Jeg har samlet frø av seks arter fra lavlandet, fra høyden og fra 
høye breddegrader og plantet dem på fem lokaliteter langs disse gradientene. 
Resultatene viser at populasjonene av to Plantago arter fra høyden og fra lavlandet 
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var lokalt adaptert i høyden og på lavlandet, men ikke populasjonene fra nordlige 
breddegrader. I kontrast til dette viste to Senecio arter og to Fabaceae arter, 
Lotus corniculatus og Medicago lupulina, ingen tegn av lokalt adaptasjon. Disse 
resultatene tyder på at det kan være svært ulike reaksjoner på lignende klimatiske 
forhold innen et område av en art (for eksempel i høyden og høye breddegrader), 
noe som kan komplisere prediksjonen av endringer i utbredelsesgrenser.

Den sentrale konklusjonen av dette arbeidet er at økologiske og evolusjonære 
prosesser langs høyde og breddegrader som påvirker ruderale planter kan 
være svært forskjellige. Blant andre faktorer, påvirker spesielt skråningen av 
klimagradienten spredningsprosesser, gen-%yt og adaptasjon av arter. Studier som 
forutsier fremtidige endringer i utbredelsen av arter som følge av klimaendringene, 
bør derfor ta hensyn til hvor bratt klimagradienten er og spesielt skille mellom 
endringer i fordelingen langs høyde- og breddegradienter.
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GENERAL INTRODUCTION

Range margins
A fundamental goal in ecology and evolution is to understand why species 

are limited in their distribution (MacArthur, 1972; Gaston, 2003). During the past 
century, species distributions have been altered by introduction of alien species, 
habitat fragmentation and global climate change. In the case of changes in climate, 
populations in marginal habitats are the "rst to respond (Chapin III et al., 2000; 
Sala et al., 2000). $erefore, to predict future distribution and responses to novel 
environments, we need to understand what determines range limits, information 
that can also help to make better conservation decisions (Gaston, 2003; Sexton et 
al., 2009; Ho#man & Sgro, 2011).

Climate has o!en been described as a major range-limiting factor, especially 
at high elevation and latitude (Woodward, 1987; Körner, 1999; Normand et al., 
2009). Past and recent range expansion and contraction (Davis & Shaw, 2001; 
Parmesan, 2006; Lenoir et al., 2008; Chen et al., 2011) clearly reveal the relevance 
of climate for species distribution ($omas, 2010). However, many other range 
limiting factors and mechanisms have been described (Ho#mann & Blows, 1994; 
Gaston, 2003; Kawecki, 2008; Sexton et al., 2009), and their relative importance 
remains uncertain.

In general, a range margin occurs because a population fails to adapt to 
the conditions beyond this limit. One reason for this failure could be low genetic 
diversity for selection and therefore limited evolutionary potential to adapt to 
conditions beyond the margin (Ho#mann & Blows, 1994; Lesica & Allendorf, 
1995; Blows & Ho#mann, 2005). Populations at the range margin are o!en small 
and isolated and prone to genetic dri!, which can reduce allelic diversity (Lesica & 
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Allendorf, 1995; Kawecki, 2008). Even though this view is widely accepted, there is 
so far limited evidence either that species decline in abundance (Sagarin & Gaines, 
2002) or that genetic diversity declines (Eckert et al., 2008; Ohsawa & Ide, 2008) 
towards the range margin. An alternative scenario is that extensive gene %ow 
from central populations can prevent adaptation to the marginal conditions by 
introducing maladapted alleles (Kirkpatrick & Barton, 1997; Case & Taper, 2000; 
Lenormand, 2002). However, few studies have yet shown the extent to which gene 
%ow promotes or prevents adaptation (Alleaume-Benharira et al., 2006; Sexton et 
al., 2011).

In addition to the evolutionary processes, there are ecological factors that 
act at a di#erent level but not independently of genetic processes (Gaston, 2003). 
First, populations can be prevented from occupying potentially suitable habitat 
through biotic interactions such as competition or predation (Gaston, 2003). 
Second, species can be dispersal limited. $is can either be because they are still 
expanding from past range retractions (Svenning et al., 2008), or because they 
have not reached equilibrium following recent changes in climate (Parmesan, 
2006; $omas, 2010).

Generally, a range margin is determined not by one but by a combination 
of factors (Gaston, 2003). In addition, margins are dynamic and di#erent factors 
might limit species across the range. For example, low temperature is more likely 
to limit species at high elevation and latitude, whereas drought or competition are 
more important at the lower range boundary (MacArthur, 1972; Normand et al., 
2009). $erefore, comparing di#erent types of range margins might improve our 
understanding of range limiting factors.
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Elevation and latitude - a model system
Temperature declines similarly along elevational and latitudinal gradients 

(Fig. 1 in chapter 1). $is similarity provides the opportunity to study the 
importance of temperature on ecological processes (Graae et al., 2012) and on 
evolutionary responses to changing climate (Körner, 2007) by comparing the two 
gradients. So far, elevation has o!en been used as a convenient proxy for latitude, 
because of the relatively short but steep environmental gradient (Körner, 1999; 
Parmesan, 2006; Körner, 2007; Jump et al., 2009). However, other important 
factors are very di#erent along these gradients, posing questions about their 
comparability (Jump et al., 2009).

Abiotic factors other than temperature, such as precipitation or edaphic 
conditions, do not change in similar ways along elevational and latitudinal 

Figure 1: Comparison of the scale and genetic architecture of an elevational and latitudinal gradient. 
$e thickness of the arrow indicates the amount of gene %ow along each gradient. $e diversity of 
colours represents the genetic diversity along these gradients. Illustration by Markus Rüegger
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gradients. In addition, the changes in day-length (Bradshaw & Holzapfel, 2007) 
and the low variability of day-night temperature are more pronounced along the 
latitudinal gradient, whereas UV-radiation and CO2 concentration increase only 
with elevation (Pisek, 1960; Billings & Mooney, 1968; Körner, 1999). However, 
the most important di#erence between elevation and latitude is the scale over 
which temperature changes. For example, in the Swiss Alps, a decline in 10 °C is 
associated with an increase of 2500 m in elevation, but only a few kilometres in the 
horizontal direction. In contrast, along the latitudinal gradient, the same decline 
in temperature occurs over 1800 km (Fig. 1).

$is di#erence in the steepness of the temperature gradient has signi"cant 
consequences on dispersal and genetic processes. Dispersal distances relative to the 
environmental gradient are larger along the elevational than latitudinal gradient 
and in%uence the shape of the range margins (Lennon et al., 1997; Phillips, 2012). 
$erefore, populations at high elevation are more likely to be sink populations 
surviving by constant immigration from source populations (Pulliam, 1988), 
whereas populations along the latitudinal gradient could be dispersal limited. 
In addition, gene %ow is likely to be greater along the elevational gradient and 
therefore marginal populations at high elevation could be swamped by lowland 
alleles (Bridle et al., 2009). In contrast, along the latitudinal gradient, where 
populations are more scattered and isolated, gene %ow and genetic diversity are 
likely to be low. Limited gene %ow and increased inbreeding o!en lead to higher 
genetic di#erentiation in marginal populations (Lesica & Allendorf, 1995), which 
is more likely to occur at high latitude. $ese di#erences in dispersal and genetic 
processes between elevational and latitudinal gradients could have consequences 
for the position of these margins and for the adaptive potential in marginal 
populations.
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Ruderal habitats and plant species
Ruderal habitats are characterized by open areas and a sparse vegetation 

of annuals and other species adapted to disturbance (Delarze & Gonseth, 2008). 
$ey o!en occur along roads, in industrial areas and on construction sites, and are 
typically common near settlements (Fig. 2). $ese habitats provide similar edaphic 
conditions over large areas (Arevalo et al., 2005; Becker et al., 2005; Rentch et al., 
2005), especially when the substrates used for construction are transported over 
long distances. In addition, ruderal habitats do not show the complex structure of 
microhabitats typical of many natural environments.

Ruderal plant populations o!en have a high turnover, but because of e#ective 
dispersal, for example along road corridors, are unlikely to be dispersal limited 
(Co&n, 2007; Holderegger & Di Giulio, 2010). In addition, competition is usually 

less important for ruderal plants, because open patches and frequent disturbance 
in their habitat reduce competitors (Holzner, 1978; Co&n, 2007). Lastly, ruderal 
plant species are common and usually easy accessible for observation and seed 
collection, which make them convenient for ecological studies.

Figure 2: Pictures of ruderal habitats; a waste land near the village of Vals Switzerland (le!) and a road 
side near Klø!a in Norway (right).
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Aim and outline of this thesis
My aim in this thesis is to improve our understanding of the ecological 

and genetic factors limiting species distribution along elevational and latitudinal 
gradients. In addition, I examine to what extent populations along these gradients 
are locally adapted and what factors can in%uence adaptation at the range margins 
(patterns of local adaptation). For this purpose, I study populations of native 
ruderal plant species along an elevational gradient in the Swiss Alps, and along a 
latitudinal gradient from Switzerland to Scandinavia.

Chapter 1 In a "eld survey I compared the low temperature limits of 
ruderal plant species along elevational and latitudinal gradients, to determine the 
importance of climate for range limits compared to other factors. In addition, I 
investigated di#erences in the patterns of distribution along these gradients.

Chapter 2 I used neutral molecular markers (microsatellites) to study 
patterns of gene %ow and genetic diversity of Plantago major and P. lanceolata 
between central and marginal populations as well as along elevational and 
latitudinal gradients.

Chapter 3 I performed a fully reciprocal transplant experiment to study 
patterns of local adaptation among lowland populations from the centre of the 
distribution and two types of marginal populations from high elevation and 
latitude. In addition, three of the species were transplanted beyond their range 
margin to assess dispersal limitation along these gradients.
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Chapter 4 In a general discussion I draw together the main conclusions from 
this thesis, which is the "rst to compare ecological and evolutionary processes 
along both elevational and latitudinal gradients. I show how the results contribute 
to our understanding of species distributions and the processes constraining 
species at di#erent types of range margins. In addition, I discuss their implications 
for predicting how populations in marginal habitats respond to climate change.
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Abstract
Because climatic factors, especially temperature, show similar trends with 

elevation and latitude, it is o!en assumed that elevational gradients can be used 
as a proxy for understanding ecological processes along latitudinal gradients. 
We investigated the validity of this assumption for herbaceous plants, testing the 
hypotheses that (i) species reach the same climate limits, and (ii) exhibit similar 
distribution patterns along both types of gradient. We recorded the occurrence 
of 155 ruderal plant species along an elevational gradient in the Swiss Alps and a 
latitudinal gradient, both reaching beyond the distribution limit of most species. 
Principal components analysis was used to summarise climatic variation in 
temperature and precipitation across these gradients and assessed the relationship 
across species between climatic limits along the two gradients. We used logistic 
regressions to compare how probability of occurrence of individual species 
changed with climate along the two gradients.

We found no correlation of species PCA values (climate limit) along an 
elevational and latitudinal precipitation gradient (PC1), but a positive correlation 
along a temperature gradient (PC2). Species reached a colder climate limit (on 
average 244 growing degree days lower) and decreased in occurrence more 
gradually along the elevational compared to the latitudinal gradient. We suggest 
that the di#erences in distribution patterns and limits along similar climatic 
gradients are mainly due to the much shorter dispersal distances along elevational 
than latitudinal gradients, although other explanations are also possible. We can 
therefore expect plants in mountains and lowland regions to respond di#erently 
to rapid climate change, and so caution must be exercised when using elevation 
as a proxy for latitude in studies of species distribution. Nonetheless, comparative 
studies along such gradients can yield important insights into the factors that limit 
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species distributions.

Introduction
Climatic factors such as low temperatures and short growing seasons typically 

constrain plant growth and cause range limits in arctic and alpine environments 
(Pisek, 1960; Billings & Mooney, 1968; Woodward, 1987; Körner, 1999; Normand 
et al., 2009). It is not surprising, therefore, that range shi!s to higher elevations 
and latitudes have been linked to climate warming, both in the distant past (Davis 
& Shaw, 2001) and more recently (Parmesan, 2006; Bertrand et al., 2011).

Global warming is also likely to a#ect the range and abundance of species 
in the future ($eurillat & Guisan, 2001; Walther, 2003; $omas, 2010), though 
predicting these changes will require a better understanding of the in%uence of 
climatic conditions upon plant distribution. Much progress has been made by 
using elevation as a convenient proxy for investigating species’ distributions along 
latitudinal gradients (Körner, 1999; Parmesan, 2006; Körner, 2007; Jump et al., 
2009), though there are limitations to this approach (Jump et al., 2009). Many 
temperature-related variables – for example, growing degree days (GDD, Fig. 
1), mean annual temperature (Billings & Mooney, 1968), length of the growing 
season (Pisek, 1960) and minimum temperature of the coldest month - change in 
similar ways along both elevational and latitudinal gradients. Of these, GDD in 
particular appears to have a decisive in%uence upon the growth (Pisek, 1960) and 
distribution (Sykes et al., 1995) of many plant species. $us, if low temperature is 
the main factor controlling the distribution of species, we would expect a close 
correlation between the temperature limits along elevational and latitudinal 
gradients. In contrast, if abiotic factors that vary di#erently along elevational 
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and latitudinal gradients are important – for example, day length (Bradshaw 
& Holzapfel, 2007), UV-radiation, light intensity and variability in day-night 
temperatures (Pisek, 1960; Billings & Mooney, 1968; Körner, 1999) – we might 
"nd di#erences in distributional patterns along these gradients. In addition, other 
factors that are not necessarily correlated along these gradients might also a#ect 
distribution, such as habitat type, substrate type or precipitation patterns.

Another im-
portant di#erence 
between elevational 
and latitudinal 
gradients is the spatial 
scale over which 
climatic conditions 
change. In the Swiss 
Alps, for example, a 
horizontal distance 
of a few kilometres 
might be associated 
with an increase in 
elevation of 2500 m 
and a decline in mean 
annual temperature 
of 10°C or 1600 GDD; 
in contrast, the same 
temperature decline 
along a latitudinal 

Figure 1: Graph showing the equivalency of elevation (only sites in 
Switzerland, black circles) and latitude (only sites in Scandinavia, 
open circle) in terms of GDD above 5 °C. In Scandinavia there is more 
scatter because of the oceanic climate in Norway and the continental 
climate in Sweden. $e y-axes have been scaled to show the equivalence 
of elevation and latitude in terms of GDD. $e solid line indicates the 
regression lines for both gradients.
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gradient would occur over a distance of c. 1800 km (Fig. 1). $is di#erence in 
the steepness of the temperature gradient has important implications for how 
dispersal-related processes might shape patterns of distribution and the position 
of range limits along the two types of gradient (Loarie et al., 2009). Where the 
distances that a species can disperse are short relative to the environmental 
gradient, theory predicts that the range edge will be well-de"ned, with species 
abundance declining sharply close to the edge (Lennon et al., 1997; Phillips, 2012). 
In contrast, a long relative dispersal distance is likely to be associated with a more 
gradual decline in species abundance, with a few populations occurring in more 
extreme positions along the environmental gradient (Lennon et al., 1997; Phillips, 
2012). One of the processes producing such distribution is source-sink dynamics 
(Pulliam, 1988), with populations colonising extreme sites during favourable 
periods, but being extinguished when unfavourable conditions return. Based on 
this, we would expect species to decline more gradually, and to extend into colder 
environments along elevational than along latitudinal gradients. $ese di#erences 
in relative dispersal distances also have implications for gene %ow from central to 
marginal populations, and thus for local adaptation at the range edge (Bridle et al., 
2009). However, di#erences in the shape of the occurrence curves could also occur 
if di#erent factors, for example climate or edaphic conditions, drive distribution 
patterns along each gradient (Normand et al., 2009).

We tested these theoretical predictions by surveying the abundance of 
selected herbaceous plant species along an elevational gradient in the Swiss 
Alps and a latitudinal gradient in Scandinavia. $e temperature ranges along 
the two gradients were similar (Fig. 1), although the study areas varied widely 
in other respects, including land-use, habitat types and edaphic conditions. As 
far as possible we controlled for these non-climatic factors by sampling ruderal 
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plant species from two kinds of habitat - disturbed, anthropogenic habitats in 
settlements, and in roadside verges. Both habitat types have relatively constant site 
conditions (e.g. soil) across an area (Arevalo et al., 2005; Rentch et al., 2005) and 
over a wide range of elevations (Becker et al., 2005). Furthermore, ruderal habitats 
do not show the complex structure of microhabitats of, for example, alpine 
habitats. Usually, road verges act as dispersal corridors for plants (Co&n, 2007; 
Holderegger & Di Giulio, 2010), and therefore ruderal plant species are likely to be 
in equilibrium with their climatic limits in these habitat types along both gradients. 
Our study was designed to answer two main questions: (1) how comparable are 
species climatic, and especially low temperature, limits and distributions patterns 
along the elevational and latitudinal gradients? (2) What insights can be derived 
from these comparisons about the factors that a#ect species distributions along 
these gradients?

Materials and Methods
Study region and #eld site selection

$e surveys were conducted in 2010 along an elevational gradient from 327 – 
2439 m.a.s.l. in the Eastern Swiss Alps, and a latitudinal gradient from 54 °N to 70 
°N in northern Europe (Denmark, Norway, Sweden, northern Germany; herea!er 
Scandinavia). $ese regions were selected to cover a similar range of temperature 
along the elevational (GDD, 82 to 1867; mean annual temperature, MAT, 1.4 to 
9.7 °C) and latitudinal (GDD, 159 to 1605; MAT, -3 to 8.4 °C) gradients. Annual 
precipitation was less variable in the Swiss Alps and ranged from 794 to 1987 mm, 
and from 387 to 2189 mm in Scandinavia.

$e lowland of Switzerland is densely populated and contains mainly 
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agricultural land and broad-leaved forest dominated by Fagus sylvatica. At higher 
elevations the broad-leaved trees are replaced by coniferous species, in particular 
Abies alba and Picea abies, and the treeline is typically at c. 1800 m.a.s.l., with alpine 
vegetation types above this. Scandinavia is less populated and the agricultural areas 
are mainly in the south. $e native vegetation of southern Scandinavia is mixed 
broad-leaved forest, but this is replaced further north "rst by coniferous forest 
(Picea abies, Pinus sylvestris) and then by birch forest (Betula spp.); above 71 °N 
and at higher elevations there is treeless arctic vegetation. $e most common soils 
in both Scandinavia and at higher elevations in Switzerland are Podzols (acid) and 
Leptosols (calcareous). In the Swiss lowland and southern Sweden and Denmark 
Albeluvisols and Cambisols are frequent.

$e survey was conducted along two main roads in Scandinavia and along 
ten mountain passes and seven valleys in northeastern Switzerland (elevational 
gradient) and in the adjacent lowlands (see Fig. 2). To achieve equivalent sampling 

Figure 2: Growing degree days above 5 °C of a) Scandinavia and b) Eastern Switzerland with all 
surveyed sites (red dots).
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intensity along each gradient, we de"ned 103 locations in Switzerland (plus two in 
Germany) spaced at elevational intervals of 200 m and 117 locations in Scandinavia 
spaced at latitudinal intervals of 20’ (c. 40 km); these intervals were chosen to 
represent similar intervals in GDD. In Scandinavia, we recorded additional sites if 
there were large di#erences in elevation between adjacent locations, in order not 
to confound elevational and latitudinal changes in temperature.

Species selection and data collection
 We limited our survey to 155 ruderal herbs (see Appendix S1) common 

in both Switzerland and Scandinavia (Hulten & Fries, 1986; Lauber & Wagner, 
2001; Mossberg & Stenberg, 2007). $ese belonged to 33 plant families, included 
100 native and 56 alien species, and represented a range of life-histories. For the 
most part, we chose species that occupy a large range in Europe and grow along 
roadsides, a habitat that is continuously distributed across Europe. Most of these 
species disperse readily along transport corridors such as roadsides and railway 
tracks, either naturally or are directly transported by humans, and their distribution 
is therefore likely to track %uctuating climate conditions more closely than species 
restricted to more fragmented, natural habitats (Co&n, 2007; Holderegger & Di 
Giulio, 2010). Despite having generally wide ecological niches, many ruderal plant 
species (including aliens) are climatically limited (Hügin, 1995; Wittig, 2012), 
though at sites remote from human settlements it may be di&cult to distinguish 
between limitation due to climate and due to habitat availability (Hügin, 1995). 
To reduce the risk of errors introduced by false absences, we selected species 
that have a long %owering period; and to reduce the risk of misidenti"cation, we 
included only three easily recognisable grass species (Dactylis glomerata, Bromus 
inermis, Briza media). 
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$e Scandinavian survey was conducted over 36 days between mid-June and 
late July, while the Swiss survey was conducted over 19 days in August and early 
September. Close to each prede"ned location, we sampled two sites, one outside 
and one within a settlement to control for non-climatic factors that di#er between 
the gradients. $e outside site was located in typical roadside vegetation within 
1m of the carriageway and well away from any settlement. $e roadside vegetation 
was a continuous strip of approximately 200 m. However the slope and the density 
of the vegetation was variable (see Appendix S2e-h). $e second site was a more 
open, anthropogenically disturbed area within a settlement, usually around a 
railway station, industrial area or car park. Due to the di#erent sizes of settlements 
along both gradients, these sites varied more in their size and character compared 
to the roadside verges. Some were smaller with more continuous vegetation 
(e.g. building sites or abandoned land), whilst others, especially in larger towns, 
contained more paved areas with patchier vegetation and a greater density of 
buildings (e.g. harbour or industrial areas; see Appendix S2 for examples). To 
account for this variability and because the sites within settlements did not always 
contain continuous patches of vegetation, the sampling intensity was standardised 
by time instead of by area. Two experienced botanist searched each site for 30 
minutes, and the resulting species lists were combined into one single list for the 
site. $e paired sites were up to 3.3 km apart in Switzerland and 17.3 km apart in 
Scandinavia. For a few locations, however, there was no settlement nearby (eight 
in Scandinavia, 15 in Switzerland), and we therefore chose the nearest disturbed 
habitat, such as a car park or industrial site. In addition, we surveyed 16 settlement 
sites (14 in Scandinavia and two in Switzerland) that were not paired with sites 
outside settlements.
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Data analysis
For each location, we extracted 19 bioclimatic variables (see Appendix S3 for 

a list of variables) from the WORLDCLIM data base (Hijmans et al., 2005; monthly 
data from the period of 1950-2000 on a 1x1 km resolution). We then performed 
a principal components analysis using these data as a means of characterising 
the climate at the various locations. $e "rst principal component (herea!er 
‘PC1’), which explained 50.0% of variability, explained primarily the di#erence in 
precipitation and continentality (seasonality/temperature variation) across study 
sites (see the loadings in Fig. 3d). $is component correlated negatively with 
elevation (r=-0.42) but not with latitude (r=0.16), indicating that precipitation and 
temperature variation are higher at higher elevation (see loadings in Appendix S3). 
$e second principal component (‘PC2’) explained a further 26.1% of variability 
and represented a gradient from locations with cool to warm climates (Fig. 3d). 
$is component correlated strongly with both elevation (r=-0.95) and latitude 
(r=-0.88). $e distribution limits of a species along each gradient were de"ned as 
the minimal value of PC1 and PC2 where it was found to grow, corresponding to 
a species’ high elevation, high latitude and low temperature limits.

We then investigated the relationship between the climatic limits of species 
along the elevational (minimal PCelev) and latitudinal (minimal PClat) gradients 
for both PC1 and PC2. For this, we used major axis (MA) regression rather than 
least squares regression because we considered both the elevational and latitudinal 
limits as random variables, with no causality between independent and dependent 
variables (Legendre & Legendre, 1998). We used a slope and intercept test to test 
whether the regression line was signi"cantly di#erent from the 1:1 line (y=x) 
(Warton et al., 2011). Only species recorded at least "ve times along each gradient 
were included in the "nal analysis. However, to exclude the possibility that the 
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results are biased by rare species, we repeated the analysis with all species, and 
only species that occurred at least 10, 20 and 30 times along each gradient (see 
Appendix S4).

For comparison we repeated the analysis using GDD, which is an ecologically 
important measure of temperature and correlates strongly with PC2 along 
elevation (r=0.902) and latitude (r=0.887). For this purpose, we used data from 
the period 1961 – 1990 with a 1x1 km resolution, obtaining the values for our 
locations by interpolation from geographic information system (GIS)-based maps 
(Zimmermann & Kienast, 1999 for Switzerland; Tveito et al., 2001 for Scandinavia) 
in a GIS. $e low temperature limits of a species along each gradient were de"ned 
as the smallest number of GDD (minimal GDD) where it was found to grow. GDD 
was found to correlate very closely with elevation and latitude (Fig. 1).

Additional analyses used scores of PC2 to investigate species distributions 
in relation to temperature. $ese scores represent temperature di#erences 
among sample locations a!er removing potentially confounding variation in 
precipitation and continentality that was captured by PC1. To test the in%uence 
of di#erent habitats along each gradient on the low temperature limit (minimal 
PC2) of species, we "tted a linear mixed-e#ects model using restricted maximum 
likelihood containing gradient type (elevation or latitude), habitat type (settlement 
or roadside verge) and their interaction as "xed e#ects, and species as a random 
e#ect.

Finally, we used logistic regression to test the e#ect of temperature (PC2 
score) on the probability of occurrence of individual species along each gradient, 
and whether this di#ered between gradients. $is analysis included the 31 species 
that occurred at 30 times along both gradients. Models with over-dispersion were 
reanalysed with a quasi-binomial family, but because results were qualitatively 
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unchanged we present those from the binomial models for all species (see 
Appendix S5). All analyses were performed using R 2.13.2 (R Development Core 
Team 2011).

Results
Climatic factors along elevational and latitudinal gradients

Of the 155 species included in the survey, 91 were recorded at least "ve 
times along both gradients. $e species minimal PC1 limits were not correlated 
across the two gradients but showed separate point clouds (Fig. 3a). $e species 
in each cloud represent species that occurred either mostly in Sweden or Norway. 
For example Equisetum arvense and Taraxacum o$cinales were mostly found 
in Norway whereas Campanula rapunculoides and Solidago gigantae were more 
frequently observed in Sweden. $e species PC2 limits correlated more strongly 
across the gradients, so that species growing under cold conditions (low PC2 
value) along the latitudinal gradient also grew under cold conditions along the 
elevational gradient (Fig. 3b). However, there was substantial scatter in this 
relationship (R2 = 0.44), indicating that the cold temperature limit of a species 
along the latitudinal gradient was only a weak predictor of the elevational limit, 
and vice versa. Most interestingly, however, this scatter fell predominantly on one 
side of the line of equality between the two gradients, with 72% of species reaching 
colder conditions (lower PC2 values) along the elevational gradient.

On average, species reached cooler sites (13% lower PC2 value) along the 
elevational gradient than they did along the latitudinal gradient (Slope test: r = 
0.070, d.f. = 89, P = 0.507, Intercept test: t = 3.937, P < 0.001). $is indicates that 
most species reach higher elevations than would be expected from their latitudinal 
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range limit (Fig. 3b). We found similar results when repeating the analysis with 
all 155 species, and with species present at least 10, 20 and 30 times along both 
gradients (see Appendix S4b-d). Also alien species showed the same general 
pattern as for all species (Appendix S4a).

We found very similar results when running the analysis with GDD. 85% 
of the species reached colder conditions along the elevational gradient and, on 
average, species reached sites with 244 fewer GDD along the elevational gradient 
than they did along the latitudinal gradient. Again, this indicates that most species 
reach higher elevations than would be expected from their latitudinal range limit 
(Fig. 3c). However the slope for GDD di#ered more from the 1:1-line than that 
for PC2 (Slope test: r = 0.548, d.f. = 89, P < 0.001, Intercept test: t = -0.147, P = 
0.883). $e distribution in Fig. 3c is truncated because there is no total overlap of 
GDD between the gradients (sites reach lower GDD along elevational gradient). 
Qualitatively the same results were also obtained when including only species that 
reached distribution limits within the range of GDD that overlapped between the 
two gradients. 

Comparing habitat types, we found that species reached on average cooler 
sites (15% lower PC2 value) within settlements than the populations of the same 
species along roadside verges (F1,222 = 58.22, P < 0.001). $ere was no signi"cant 
interaction of gradient and habitat (F1,222 = 1.389, P = 0.240), indicating that this 
e#ect did not di#er signi"cantly between the two gradients.
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Figure 3: Comparison of a) minimal PC1 values along the elevation (minimal PCelev) and latitudinal 
(minimal PClat) gradients and b) minimal PC2 values along elevational (minimal PCelev) and 
latitudinal (minimal PClat) gradients c) minimal GDD along the elevational (minimal GDDelev) 
and latitudinal (minimal GDDlat) for species that occurred at least "ve times along each gradient. 
High PC1 and low PC2 values correspond to low elevation or latitude. $e dashed line shows the line 
of equality (y=x). $e black solid line shows the major axis (MA) regression line for all 155 species 
including the con"dence interval (grey lines). d) $e correlation circle indicates the relative importance 
of the climate variables: 1 = annual mean temperature, 2 = mean diurnal range, 3 = isothermality, 4 
= temperature seasonality, 5 = maximum temperature of warmest month, 6 = minimum temperature 
of coldest month, 7 = temperature annual range, 8 = mean temperature of wettest quarter, 9 = mean 
temperature of driest quarter, 10 = mean temperature of warmest quarter, 11 = mean temperature of 
coldest quarter, 12 = annual precipitation, 13 = precipitation of wettest month, 14 = precipitation of 
driest month, 15 = precipitation seasonality, 16 = precipitation of wettest quarter, 17 = precipitation of 
driest quarter, 18 = precipitation of warmest quarter, 19 = precipitation of coldest quarter.
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Probability of occurrence along elevational and latitudinal gradients
In general, the probability of recording a species at any location varied 

systematically along both the elevational and latitudinal gradients, indicating that 
species were not equally abundant throughout their range (Fig. 4). $e commonest 
pattern, observed for 74 % of species along the elevational gradient and 87% of 
species along the latitudinal gradient, was for the probability of occurrence to 
decline towards the range margin, resulting in a positive relationship with PC2 
(Fig. 4). A few species, like Epilobium angustifolium, however, were more likely 
to be found at colder sites (low PC2). Only two species - Trifolilum repens and 
Geranium sylvaticum - showed no e#ect of temperature (PC2) on the probability 
of occurrence (see Appendix S5).

For most species the average frequency was greater along the elevational 
gradient than along the latitudinal gradient; indeed, only four species (Capsella 
bursa-pastoris, Stellaria media, Polygonum aviculare and Equisetum arvense) were 
equally common along both gradients. In addition, the relationship between 
probability of occurrence and low temperature (low PC2) di#ered between the 
two gradients. Five species (16%, Achillea millefolium, Trifolium pratense, Silene 
vulgaris, Epilobium angustifolium and Ranunculus repens) di#ered only in the 
probability of occurrence, but not the magnitude of the PC2 e#ect, along the 
two gradients. One of these showed a decline in probability of occurrence with 
decreasing temperature, but the other four showed the opposite pattern. $ree of 
the "ve species were more frequent along the latitudinal gradient, the exceptions 
being T. pratense and S. vulgaris. For the remaining species (68%) the decrease in 
probability of occurrence with decreasing PC2 was steeper along the latitudinal 
gradient (signi"cant interaction of temperature and gradient; Fig. 4, Appendix 
S5).
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Figure 4: Probability of occurrence along the elevational (solid line) and latitudinal (dashed line) 
gradients of species that occurred at least thirty times along each gradient. $e "rst and second rows 
show species with very similar decreasing probability of occurrence towards colder climates along both 
gradients. $e third and fourth rows show species with decreasing probability of occurrence towards 
colder climate, but with a more abrupt decrease in frequency along the latitudinal gradient. $e "!h 
row shows species with increasing frequency towards colder temperature. $e sixth row shows species 
with increasing or equal probability of occurrence along the elevational gradient and decreasing along 
the latitudinal gradient. Letters indicate the single signi"cant e#ect of gradient (G), temperature (T) 
and the interaction (GxT) on the probability of occurrence (Appendix S5). Bars at the bottom of each 
graph indicate the range of sampled occurrences along the elevational (dark grey bar) and latitudinal 
(light grey bar) gradient.
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Discussion
Climate conditions, especially temperature, are thought to be the 

most important factors shaping range limits of plants along elevational and 
latitudinal gradients (Gaston, 2003; Normand et al., 2009; $omas, 2010). 
Our aim was to investigate how congruent species’ climatic distribution 
limits are along the two types of gradients. In Scandinavia and the Swiss 
Alps we found that although di#erences in precipitation and continentality, 
summarised by the "rst principal components axis (PC1), accounted for 
much of the variation in climate among locations, species’ elevational 
and latitudinal distribution limits were not correlated along this gradient. 
However, a!er removing the climatic variation explained by PC1, species 
distribution limits were positively related along the temperature gradients 
captured by PC2. Some ruderal plant species had similar low temperature 
limits along both gradients (e.g. Vicia cracca, Artemisia vulgaris and 
Mycelis muralis), but many more reached colder temperature limits along 
the elevational gradient (e.g. Geranium pyrenaicum, Senecio jacobea and 
Medicago lupulina). We found the same general pattern in additional 
analyses in which we distinguished between separate habitat types, used 
di#erent measure of temperature (e.g. GDD) or included di#erent number 
of species. $e consistency of our results suggests that our "ndings are not 
driven by stochastic local site conditions but are a general feature of these 
gradients.

Because the size and degree of disturbance of the sites within 
settlements were variable, we decided to search sites for a standardized 
time instead of attempting to survey a standardized area. In support of this 
approach, species distribution patterns were generally very similar in both 
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disturbed sites and roadside verges, with normally more occurrences recorded in 
disturbed sites. $e size and degree of disturbance of sites also tended to decrease 
with increasing elevation and latitude (A. Halbritter, personal observation), which 
might partly account for the declining occurrence of many species. However, this 
seems unlikely because the same species distribution patterns were observed in 
roadside verge transects, where the area searched and habitat conditions were 
much more homogenous (see Appendix S2).

When making comparisons across large spatial scales, variation in factors 
other than climate might in%uence the distribution of species and contribute to 
the pattern that we observed. For example soil type, bedrock and several abiotic 
and biotic factors including competition could potentially vary independently 
along latitudinal and elevational gradients. We partly controlled for this by 
concentrating on species from ruderal habitats, where the edaphic conditions 
are o!en rather uniform (Arevalo et al., 2005; Becker et al., 2005; Rentch et al., 
2005). Because similar materials are used for road surfacing throughout Europe, 
these being sometimes transported considerable distances (Rentch et al., 2005), 
we think bedrock is unlikely to be a strong predictor of the distribution of 
ruderal species. We also consider biological factors like competition to be of little 
importance, because disturbance is likely to reduce competition in these habitats 
(Holzner, 1978; Co&n, 2007). Furthermore, the pattern of lower temperature 
limits along the elevational gradient was similar for both roadside verges and 
sites within settlements, despite di#ering competitive conditions in these habitats. 
Temperature limits were generally lower within settlements, however, suggesting 
that the climatic limits of species can expand where habitat conditions are more 
favourable due to more open space, microclimatic e#ects or higher propagule 
inputs (Holzner, 1978; Bengtsson, 1993; Hennenberg & Bruelheide, 2003).
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Some abiotic factors, including day length, di#erence in day-night 
temperature, UV-radiation and CO2 concentration do vary di#erently along the 
elevational and latitudinal gradients. Most of these factors vary in such a way that 
we would expect plants to have more constrained elevational than latitudinal 
distributions, which is the opposite of what we observed. For example, diurnal 
%uctuations in temperature increase with elevation, whereas plants at higher 
latitude have a longer photoperiod in summer, which results in smaller di#erences 
between day and night temperatures (Billings & Mooney, 1968; Bradshaw & 
Holzapfel, 2007). Light intensity is also lower at high latitudes, but this does 
not necessarily limit the amount of photosynthesis, as this is compensated by 
longer periods of assimilation (Shirley, 1935; Pisek, 1960). On the other hand, 
UV-radiation increases with elevation, which adversely a#ects the growth of 
some plants (Körner, 1999). And although CO2 partial pressure decreases with 
elevation, the di#erence probably has only a minor e#ect upon photosynthesis 
(Körner & Diemer, 1987).

$ere are several, non-mutually exclusive explanations for why species 
should generally reach cooler temperature limits along elevational than latitudinal 
gradients. One possibility is that dispersal limitation prevents species reaching 
their low temperature limit along the latitudinal gradient (Skov & Svenning, 2004; 
Svenning et al., 2008), but not along the elevational gradient, where dispersal 
distances are much shorter (Loarie et al., 2009; Bertrand et al., 2011). $is, 
however, seems unlikely since ruderal species are dispersed e&ciently along roads 
(Co&n, 2007; Holderegger & Di Giulio, 2010). Alternatively, e&cient dispersal 
might cause marginal populations to frequently exceed their climatic limit along 
an elevational gradient due to source-sink dynamics (Pulliam, 1988). Similarly, 
populations along an elevational gradient might closely track inter-annual 
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%uctuations in climate, with ranges increasing and retracting in successive years. 
$e high population turnover of ruderal species at their upper elevational limit in 
Switzerland (Seipel, 2011) is consistent with this suggestion, as is our observation 
of considerable variation in the temperature limits of species along di#erent 
mountain passes. $e situation might however be di#erent for species in natural or 
semi-natural vegetation, where patches of suitable habitat are less well connected; 
for example, Chen (2011) found that arctic-alpine species track climate better 
along the latitudinal gradient, and argued that habitat availability and the complex 
topography of mountains could restrict upward migration. Finally, species might 
also be adapted to lower temperatures along the elevational gradient, caused by 
di#erences in genetic variation or gene %ow between the populations (Kirkpatrick 
& Barton, 1997; Davis & Shaw, 2001; Bridle & Vines, 2007; Jump et al., 2009).

Although most species become less abundant towards high elevations and 
latitudes, they showed di#erent distributional patterns along the two gradients. 
Most species were more abundant along the elevational gradient, which might be 
explained by their closer distance to more central populations. $ey also declined 
in probability of occurrence more gradually along the elevational gradient, which 
is expected when dispersal distances are large relative to the extent of the climatic 
gradient (Lennon et al., 1997). Dispersal may a#ect the changing abundance of a 
species before the range margin is reached (Lennon et al., 1997; Phillips, 2012). 
If declining plant "tness towards the range margin is balanced at the population 
level by the in%ow of propagules from more central populations, the expected 
decline in plant abundance could be reduced (Skov & Svenning, 2004; Normand 
et al., 2006; Svenning et al., 2008 and citations therein). $is interpretation is also 
consistent with Normand et al. (2009), who suggested that dispersal limitation 
is an important factor limiting plant abundance along latitudinal gradients, and 
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predicted a steep decline in the probability of occurrence when climate was the 
limiting factor.

Conclusions
Our data show that the low temperature limits and patterns of abundance of 

ruderal plant species di#er along an elevational gradient in the eastern Swiss Alps 
and along the latitudinal gradient in Scandinavia. $e broad level of consistency 
across 155 species and di#erent temperature measurements also suggests that 
our "ndings are a general feature of these gradients, although this remains to be 
tested for other regions. To our knowledge, this is the "rst time that such patterns 
have been described, and e#orts should now be directed at understanding their 
underlying causes. In particular, experimental and molecular studies are required 
that compare populations of species from along the two types of gradient. For 
example, reciprocal transplant experiments could show the importance of local 
adaptation and, for sites beyond the current range, also dispersal limitation. 
Molecular genetic analysis would give insights about genetic variation, gene %ow 
or genetic adaptation of marginal populations. It also remains to be tested whether 
species of semi-natural habitats show the same general patterns along such 
gradients, since other factors may be important for limiting their distributions.

We suggest that caution is needed when using elevation as a proxy for latitude, 
a conclusion also reached by others (Parmesan, 2006; Jump et al., 2009), since the 
processes that shape species distributions along these gradients apparently di#er. 
In general, our data also support the view (Bertrand et al., 2011) that species 
will track both directional and %uctuating changes in climate more closely along 
climatically compressed elevational gradients than extended latitudinal gradients.
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Supporting Information 
Table S1: List of 155 species included in the field survey. For each species the following information is added: plant familiy, range limit along the elevational (in m a.s.l and 
growing degree days (GDD)) and latitudinal (in °N and GDD) gradient and the number of occurences along each gradient separated in disturbed sites and road verges and in 
total. The 91 species in bold have been recorded at least 5 times along both gradients and were used in the analysis. Alien plant species are marked with †. 

    Range limit Number of occurrences (elevation) Number of occurrences (latitude) 

Species Family 
Elevation  

[m a.s.l. / GDD] 
Latitude  

[°N / GDD] 
Disturbed 

sites 
Road 
verges Total 

Disturbed 
sites 

Road 
verges Total 

Aethusa cynapium Apiaceae NA NA 55.6 1470 0 0 0 2 0 2 
Anthriscus sylvestris Apiaceae 2149.9 276 70.7 867 4 2 6 85 54 139 
Daucus carota Apiaceae 2017.2 335 64.6 787 32 22 54 2 2 4 
Heracleum mantegazzianum Apiaceae 1964.8 1370 63.3 1468 6 2 8 7 1 8 
Torilis japonica Apiaceae 861.9 82 55.9 159 1 0 1 1 0 1 
Achillea millefolium Asteraceae 2438.7 389 70.7 453 96 93 189 116 98 214 
Anthemis tinctoria Asteraceae 1930.0 456 64.2 900 7 2 9 5 0 5 
Artemisia vulgaris Asteraceae 2149.9 656 68.4 1028 21 10 31 64 31 95 
Cirsium vulgare Asteraceae 1893.4 476 64.3 NA 21 7 28 15 8 23 
Conyza canadensis† Asteraceae 1553.6 598 60.1 1424 32 12 44 18 4 22 
Erigeron annuus† Asteraceae 1783.1 789 NA 1132 25 6 31 0 0 0 
Galinsoga ciliata† Asteraceae 1709.1 874 56.3 1210 21 6 27 1 1 2 
Helianthus annuus† Asteraceae 1390.4 909 60.7 1322 3 1 4 2 0 2 
Hypochaeris radicata Asteraceae 1412.8 656 58.3 755 13 9 22 12 4 16 
Lactuca serriola Asteraceae 1182.8 97 59.2 522 14 1 15 7 0 7 
Lapsana communis Asteraceae 1553.6 129 63.2 374 28 2 30 17 5 22 
Leontodon autumnalis Asteraceae 2324.3 229 68.4 389 45 31 76 43 22 65 
Leucanthemum vulgare Asteraceae 2438.7 741 69.4 1071 69 61 130 61 44 105 
Matricaria discoidea† Asteraceae 2322.4 180 70.7 1424 70 33 103 89 26 115 
Matricaria recutita Asteraceae 1481.0 696 61.1 843 3 3 6 5 0 5 
Mycelis muralis Asteraceae 1423.1 229 60.1 536 18 3 21 8 3 11 
Senecio jacobaea Asteraceae 2390.7 1412 58.5 1289 30 15 45 7 4 11 
Senecio viscosus Asteraceae 1550.5 849 63.9 1028 20 4 24 29 10 39 
Senecio vulgaris Asteraceae 2290.4 677 70.7 974 58 17 75 55 8 63 



    Range limit  Number of occurrences (elevation) Number of occurrences (latitude) 
(elevation)   Elevation  

[m a.s.l. / GDD] 
Latitude  

[°N / GDD] 
Disturbed 

sites 
Road 
verges 

 Disturbed 
sites 

Road 
verges 

 
Species Family Total Total 
Solidago canadensis† Asteraceae 981.4 531 59.7 887 3 1 4 6 1 7 
Solidago gigantea† Asteraceae 1475.7 418 60.7 916 18 0 18 19 4 23 
Sonchus arvensis Asteraceae 1636.3 456 60.4 NA 5 7 12 4 5 9 
Sonchus asper Asteraceae 1811.2 324 63.8 230 43 24 67 19 9 28 
Sonchus oleraceus Asteraceae 1966.5 82 63.9 159 47 24 71 21 5 26 
Tanacetum parthenium† Asteraceae 2109.5 340 NA 506 10 0 10 0 0 0 
Tanacetum vulgare Asteraceae 2126.5 456 70.0 395 19 1 20 77 40 117 
Taraxacum officinale Asteraceae 2438.7 957 70.7 NA 98 93 191 108 86 194 
Tragopogon dubius† Asteraceae 2231.8 496 65.9 916 22 8 30 23 16 39 
Tripleurospermum perforatum Asteraceae 2109.5 335 69.7 453 33 8 41 45 25 70 
Borago officinalis† Boraginaceae 1182.8 785 NA 1289 3 0 3 0 0 0 
Echium vulgare Boraginaceae 1853.8 NA 63.8 1340 39 15 54 8 0 8 
Myosotis arvensis Boraginaceae 1964.8 957 70.7 NA 10 4 14 51 15 66 
Alliaria petiolata Brassicaceae 1373.1 476 59.7 412 8 1 9 2 2 4 
Arabidopsis thaliana Brassicaceae NA NA 57.5 1054 0 0 0 3 2 5 
Barbarea verna† Brassicaceae 1182.8 418 NA 755 1 0 1 0 0 0 
Barbarea vulgaris Brassicaceae 1930.0 522 67.8 NA 14 1 15 23 9 32 
Berteroa incana† Brassicaceae NA 324 61.0 389 0 0 0 5 0 5 
Brassica rapa† Brassicaceae 1966.5 NA 63.9 1424 1 0 1 4 0 4 
Bunias orientalis† Brassicaceae 1853.8 NA NA 1605 5 0 5 0 0 0 
Capsella bursa-pastoris Brassicaceae 2149.9 476 70.7 638 63 17 80 77 9 86 
Cardamine hirsuta Brassicaceae NA 656 57.5 727 0 0 0 4 0 4 
Cardaria draba† Brassicaceae NA 1867 54.3 NA 0 0 0 1 0 1 
Descurainia sophia† Brassicaceae 1930.0 1654 63.2 NA 6 2 8 5 1 6 
Hesperis matronalis† Brassicaceae 1553.6 476 63.9 NA 4 0 4 4 3 7 
Lepidium densiflorum† Brassicaceae 327.0 494 NA 651 1 0 1 0 0 0 
Lepidium virginicum† Brassicaceae 604.3 494 NA 1070 6 1 7 0 0 0 
Raphanus raphanistrum Brassicaceae 1777.6 1412 NA 1397 1 1 2 0 0 0 



  Range limit Number of occurrences (elevation) Number of occurrences (latitude) 
  Elevation  

[m a.s.l. / GDD] 
Latitude  

[°N / GDD] 
Disturbed 

sites 
Road 
verges 

 Disturbed 
sites 

Road 
verges 

 
Species Family Total Total 
Rorippa sylvestris Brassicaceae 1805.7 335 65.1 638 7 1 8 12 0 12 
Sinapis arvensis Brassicaceae 1804.7 496 63.6 825 1 3 4 3 3 6 
Sisymbrium officinale Brassicaceae 978.0 496 59.4 887 1 0 1 1 0 1 
Thlaspi arvense Brassicaceae 1967.4 374 63.0 890 10 3 13 14 4 18 
Campanula rapunculoides Campanulaceae 1806.4 1428 63.6 1153 20 6 26 12 2 14 
Arenaria serpyllifolia Caryophyllaceae 1806.4 223 64.2 453 8 0 8 16 2 18 
Cerastium tomentosum Caryophyllaceae 2011.9 129 62.2 159 21 0 21 5 0 5 
Saponaria officinalis Caryophyllaceae 694.4 229 58.9 389 4 0 4 5 1 6 
Silene pratensis Caryophyllaceae 2207.1 418 62.0 412 12 12 24 12 4 16 
Silene vulgaris Caryophyllaceae 2438.7 1654 68.1 1322 89 68 157 23 8 31 
Stellaria media Caryophyllaceae 2290.4 671 70.7 1110 51 5 56 69 2 71 
Chenopodium album Chenopodiaceae 1966.5 NA 69.4 561 48 27 75 43 13 56 
Chenopodium polyspermum Chenopodiaceae 599.0 NA 56.9 1210 3 0 3 2 0 2 
Convolvulus arvensis Convolvulaceae 1636.3 335 60.4 1419 12 9 21 5 2 7 
Sedum acre Crassulaceae NA 513 69.4 374 0 0 0 15 5 20 
Sedum sexangulare Crassulaceae NA 283 57.2 374 0 0 0 1 0 1 
Sedum spurium† Crassulaceae 1964.8 496 58.7 1328 3 0 3 2 0 2 
Knautia arvensis Dipsacaceae 1748.8 626 63.9 755 12 5 17 24 20 44 
Equisetum arvense Equisetaceae 1967.0 888 68.5 1468 23 12 35 24 18 42 
Euphorbia cyparissias Euphorbiaceae 1880.2 258 59.4 374 12 11 23 3 0 3 
Euphorbia helioscopia Euphorbiaceae 1693.2 82 63.8 258 12 4 16 5 2 7 
Euphorbia peplus† Euphorbiaceae 1383.7 378 55.9 480 24 1 25 1 0 1 
Lathyrus pratensis Fabaceae 1964.8 229 70.7 1132 27 13 40 53 42 95 
Lotus corniculatus Fabaceae 2393.1 562 69.7 NA 76 81 157 62 43 105 
Lupinus polyphyllus† Fabaceae 2109.5 477 70.7 1028 8 2 10 55 12 67 
Medicago lupulina Fabaceae 2289.2 477 60.7 1083 71 50 121 21 6 27 
Medicago sativa Fabaceae 1811.2 229 NA NA 28 16 44 0 0 0 
Melilotus albus Fabaceae 1930.0 NA 61.1 1215 28 12 40 11 2 13 



  Range limit Number of occurrences (elevation) Number of occurrences (latitude) 
  Elevation  

[m a.s.l. / GDD] 
Latitude  

[°N / GDD] 
Disturbed 

sites 
Road 
verges 

 Disturbed 
sites 

Road 
verges 

 
Species Family Total Total 
Melilotus officinalis Fabaceae 1930.0 513 60.7 1301 22 11 33 4 0 4 
Onobrychis viciifolia Fabaceae 2290.4 229 NA 561 18 12 30 0 0 0 
Trifolium campestre Fabaceae NA 82 58.5 159 0 0 0 9 2 11 
Trifolium dubium Fabaceae 1748.8 82 59.1 159 3 1 4 13 1 14 
Trifolium hybridum† Fabaceae 2290.4 229 66.2 258 41 25 66 24 23 47 
Trifolium pratense Fabaceae 2393.1 NA 70.0 1194 102 96 198 101 91 192 
Trifolium repens Fabaceae 2438.7 1850 70.7 1111 100 84 184 116 80 196 
Vicia cracca Fabaceae 2322.4 1805 70.7 NA 61 48 109 87 66 153 
Vicia hirsuta Fabaceae NA NA 60.1 1471 0 0 0 6 4 10 
Erodium cicutarium Geraniaceae 371.7 NA 60.4 1424 1 0 1 7 2 9 
Geranium columbinum Geraniaceae 425.0 504 NA 1162 1 1 2 0 0 0 
Geranium dissectum Geraniaceae NA 352 56.3 1476 0 0 0 1 1 2 
Geranium molle Geraniaceae NA 476 58.2 890 0 0 0 5 2 7 
Geranium pusillum Geraniaceae 1798.5 757 58.5 915 11 2 13 6 1 7 
Geranium pyrenaicum Geraniaceae 2025.6 742 57.5 1328 36 8 44 4 1 5 
Geranium robertianum Geraniaceae 1783.1 503 62.2 771 41 9 50 9 1 10 
Geranium sylvaticum Geraniaceae 2213.1 223 70.4 395 31 19 0 28 21 0 
Impatiens glandulifera† Hippocastaneaceae 1447.9 1142 61.4 NA 6 1 7 5 0 5 
Impatiens parviflora† Hippocastaneaceae 1537.0 763 58.5 NA 13 0 13 5 1 6 
Hypericum perforatum Hyperaceae 1806.4 696 63.9 1071 29 3 32 22 12 34 
Galeopsis tetrahit Lamiaceae 2290.4 233 70.7 561 45 12 57 33 11 44 
Hyssopus officinalis† Lamiaceae 1059.3 671 NA NA 4 1 5 0 0 0 
Lamium maculatum Lamiaceae 1488.5 456 NA 1210 4 0 4 0 0 0 
Lamium purpureum Lamiaceae 1550.5 982 61.1 NA 11 5 16 6 1 7 
Prunella vulgaris Lamiaceae 2212.1 NA 66.2 726 31 30 61 26 4 30 
Allium oleraceum Liliaceae 1636.3 223 NA 230 4 2 6 0 0 0 
Malva moschata Malvaceae 2109.5 484 58.9 799 14 0 14 5 0 5 
Malva neglecta Malvaceae 1317.1 476 NA 536 5 1 6 0 0 0 
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sites 
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Species Family Total Total 
Malva sylvestris Malvaceae NA 1590 69.4 833 0 0 0 1 0 1 
Epilobium angustifolium Onagraceae 2322.4 1096 70.7 1071 66 24 90 105 85 190 
Epilobium collinum Onagraceae 1835.5 1401 66.2 NA 6 2 8 2 0 2 
Epilobium montanum Onagraceae 1805.7 1142 70.7 1470 35 6 41 24 0 24 
Epilobium roseum Onagraceae 707.7 696 67.3 1350 1 0 1 2 1 3 
Oenothera biennis† Onagraceae 1111.9 335 61.1 159 14 1 15 6 1 7 
Oxalis corniculata† Oxalidaceae 825.7 341 NA 1424 6 0 6 0 0 0 
Oxalis fontana† Oxalidaceae 1059.3 926 55.6 NA 11 2 13 1 0 1 
Chelidonium majus Papaveraceae 1550.5 97 58.3 600 17 1 18 4 1 5 
Papaver croceum Papaveraceae 2109.5 82 70.7 159 14 0 14 20 0 20 
Papaver rhoeas Papaveraceae 2322.4 335 56.9 1110 4 0 4 5 1 6 
Papaver somniferum† Papaveraceae 1275.1 229 NA 374 4 0 4 0 0 0 
Plantago lanceolata Plantaginaceae 2324.3 97 67.8 392 61 56 117 20 12 32 
Plantago major Plantaginaceae 2438.7 789 70.7 887 101 85 186 98 44 142 
Briza media Poaceae 2231.8 223 60.4 395 14 19 33 1 0 1 
Bromus inermis† Poaceae 2290.4 418 66.5 1093 23 8 31 9 3 12 
Dactylis glomerata Poaceae 2324.3 306 69.9 159 77 57 134 50 45 95 
Fallopia convolvulus Polygonaceae 1425.8 229 64.2 1162 3 3 6 8 2 10 
Polygonum aviculare Polygonaceae 2289.2 258 70.7 480 58 36 94 56 18 74 
Polygonum persicaria Polygonaceae 1966.5 235 61.0 NA 20 8 28 13 6 19 
Rumex acetosella Polygonaceae 2085.9 531 70.7 NA 5 1 6 94 45 139 
Rumex crispus Polygonaceae 2322.4 NA 58.5 1508 11 3 14 7 3 10 
Rumex obtusifolius Polygonaceae 1930.0 276 66.4 159 40 21 61 20 8 28 
Rumex scutatus Polygonaceae 2322.4 774 NA NA 20 11 31 0 0 0 
Portulaca oleracea† Portulacaceae 1537.7 341 NA 453 8 2 10 0 0 0 
Ranunculus bulbosus Ranunculaceae NA 506 57.5 974 0 0 0 0 2 2 
Ranunculus repens Ranunculaceae 2017.2 456 70.7 916 25 10 35 86 40 126 
Reseda lutea Resedaceae 1403.9 851 NA 916 9 4 13 0 0 0 
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Geum rivale Rosaceae 1943.2 466 69.7 825 1 2 3 9 13 22 
Geum urbanum Rosaceae 1880.2 513 61.4 440 18 3 21 14 4 18 
Potentilla anserina Rosaceae 2322.4 774 69.7 NA 17 8 25 33 16 49 
Potentilla argentea Rosaceae 1788.2 506 62.3 453 4 1 5 17 5 22 
Potentilla reptans Rosaceae 1732.9 494 60.4 887 12 8 20 0 2 2 
Sanguisorba minor Rosaceae 1927.8 562 63.8 887 22 18 40 1 0 1 
Galium aparine Rubiaceae 1423.1 496 63.8 1070 5 0 5 10 6 16 
Chaenorrhinum minus Scrophulariaceae 2047.0 NA 63.6 522 37 4 41 8 0 8 
Linaria vulgaris Scrophulariaceae 1853.8 180 70.7 159 21 3 24 38 15 53 
Verbascum lychnitis Scrophulariaceae 1475.7 909 NA NA 16 5 21 0 0 0 
Verbascum nigrum Scrophulariaceae 1709.1 324 61.4 374 13 5 18 4 1 5 
Verbascum thapsus Scrophulariaceae 1811.2 389 61.7 159 15 0 15 15 1 16 
Veronica arvensis Scrophulariaceae 1811.2 494 61.7 453 4 3 7 8 2 10 
Veronica chamaedrys Scrophulariaceae 2393.1 378 64.3 455 3 1 4 11 7 18 
Veronica persica† Scrophulariaceae 1788.2 763 63.6 1162 21 4 25 1 2 3 
Veronica serpyllifolia Scrophulariaceae NA 82 66.5 551 0 0 0 14 0 14 
Urtica dioica Urticaceae 2390.7 477 70.7 807 86 33 119 77 34 111 
Verbena officinalis Verbenaceae 1177.0 496 NA 638 11 5 16 0 0 0 
Viola tricolor Violaceae 2226.8 233 70.4 258 18 5 23 54 15 69 
!
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Figure S2: Pictures showing the two sampled habitat types, a-e) disturbed sites and f-h) road verges, 
in the "eld survey.
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Table S3: 19 Bioclim variables and loadings from PCA (Hijmans et al., 2005). WorldClim is a set of 
global climate layers (climate grids) with a spatial resolution of about 1 square kilometre.

ID Variable PC1 PC2
BIO01 Annual Mean Temperature -0.09 -0.43
BIO02 Mean Diurnal Range (Mean of monthly (max temp - min temp)) 0.22 -0.17
BIO03 Isothermality (BIO2/BIO7) -0.15 -0.28
BIO04 Temperature Seasonality 0.29 0.08
BIO05 Max Temperature of Warmest Month 0.12 -0.39
BIO06 Min Temperature of Coldest Month -0.21 -0.32
BIO07 Temperature Annual Range (BIO5-BIO6) 0.29 0.03
BIO08 Mean Temperature of Wettest Quarter 0.06 -0.29
BIO09 Mean Temperature of Driest Quarter -0.11 -0.24
BIO10 Mean Temperature of Warmest Quarter 0.08 -0.41
BIO11 Mean Temperature of Coldest Quarter -0.18 -0.33
BIO12 Annual Precipitation -0.31 0.05
BIO13 Precipitation of Wettest Month -0.30 0.04
BIO14 Precipitation of Driest Month -0.30 0.08
BIO15 Precipitation Seasonality 0.18 -0.08
BIO16 Precipitation of Wettest Quarter -0.30 0.03
BIO17 Precipitation of Driest Quarter -0.30 0.09
BIO18 Precipitation of Warmest Quarter -0.27 0.01
BIO19 Precipitation of Coldest Quarter -0.28 0.10

Reference
Hijmans, R.J., Cameron, S.E., Parra, J.L., Jones, P.G. & Jarvis, A. (2005) Very high 

resolution interpolated climate surfaces for global land areas. Interna-
tional Journal of Climatology, 25, 1965-1978.



Elevational and latitudinal climate limits

63

Figure S4: a) Correlation of minimal PC2 scores along elevation (minimal PC2elev) or latitudinal 
(minimal PC2lat) gradient for all 155 species including alien species (black circles). Low PC2 values 
represent low elevation or latitude. $e dashed line shows the line of equality. $e solid line shows 
the MA (major axis) regression line for all species with the con"dent interval (grey lines). $e dotted 
line shows the MA regression line only for aliens (without con"dent interval for clarity). R-values are 
indicated in the graphs. b-d) Correlation of minimal PC2 scores along elevation (minimal PC2elev) 
or latitudinal (minimal PC2lat) gradient for species that occur 10, 20 or 30 times along each gradient.
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Table S5: Results of logistic regression models for the probability of occurrence of individual species in 
response to PC2 (low temperature) along the elevational and latitudinal gradients (Gradient). For this 
analysis we used thirty-one species that occurred at least thirty times along each gradient. $e degrees 
of freedom for each term are always 1, and residual d.f. for all species are 426, 425 and 424 for PC2, 
Gradient and PC2 x Gradient, respectively.
* P < 0.05; ** P < 0.01; *** P < 0.001

! Resid deviance ! P-value

Species PC2 Gradient
PC2 x 
Gradient

PC2 Gradient
PC2 x
 Gradient

Achillea millefolium 184.84 178.62 178.62    0.017 *    0.013 *    0.983
Artemisia vulgaris 467.76 388.45 359.42 < 0.001 *** < 0.001 *** < 0.001 ***
Leontodon autumnalis 537.55 536.04 502.05    0.026 *    0.218 < 0.001 ***
Leucanthemum vulgaris 588.87 579.71 563.54    0.560    0.002 ** < 0.001 ***
Matricaria discoidea 585.85 584.95 577.33    0.007 **    0.342    0.006 **
Senecio vulgaris 474.34 474.27 469.75 < 0.001 ***    0.783    0.034 *
Taraxacum o$cinale 258.03 256.83 250.65 < 0.001 ***    0.273    0.013 *
Tragopogon dubius 364.30 361.39 327.89 < 0.001 ***    0.088 < 0.001 ***
Tripleurospermum 
perforatum

443.75 422.77 391.24 < 0.001 *** < 0.001 *** < 0.001 ***

Capsella bursa-pastoris 545.64 544.75 541.43 < 0.001 ***    0.344    0.069
Silene vurgaris 582.50 410.39 407.13    0.034 < 0.001 ***    0.071
Stellaria media 509.97 506.82 506.36    0.001 **    0.076    0.496
Chenopodium album 398.78 398.70 393.18 < 0.001 ***    0.772    0.019 *
Equisetum arvense 378.67 375.80 374.31 < 0.001 ***    0.090    0.223
Lathyrus pratensis 523.63 486.42 479.64    0.002 ** < 0.001 ***    0.009 **
Lotus corniculatus 500.04 469.05 440.40 < 0.001 *** < 0.001 *** < 0.001 ***
Trifolium hybridum 486.68 482.47 426.79    0.006 **    0.040 * < 0.001 ***
Trifolium pratense 228.44 219.60 219.59 < 0.001 ***    0.003 **    0.930
Trifolium repens 300.10 300.08 299.58    0.556    0.904    0.477
Vicia cracca 551.31 532.58 526.03 < 0.001 *** < 0.001 ***    0.010 *
Hypericum perforatum 281.83 273.33 258.07 < 0.001 ***    0.004 ** < 0.001 ***
Galeopsis tetrahit 431.40 430.89 426.68 < 0.001 ***    0.475    0.040 *
Prunella vulgaris 417.54 407.26 397.97 < 0.001 ***    0.001 **    0.002 **
Epilobium angustifolium 518.87 437.08 434.98 < 0.001 *** < 0.001 ***    0.147
Plantago lanceolata 418.23 344.60 329.53 < 0.001 *** < 0.001 *** < 0.001 ***
Plantago major 420.51 382.93 372.30 < 0.001 *** < 0.001 ***    0.001 **
Dactylis glomerata 539.60 525.43 433.19 < 0.001 *** < 0.001 *** < 0.001 ***
Polygonum aviculare 476.39 475.35 474.69 < 0.001 ***    0.308    0.418
Ranunculus repens 555.14 459.32 457.44 < 0.001 *** < 0.001 ***    0.171
Urtica dioica 555.01 554.55 532.55 < 0.001 ***    0.498 < 0.001 ***
Geranium sylvaticum 411.79 406.29 404.99    0.508    0.019 *    0.254
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Abstract
Genetic diversity is expected to decline from the centre of a species range 

to its margin, though the pattern might vary along similar climatic gradients 
of elevation and latitude. To investigate the signi"cance of such variation, we 
characterized genetic diversity and gene %ow along an elevational gradient in 
the Swiss Alps and a latitudinal gradient in Scandinavia for Plantago lanceolata 
and P. major using six and eight microsatellite markers, respectively. Whereas 
P. lanceolata reached lower temperature limits along the elevational gradient, P. 
major reached similar temperature limits along both gradients.

For both species, genetic diversity decreased signi"cantly along the 
latitudinal gradient, but showed no relation for P. lanceolata and increased for P. 
major along the elevational gradient. In addition, genetic diversity was positively 
correlated with the probability of occurrence, while gene %ow was signi"cantly 
higher along the elevational gradient for both species.

Our study clearly shows that patterns of genetic diversity di#er between 
elevational and latitudinal gradients, even when a species reaches similar 
temperature limits along both. Understanding the role of genetic diversity in 
determining range limits along contrasting gradients may help in predicting how 
species respond to rapidly changing climates.
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Introduction
Understanding species range limits has long been a major goal in ecology 

and evolution, and against the background of climate change is gaining in 
practical importance. Ever more studies show that as the climate warms, species 
are expanding their ranges polewards and upwards (Hickling et al., 2006; 
Parmesan, 2006; Pauli et al., 2007; Lenoir et al., 2008; $omas, 2010; Chen et al., 
2011). However, not all species change their distribution, and it remains uncertain 
how species range limits are formed and how they will respond to future climate 
change (Kawecki, 2008; Hill et al., 2011).

One reason for the existence of range margins is that populations are unable 
to adapt to abiotic conditions immediately beyond the margin, for example at high 
elevation or latitude (Körner, 1999; Normand et al., 2009). Ultimately this failure 
re%ects a lack of suitable genetic diversity, and this in turn may be in%uenced by 
various population genetic processes. $us, high demographic stochasticity in 
small, marginal populations can lead to genetic dri! and low genetic diversity, 
thereby hindering adaptation to local conditions (Lesica & Allendorf, 1995; Gaston, 
2003). In addition, gene %ow may be limited in isolated marginal populations, 
leading to high inbreeding and strong di#erentiation amongst populations (Lesica 
& Allendorf, 1995) but might promote local adaptation (Alleaume-Benharira et 
al., 2006; Sexton et al., 2011). And a converse problem – excessive gene %ow from 
central populations – could also occur, e#ectively preventing local adaptation at 
the range margin (Kirkpatrick & Barton, 1997; Case & Taper, 2000), although 
the evidence for this remains equivocal (Paul et al., 2011; Sexton et al., 2011). 
Understanding these contrasting e#ects of gene %ow along environmental 
gradients from the centre to the edge of species’ ranges is thus an important "rst 
step in elucidating the role of genetic processes in determining range margins.
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Most studies using neutral molecular markers con"rm that genetic 
diversity decreases and genetic di#erentiation increases towards the range margin 
(reviewed by Eckert et al., 2008), which is consistent with the idea that low genetic 
diversity constrains adaptation at range edges. However, there are important 
exceptions to this general pattern (see reviews Eckert et al., 2008; Ohsawa & Ide, 
2008; Hardie & Hutchings, 2010). Furthermore, evidence from neutral markers 
cannot be interpreted in terms of adaptation, since by de"nition these marker are 
assumed not to be under direct selection (Holderegger et al., 2006); and evidence 
that adaptive genetic diversity also decreases towards range margins is much more 
limited (but see Blows & Ho#mann, 2005; Gri&th & Watson, 2006; Kellermann et 
al., 2009). However, since neutral genetic diversity is o!en correlated with "tness 
(Reed & Frankham, 2003), it remains very useful for studying processes such as 
gene %ow among central and marginal populations (Holderegger et al., 2006).

Species occupying large areas or heterogeneous environments encounter 
di#erent selection pressures in di#erent parts of their range (Guo, 2012). 
Comparing di#erent range margins, for example at high elevation and latitude, 
might help to identify any genetic factors limiting their range. In a previous 
study we compared low temperature limits of several ruderal plant species along 
elevational and latitudinal gradients (Halbritter et al., 2013, chapter 1). We found 
that most species had lower temperature limits along the elevational compared 
to the latitudinal gradient. $is might be explained by more pronounced source-
sink dynamics due to the shorter dispersal distances along the elevational gradient 
(Pulliam, 1988; Lennon et al., 1997; Phillips, 2012). Potentially, contrasting 
patterns of genetic diversity and gene %ow between these gradients might also 
have consequences for adaptation at the two range margins. In addition, if the 
potential to adapt is di#erent at high elevation and latitude, the ability of species 
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to respond to climate change might also di#er at the two margins.
A "rst step to explore these possibilities would be to compare patterns of 

genetic diversity and gene %ow along the two types of gradient. Although several 
studies have found signi"cant relationships between genetic diversity and either 
elevation or latitude (Quiroga & Premoli, 2007; Dzialuk et al., 2011; Schoettle et 
al., 2011), we are unaware of any that have compared genetic diversity along both 
types of gradients.

Here, we focus on two closely related species, Plantago lanceolata and P. 
major, which di#er in their temperature limits along elevational and latitudinal 
gradients. P. lanceolata reaches lower temperature limits along the elevational 
gradient, whereas P. major reaches similar limits along both gradients (Halbritter 
et al., 2013). Taking genetic diversity and gene %ow into account, we have 
several non-exclusive hypotheses for the range limits observed in the Plantago 
species. (1) Sink-source dynamics could explain the lower temperature limits 
along the elevational gradient (migration from core populations and formation 
of temporary sink populations), or (2) higher genetic diversity at high elevation 
than at high latitude could allow populations to adapt to colder environments 
(Ohsawa & Ide, 2008). Both explanations would predict a steeper decline in 
genetic diversity, and increasing population di#erentiation, along the latitudinal 
gradient. Alternatively, (3) if adaptation to marginal conditions is constrained by 
a lack of genetic diversity upon which selection can act, we would expect genetic 
diversity to decline similarly along both gradients.

As a "rst step in understanding how genetic factors in%uence range limits, 
we characterised genetic diversity and gene %ow in populations of P. lanceolata 
and P. major along an elevational gradient in the Swiss Alps and a latitudinal 
gradient in Scandinavia. We posed two main questions: (1) are patterns of genetic 
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diversity and gene %ow the same along the two gradients? (2) Do spatial patterns 
of genetic diversity di#er between P. lanceolata and P. major along these gradients?

Materials and Methods
Study species

Plantago lanceolata (Plantaginaceae) is a diploid perennial herb that 
grows in grassland and in more disturbed habitat, such as along roadsides. It is 
outcrossing and wind pollinated (Sagar & Harper, 1964; Hale & Wol#, 2003), 
though occasional pollination by insects has been reported (Kuiper & Bos, 1992). 
Plantago major (Plantaginaceae) is a diploid perennial herb with a cosmopolitan 
distribution. It grows on trampled sites, along roads and on waste ground. P. 
major is highly inbreeding (Morgan-Richards & Wol#, 1999), though may also 
be cross-pollinated by wind, and the seeds may be transported externally by 
animals when they are wet (Kuiper & Bos, 1992). Both P. major and P. lanceolata 
are archaeophytes that "rst became abundant in north-western Europe around 
6000 year ago (Van Dijk 1988).

Sample collection scheme
For P. lanceolata a total of 30 populations and for P. major 31 populations 

from three origins were collected in summer 2011 (Fig. 1 and Appendix S1 and 
S2). $e populations originated from Scandinavia (high latitudinal populations; 
herea!er ‘northern’ populations), the Eastern Swiss Alps (high elevational 
populations; herea!er ‘alpine’ populations) and the lowland in Switzerland and 
Germany (centre; herea!er ‘lowland’ populations). Together, these populations 
were selected to cover a broad elevational gradient in central Europe, and a broad 
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latitudinal gradient in northern Europe, in both cases from the centre to the edge 
of the species ranges. $e alpine populations were on average 59.7 km apart for P. 
lanceolata and 59.1 km apart for P. major (range: 1.4 – 111.1 km and 7.5 – 118.7 
km); adjacent northern populations were separated by a mean distance of 621.0 
km for P. lanceolata and 800.0 km for P. major (ranges: 19.0 – 1366.2 km and 145.1 
– 2082.1 km, respectively); the lowland populations were on average 266.8 km 
apart for P. lanceolata and 337.5 km apart for P. major (range: 7.6 – 718.6 km and 
7.6 – 742.0 km, respectively). For a description of the study regions see Halbritter 
et al. (2013).

From each population, leaf material was collected, either directly in the "eld 
(P. lanceolata: 27, P. major: 28) or by collecting seeds and raising plants in the 
greenhouse (at ETH Zürich; P. lanceolata: 3, P. major: 3). In both cases, leaves were 
collected from up to 30 individuals (P. lanceolata: mean = 29.6, range: 27 – 31, see 

Figure 1: $e location of populations of P. major (circle) and P. lanceolata (triangle) in a) Scandinavia 
and northern Germany and b) Switzerland.
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Appendix S1; P. major: mean = 29.2, range: 21 – 30, see Appendix S2). All material 
was dried on silica gel before extracting DNA using a modi"ed CTAB procedure 
(Saghai-Maroof et al., 1984).

Microsatellite analysis
Forward primers were labelled with FAM, HEX or ATTO. For P. lanceolata 

we used six microsatellite markers (153, 895, 7668, 12307, 19047 and 19271; 
developed by ecogenics GmbH, Appendix S3). Two of the six markers were run 
in a single polymerase chain reaction (PCR) ampli"cation using 10 µl reaction 
volume, which contained 2.7 µl of Go Tag Flexi Bu#er (promega), 0.7 µl MgCl , 0.9 
µl dNTP, 4.3 µl ddH2O, 0.4-0.5 µM forward and reverse primer and 1 µl template 
DNA with an average concentration of 5.5-6.3 ng µL-1. $e remaining four markers 
were run in two multiplex PCR’s using 10 µl reaction volume, containing 5 µl of 
Hot Star Master Mix (Quiagen), 3 µl ddH2O and 0.4-0.5 µM forward and reverse 
primer. For P. major we used ten microsatellite markers: Pm2, Pm9, JPm14, JPm3, 
Pm3, Pm5, Pm6 (Squirrell & Wol#, 2001; Wol# et al., 2009), and 1250, 1696 and 
9098 (developed by ecogenics GmbH, Appendix S3). $ree single PCRs and three 
multiplex PCRs were performed using the same conditions as for P. lanceolata. For 
the primer 9098 we used 1:10 diluted template DNA.

PCR ampli"cations consisted of an initial denaturation at 95 °C for 15 minutes 
followed by 30 cycles of 95 °C, annealing temperatures of 52-57 °C depending on 
the locus, and 72 °C for 45-60 seconds each, with a "nal elongation at 72 °C for 30 
minutes. For the single PCR we added 8 cycles with 95 °C followed by 53°C and 72 
°C for 45 seconds. PCR was carried out on SensoQuest Labcyclers (SensoQuest). 
PCR products were denatured at 95 °C for three minutes and analysed on ABI 
3730 automated sequencer (Applied Biosystems®) using Gene Scan™ 500 LIZ™ 
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(Applied Biosystems®) size standard. Allele lengths were visualised and scored 
using Geneious® 6.0.5 (Biomatters Ltd).

Data analysis
We used GenAlEx 6.5 (Peakall & Smouse, 2012) to test for deviations from 

Hardy-Weinberg equilibrium (HWE), applying a Bonferroni correction to avoid 
Type I errors, and to estimate number of private alleles (AP). Observed (HO) and 
expected heterozygosity (HE), the inbreeding coe&cient (FIS) and pairwise FST 
values between populations were estimated using GenoDive (Meirmans & Van 
Tienderen, 2004). From the FST values we estimated the number of migrants per 
generation (Nm) using the formula: FST ' 1/(4Nm + 1) (Lowe et al., 2007). Allelic 
richness (AR) was estimated with FSTAT (Goudet, 1995). 

One-way ANOVA was carried out using R (R Core Development Team, 
2011) to assess the e#ects of origin on genetic diversity (AR, HO and HE) and 
inbreeding (FIS). Pairwise t-tests were used to test for signi"cant di#erences among 
the three origins. In addition regression models were "tted to test how genetic 
diversity (AR, HO and HE) and inbreeding (FIS) changed along the elevational and 
latitudinal gradients. To express elevation and latitude in the same, ecologically 
meaningful units, we estimated growing degree days (GDD) at each location, since 
this parameter correlates closely and negatively with both gradients (elevation: R2 

= 0.96; P < 0.001 on 206 d.f.; latitude: R2 = 0.69; P < 0.001 on 218 d.f.) (see Fig. 
1 in Halbritter et al., 2013). As a measure of local abundance, we estimated the 
probability of occurrence at each location using presence-absence data collected 
in an earlier survey along the same gradients (Halbritter et al., 2013). We then 
"tted additional regression models to test for relationships between probability of 
occurrence and both genetic diversity (AR, HO and HE) and inbreeding (FIS).
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Genetic variance was partitioned among origins, and among and within 
populations, using analysis of molecular variance (AMOVA) with 1000 
permutations using GenALEx 6.5 (Peakall & Smouse, 2012). AMOVA analysis 
was repeated for each origin separately to determine the partitioning of genetic 
variance within and among populations within each origin. To test for isolation by 
distance and by elevation, we performed Mantel tests with 1000 permutations to 
relate pairwise values of genetic di#erentiation among populations (FST /(1- FST)) 
to geographic distance (log-transformed) (Rousset, 1997) or elevational distance 
(log-transformed) using GenAlEx 6.5 (Peakall & Smouse, 2012).

To estimate the reliability of the genetic data, the error rate was estimated 
by counting the mismatches from repeated samples and the missing values per 
locus. For P. major the markers Pm5 and Pm6 had >50% missing values and 
were excluded from the analysis. $e error rate per locus for P. lanceolata ranged 
from 3.4-22.6% and for P. major from 0-20%. We repeated the analyses excluding 
markers with an error rate ( 10% (one marker for P. major – 12307; and two 
markers for P. lanceolata - 7668, JPm3), and report these in the results.

Results
We detected 188 alleles at the six loci in P. lanceolata (mean: 31.3 per locus). 

Of these, 133 alleles were found in all three origins and 166 alleles were found in 
at least two origins. Six alleles each were found only in the alpine and lowland 
populations, seventeen alleles were found only in the northern populations. Locus 
12307 deviated signi"cantly from HWE for most populations (P < 0.001).

For P. major, 149 alleles from eight loci (mean: 18.6 per locus) were detected, 
of which 92 were found in all three origins and 124 occurred in at least two 
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origins. We recorded fourteen alleles con"ned to the alpine populations, four 
to the northern populations, and seven to the lowland populations. All loci of P. 
major departed signi"cantly from HWE, with populations exhibiting very high 
inbreeding coe&cients (mean FIS=0.64) and low heterozygosity (mean HO=0.24).

Genetic diversity within populations
For both species, the northern populations had the lowest genetic diversity 

(AR and HE) and observed heterozygosity (HO) as well as the highest inbreeding 
coe&cient (FIS) (Table 1). For P. lanceolata, the northern populations had 
signi"cantly lower allelic richness and observed heterozygosity than alpine (AR; 
t = 2.34, d.f. = 11.81, P = 0.038, HO; t = 3.77, d.f. = 16.91, P = 0.002) and lowland 
populations (AR; t = -2.96, d.f. = 8.98, P = 0.026, HO; t = -3.84, d.f. = 17.64, P = 
0.001). Also, the expected heterozygosity was lower in the northern populations 
than in the lowland populations (t = -2.76, d.f. = 13.05, P = 0.016), while the 
inbreeding was higher in these populations than in alpine populations (t = -2.55, 
d.f. = 15.28, P = 0.022). For P. major, allelic richness in the northern populations 
was signi"cantly lower than in alpine (t = 4.74, d.f. = 17.99, P < 0.001) and lowland 
populations (t = -2.7, d.f. = 18.98, P < 0.013). Expected heterozygosity in alpine 
populations was signi"cantly higher than in northern (t = 4.48, d.f. = 14, P < 
0.001) and lowland populations (t = 2.75, d.f. = 13.45, P = 0.016).

In both species, genetic diversity (AR and HE) and inbreeding showed very 
di#erent or even opposite patterns along the elevational and latitudinal gradient. 
Genetic diversity (AR and HE) in P. lanceolata was not distributed randomly along 
the latitudinal gradient but decreased with decreasing GDD (Fig 2 and Table 
2). $e same trend was evident for observed heterozygosity, while inbreeding 
was unrelated to latitude. No measure of genetic diversity varied signi"cantly 
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with elevation. For P. major, genetic diversity was strongly related with the 
latitudinal gradient (Fig. 3 and Table 2). Allelic richness, observed and expected 
heterozygosity decreased signi"cantly, and the inbreeding coe&cient increased 
along the latitudinal gradient. By contrast, expected heterozygosity increased 
with elevation and allelic richness showed the same trend but was not signi"cant. 
Observed heterozygosity and inbreeding did not vary signi"cantly with elevation.

Table 1: Mean and standard deviation for allelic richness (AR), observed and expected heterozygosity 
(HO, HE), inbreeding coe&cient (FIS) and number of private alleles (PA) for alpine, lowland and 
northern populations. Mean pairwise FST and migrants per generation (Nm) between alpine, 
lowland and northern populations and standard error for these estimates were calculated by 
jacknife permutation over each loci. ANOVA results are shown of e#ects of genetic diversity on 
origin of populations.

Alpine Lowland North ANOVA
Mean SD Mean SD Mean SD F 2,26 p-value

Plantago lanceolata
AR 7.426 0.347 7.521 0.180 6.850 0.661 6.92 0.004**
HO 0.770 0.045 0.766 0.040 0.699 0.038 8.92 0.001**
HE 0.875 0.025 0.881 0.018 0.851 0.029 4.26 0.025*
FIS 0.120 0.043 0.131 0.044 0.177 0.054 3.99 0.030*
PA 0.600 0.699 0.545 0.688 1.556 1.944 - -
FST 0.020 0.004 0.019 0.005 0.047 0.011 - -
Nm 12.25 - 12.91 - 5.07 - - -
Plantago major
AR 1.995 0.224 1.798 0.295 1.433 0.316 10.79 <0.001***
HO 0.297 0.077 0.239 0.089 0.190 0.161 2.21 0.129
HE 0.688 0.034 0.623 0.066 0.573 0.077 8.88 0.001**
FIS 0.566 0.120 0.601 0.135 0.682 0.240 1.21 0.314
PA 0.100 0.142 0.075 0.087 0.034 0.058 - -
FST 0.043 0.007 0.109 0.017 0.176 0.017 - -
Nm 5.56 - 2.04 - 1.25 - - -
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Figure 2: Relationship of a) allelic richness (AR) b) observed heterozygosity (HO) c) expected 
heterozygosity (HE) and d) the inbreeding coe&cient (FIS) with growing degree days (GDD) above 
5°C for lowland populations (black circle), alpine populations (grey circle) and northern populations 
(open circle) of P. lanceolata. High GDD corresponds to low elevation and latitude sites. Regression 
lines are shown for signi"cant relationships along the latitudinal (dotted line) gradient.
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Figure 3: Relationship of a) allelic richness (AR) b) observed heterozygosity (HO) c) expected 
heterozygosity (HE) and d) inbreeding coe&cient (FIS) with growing degree days (GDD) above 5°C 
for lowland populations (black circle), alpine populations (grey circle) and northern populations (open 
circle) of P. major. High GDD correspond to low elevation and latitude sites. Regression lines are 
shown for signi"cant relationships along the elevational (dashed line) and latitudinal (dotted line) 
gradient. $e two northern outlier populations in b) and d) are from Umeå and Uppsala on the east 
coast of Sweden.
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A reanalysis of the P. lanceolata data excluding two markers with high error 
rates preserved the signi"cant relationships between genetic diversity and the 
gradients, but observed heterozygosity and inbreeding no longer varied among 
origins. However, a!er excluding one marker (JPm3) of P. major, allelic richness 
increased signi"cantly along the elevational gradient, while allelic richness, 
observed and expected heterozygosity no longer varied signi"cantly along the 
latitudinal gradient.

For P. lanceolata allelic richness was positively correlated with probability of 
occurrence along the two gradients (R2 = 0.18, F1,28 = 7.54, P = 0.010, see Appendix 
S4). For P. major genetic diversity (AR, HO, HE) increased and inbreeding decreased 
signi"cantly with probability of occurrence (AR: R2 = 0.38, F1,29 = 19.38, P < 0.001; 
HO: R2 = 0.28, F1,29 = 12.41, P = 0.001; HE: R2 = 0.25, F1,29 = 10.87, P = 0.003; FIS: R2 
= 0.26, F1,29 = 11.62, P = 0.002, see Appendix S5).

Table 2: Results of models of genetic diversity, allelic richness (AR), observed and expected 
heterozygosity (HO, HE) and inbreeding coe&cient (FIS) in relation to growing degree days along 
elevational (GDDElev) and latitudinal (GDDLat) gradients.

GDDElev GDDLat

Species F 1,19 P-value F 1,18 P-value
P. lanceolata AR 0.39 0.541 10.27     0.005**

HO 0.44 0.516 4.29 0.053
HE 0.01 0.919 4.61   0.046*
FIS 0.46 0.506 1.32 0.270

P. major AR 4.28 0.053 15.25     <0.001***
HO 0.64 0.434 5.19    0.034*
HE 9.28     0.007** 4.70    0.043*
FIS 0.01 0.915 5.64    0.028*
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Population genetic structure
Populations of P. lanceolata were less di#erentiated genetically (FST = 0.035) 

than those of P. major (FST = 0.131; t = -27.58, d.f. = 563.328, P < 0.001). For 
both species, di#erentiation was greater among high latitude populations (P. 
lanceolata: FST = 0.047, P. major: FST = 0.167) than among alpine (P. lanceolata: FST 
= 0.02, P. major: FST = 0.043) and lowland (P. lanceolata: FST = 0.019, P. major: FST 
= 0.109) populations. For P. lanceolata, FST among northern populations di#ered 
signi"cantly from FST values among alpine (t = -6.38, d.f. = 45.41, P < 0.001) and 
lowland (t = 6.33, d.f. = 49.94, P < 0.001) populations. For P. major, all FST values 
di#ered signi"cantly among all pairs of origins (northern-alpine populations: t 
= -10.56, d.f. = 62.73, P < 0.001; northern-lowland populations: t = 4.54, d.f. = 
90.63, P < 0.001; alpine-lowland populations: t = -7.63, d.f. = 59.79, P < 0.001). 
$e number of migrants per generation (Nm) showed the same pattern as the FST 
values (Table 1).

For both species, most molecular variance was found within populations 
(87-96%) and this was consistent when origins were analysed separately (83-98%; 
Table 3). However, the molecular variance among origins was low for both species 
(P. lanceolata: 1%, P. major: 2%).

Populations of both species were isolated by geographic distance (P. 
lanceolata: Z = 0.55, R2 = 3, P = 0.010; P. major: Z = 16.69, R2 = 0.28, P = 0.010) 
but not by elevational distance (i.e. among alpine and lowland populations). 
In the case of P. lanceolata, however we also found isolation by distance along 
the elevational gradient when we restricted the comparison to edge and core 
populations (latitude: Z = 1.14, R2 = 0.2, P = 0.010; elevation: Z = 0.687, R2 = 0.19, 
P = 0.020). In contrast, in the case of P. major the was no signi"cant relationship 
along the elevational gradient, even when this restriction was applied (latitude: Z 
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= 4.55, R2 = 0.16, P = 0.010; elevation: Z = -2.11, R2 = 0.02, P = 0.840).

Table 3: Results of the analysis of molecular variance (AMOVA) for P. lanceolata and P. major for all 
populations, and separately for the alpine, northern and lowland origins.

P. lanceolata P. major
Source of variation d.f.* VC % Var. d.f. VC % Var.

All origin Among origins 2 0.028 1 2 0.078 2
Among populations 27 0.084 3 28 0.345 11
Within populations 1746 2.630 96 1781 2.715 87
Total 1775 2.742 100 1811 3.137 100

Alpine Among populations 9 0.060 2 9 0.151 5
Within populations 590 2.645 98 590 2.969 95
Total 599 2.705 100 599 3.120 100

North Among populations 8 0.141 5 10 0.496 17
Within populations 519 2.580 95 617 2.474 83
Total 527 2.721 100 627 2.970 100

Lowland Among populations 10 0.061 2 9 0.380 12
Within populations 637 2.658 98 574 2.713 88
Total 647 2.719 100 583 3.093 100

Discussion
A knowledge of large scale patterns of genetic diversity and gene %ow may 

help in understanding the factors that restrict species at their range margins. In 
this study we focus on two plant species, P. lanceolata and P. major, that exhibit 
di#erent temperature limits along elevational and latitudinal gradients.

In both species, genetic diversity within populations decreased along the 
latitudinal gradient. $is could re%ect the fact that high latitudinal populations are 
smaller and more isolated than central populations, and therefore more likely to 
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lose genetic diversity through dri! (Lesica & Allendorf, 1995). However, it could 
also re%ect the historic spread of the species, perhaps through human agency, with 
the genetic diversity of northerly populations being restricted by founder events 
and bottlenecks (Hewitt, 2000; Hardie & Hutchings, 2010).

In practice, both factors have probably played a part. In an earlier study we 
found that high latitude populations of P. lanceolata and P. major are smaller and 
more scattered (lower probability of occurrence) than high elevation populations 
(Halbritter et al., 2013). Here we show that genetic diversity decreases with 
decreasing probability of occurrence (along both gradients), indicating that local 
abundance at a landscape scale is linked to genetic diversity within populations 
(see Appendix S4 and S5). Furthermore, gene %ow was lower among the northern 
populations for both species, which is consistent with the signi"cant isolation by 
distance along the latitudinal gradient. In total, these "ndings suggest that isolation 
among high latitudinal populations might contribute to limiting adaptation at the 
latitudinal range edge (Gri&th & Watson, 2006; Kawecki, 2008).

Along the elevational gradients the two species showed contrasting patterns 
of genetic diversity, which is consistent with other studies (see review Ohsawa 
& Ide, 2008). For P. lanceolata, genetic diversity was unrelated to elevation, 
presumably because of extensive gene %ow from lowland populations (Truong 
et al., 2007; Ohsawa & Ide, 2008). A similar pattern was found in a study of 
Geum rivale, and it was suggested that despite habitat fragmentation gene %ow 
was important in maintaining genetic diversity along the elevational gradient 
(Pluess & Stoecklin, 2004). In our study, gene %ow in P. lanceolata (estimated 
as numbers of migrants per generation) was about twice as high among alpine 
populations (Nm = 12.25) and along the elevational gradient (Nm = 11.11) as 
along the latitudinal gradient (Nm = 6.51). $ese estimates have to be interpreted 
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with caution, being based upon model assumptions such as in"nite number of 
populations or equal migration among all populations that do not necessarily 
apply in natural populations (Whitlock & McCauley, 1999). Nonetheless, they are 
useful in revealing general trends relating to migration rates.

Similar patterns were found for P. major. $us, there was signi"cantly more 
gene %ow among alpine populations than among northern populations, which is 
consistent with the lack of any isolation by distance along the elevational gradient. 
In addition, the estimated number of migrants per generation was twice as large 
among alpine populations as among lowland populations and four times as large 
as among northern populations. Again, this evidence for considerable gene %ow 
could explain why genetic diversity did not decrease with elevation (Ohsawa & 
Ide, 2008). 

Expected heterozygosity actually increased with elevation in P. major 
populations. Such an increase has also been reported for Cystopteris fragilis, 
and in that case it was explained as a consequence of harsher environments at 
higher elevations (Gaemperle & Schneller, 2002), the authors arguing that "tness 
is o!en positively related to heterozygosity (Reed & Frankham, 2003). Other 
explanations are possible, however: for example, higher heterozygosity could 
re%ect higher mutation rates at high elevations (Ohsawa & Ide, 2008), or mixing 
of genetically distinct lineages originating through dispersal across alpine passes 
(Petit et al., 2003; Gugerli & Sperisen, 2010). Whatever the explanation, the lack 
of geographical structuring in P. major along the elevational gradient indicates 
more mixing among these populations, which could also account for the higher 
genetic diversity.

Two northern populations of P. major were outliers with exceptionally high 
observed heterozygosity and low inbreeding coe&cients (Fig 3b and d). $ese 
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populations were from the cities of Umeå and Uppsala, the easternmost collection 
sites in our study. It is probable that both these populations have been enriched by 
gene %ow from other regions, since both are large cities on the Baltic coast, and 
new genotypes have been regularly introduced in the cargos of ships.

Our data demonstrate that genetic diversity does not always decline, and 
genetic di#erentiation does not always increase towards the range margin or 
along environmental gradients (Eckert et al., 2008; Ohsawa & Ide, 2008; Hardie 
& Hutchings, 2010; Guo, 2012). However, diversity patterns can di#er along 
elevational and latitudinal gradients, suggesting di#erences in the processes that 
contribute to range limits. For example, such di#erences might explain the lower 
temperature limits of P. lanceolata along the elevational than along the latitudinal 
gradient. One possibility, supported by the evidence for higher gene %ow in alpine 
populations, is that they are sink populations, maintained by dispersal from more 
central populations (Pulliam, 1988). However, the greater genetic diversity in 
these populations might have enabled them to adapt to the lower temperatures 
at high elevations. In contrast, for P. major, for which the temperature limits are 
very similar at high latitudes and elevations, the availability of genetic diversity for 
selection appears to have been unimportant in determining the range margins. 
Another explanation could be that gene swamping by maladapted alleles, prevent 
adaptation to high elevation (Kirkpatrick & Barton, 1997; Case & Taper, 2000) 
and prevent high elevational populations to reach lower temperature. However, 
P. major reached the coldest sites along both gradients in our "eld survey and 
we do not know whether the species is able to grow under colder conditions 
at one or both gradients. Molecular genetic studies of populations from North 
America, where this species could potentially reach colder temperatures would 
be illuminating.
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$is study is one of the "rst directly to compare patterns of genetic diversity 
and gene %ow along elevational and latitudinal gradients. $e comparison shows 
that these patterns can di#er along the two gradients, with possible implications 
for local adaptation and for the ability of marginal populations to respond to 
changing climate. However, studies based upon neutral molecular markers 
such as microsatellites do not permit any direct conclusions about adaptation. 
To determine whether marginal populations at high elevation are more or less 
adapted to local conditions than those at high latitude, therefore, will require 
other approaches such as transplant experiments conducted along both types of 
gradient (Kawecki & Ebert, 2004; Hereford, 2009). 
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  Supportin Information

Table S1: Origin (O; A: alpine, N: northern, L: lowland), coordinates, growing degree days (GDD), 
sample size (SS), allelic richness (AR), observed heterozygosity (HO), expected heterozygosity (HE), 
inbreeding coe&cient (FIS), and the number of private alleles of study populations of Plantago 
lanceolata.
Population O Lat Long Elev GDD SS AR HO HE FIS PA
Andeer A 46.60 9.43 998.0 1351.6 30 7.388 0.825 0.881 0.063 0
Davos-Laret A 46.84 9.86 1519.7 683.4 30 7.577 0.827 0.883 0.063 0
Gallenstock A 46.59 8.48 2011.9 247.0 30 7.261 0.752 0.865 0.131 1
Klosters A 46.89 9.85 1044.6 1269.2 30 7.195 0.682 0.835 0.184 0
Nesselboden A 46.87 9.49 1402.7 811.7 30 7.923 0.788 0.910 0.133 1
Realp A 46.60 8.50 1548.8 649.6 30 7.472 0.809 0.883 0.084 1
Suraplis A 46.65 8.68 1916.5 390.1 30 7.674 0.780 0.906 0.139 2
Tiefenbach A 46.59 8.46 2055.2 456.0 30 6.644 0.761 0.844 0.099 1
Tschamut A 46.65 8.71 1658.1 565.1 30 7.655 0.731 0.891 0.180 0
Wildhus A 47.21 9.37 1066.2 1090.3 30 7.472 0.749 0.853 0.122 0
Havoll N 62.23 6.01 15.0 890.0 30 6.856 0.702 0.850 0.174 1
Kopenhagen N 55.81 12.50 38.0 1593.0 30 7.176 0.747 0.869 0.140 3
Lund N 56.04 13.68 98.0 1383.0 28 6.791 0.666 0.811 0.178 1
Malmo N 55.60 12.99 6.1 1686.0 29 8.142 0.710 0.903 0.213 6
Notoya N 62.31 5.68 5.0 934.0 30 7.036 0.660 0.859 0.231 2
Oslo N 60.03 10.64 369.0 1023.0 27 6.857 0.694 0.859 0.192 0
Sorvagen N 67.89 13.02 14.8 538.0 30 6.389 0.703 0.842 0.165 0
Stockholm N 59.32 18.07 18.0 1498.0 30 6.765 0.648 0.855 0.242 0
Uppsala N 59.86 17.60 28.0 1340.0 30 5.640 0.759 0.810 0.062 1
Biel L 47.17 7.29 403.2 1760.9 30 7.517 0.756 0.888 0.148 1
Freienstein L 47.53 8.59 407.0 1830.0 30 7.505 0.718 0.858 0.164 0
Potsdamm L 52.47 13.02 34.0 1854.9 30 7.504 0.749 0.900 0.167 0
Reichenau L 46.82 9.41 583.2 1865.8 30 7.523 0.803 0.866 0.072 1
Silenen L 46.81 8.66 508.9 1906.9 27 7.459 0.752 0.886 0.151 1
Steg L 47.35 8.93 693.2 1525.5 30 7.583 0.838 0.887 0.056 0
Weimar L 50.96 11.31 279.0 1524.7 30 7.960 0.787 0.914 0.140 0
Wila L 47.42 8.85 584.4 1669.3 27 7.229 0.816 0.877 0.070 0
Wul%ingen L 47.51 8.68 420.0 1797.5 31 7.474 0.716 0.881 0.187 0
Ziegelbrucke L 47.14 9.06 433.7 1927.2 29 7.357 0.731 0.850 0.140 1
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Table S2: Origin (O; A: alpine, N: northern, L: lowland), coordinates, growing degree days (GDD), 
sample size (SS), allelic richness (AR), observed heterozygosity (HO), expected heterozygosity (HE), 
inbreeding coe&cient (FIS), and the number of private alleles of study populations of Plantago major.

Population O Lat Long Elev GDD SS AR HO HE FIS PA
Davos A 46.79 9.82 1453.9 725.0 30 2.076 0.373 0.72 0.481 1
Fluala A 46.75 9.95 2390.7 58.6 30 1.937 0.234 0.714 0.672 2
Furka A 46.57 8.41 2438.7 33.7 30 2.320 0.245 0.731 0.665 0
Julier A 46.47 9.73 2262.6 138.5 30 2.433 0.301 0.784 0.616 2
Klosters A 46.89 9.85 1044.6 1269.2 30 1.974 0.288 0.723 0.602 1
Nagens A 46.86 9.24 2168.0 144.9 30 1.896 0.351 0.656 0.465 2
Nesselboden A 46.87 9.49 1402.7 811.7 30 1.782 0.282 0.679 0.585 0
Oberalp A 46.66 8.67 2036.4 204.9 30 1.846 0.142 0.705 0.798 0
Realp A 46.60 8.50 1548.8 649.6 30 1.746 0.377 0.676 0.443 0
Rona A 46.56 9.62 1420.7 905.1 30 1.944 0.381 0.700 0.456 0
Aa N 67.88 12.99 2.8 451.0 30 1.164 0.057 0.553 0.898 0
Abisko N 68.35 18.83 397.4 395.0 28 1.355 0.127 0.587 0.784 0
Havoll N 62.23 6.01 15.0 890.0 28 1.402 0.085 0.574 0.852 1
Jokkmokk N 66.60 19.84 238.0 733.0 27 1.113 0.149 0.494 0.699 0
Lier N 59.80 10.23 36.9 1419.0 30 1.940 0.241 0.671 0.641 0
Mosjoen N 65.84 13.21 9.5 875.0 30 1.507 0.102 0.610 0.833 1
Reykjavik N 64.14 -21.95 9.5 570.0 30 0.888 0.019 0.431 0.957 0
Tromso N 69.65 18.91 18.9 587.0 30 1.558 0.107 0.642 0.834 0
Trondheim N 63.41 10.46 188.1 949.0 30 1.495 0.224 0.609 0.632 0
Umea N 63.83 20.26 16.0 1028.0 21 1.424 0.460 0.635 0.276 0
Uppsala N 59.86 17.60 28.0 1340.0 30 1.919 0.514 0.702 0.268 1
Freienstein L 47.53 8.59 407.0 1830.0 30 1.866 0.322 0.639 0.496 0
Giessen L 50.56 8.67 164.0 1781.2 30 1.830 0.241 0.634 0.62 0
Hannover L 53.45 8.11 258.0 1560.7 30 1.367 0.254 0.663 0.616 0
Potsdam L 52.14 12.51 35.0 1665.7 30 2.190 0.356 0.753 0.527 1
Reichenau L 46.82 9.41 583.2 1865.8 30 1.915 0.128 0.635 0.798 1
Silenen L 46.81 8.66 508.9 1906.9 30 1.261 0.238 0.574 0.585 0
Steg L 47.35 8.93 693.2 1525.5 30 2.001 0.165 0.694 0.761 1
Weimar L 50.96 11.31 279.0 1524.7 22 1.708 0.116 0.704 0.835 0
Wila L 47.42 8.85 584.4 1669.3 30 2.091 0.369 0.655 0.437 1
Wul%ingen L 47.51 8.68 420.0 1797.5 30 1.750 0.234 0.580 0.596 1
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Table S3: Primer sequences and polymorphism information for six microsatellite loci from 
P. lanceolata and three microsatellite loci from P. major. Shown are forward and reverse primer 
sequences, repeat motif, allele size (bp) and number of alleles per locus.

Locus Primer sequence 5’ – 3’ Repeat A l l e l e 
size (bp)

Nu m b e r 
of alleles

P. lanceolata

153
F: CTACTCAGCAGCAGGCCG
R: GTGCGCCAACCTGAAGAAAC (CA)20 80 - 132 26

895
F: AGTGAGTAACGAGTTTGCAGG
R: TTGTCCTCTCAGCTCAAGCG (GA)22 118 - 206 42

7668
F: ACGTCAAATACATATAATAGGAGGGAG
R: ATCTCCCACTGACGTTGCTG (ACC)10 131 - 178 15

12307
F: CCCAGGAAAGGTTTTACGGC
R: AATTCAAGAGAAGAGTGTGCG (AC)19 132 - 219 41

19047
F: TTAAGCGACTTGGTGAGTGC
R: GCGCGCACATGGTTACAG (GT)18 94 - 158 31

19271
F: GGGGCATAGCCTTGTGTTTC
R: TTCGAGTTTCATGCTTCGGG (TTG)18 143 - 242 33

P. major

1250
F: ACGAATCCCAGCTTTCGTTC
R: AGTGAAACAAATGGAGTTTATGTTAAG (AC)14 118 - 242 22

1696
F: GGCTGTGGCGGAATTTGAAC
R: TCTGCTGCTTAAAAGACCATACG (TG)19 92 - 153 22

9098
F: CCTAGCCCTAGCAACCTGTC
R: TCTACCGGTCCATTTTCGGG (CA)13 78 - 125 9
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Figure S4: Relationship between a) allelic richness (AR), b) observed heterozygosity (HO), c) expected 
heterozygosity (HE) and d) the inbreeding coe&cient (FIS) and the probability of occurrence of lowland 
populations (black circle), alpine populations (grey circle) and northern populations (open circle) of 
P. lanceolata. Regression lines are shown for signi"cant relationships. $e F value is based on 1 and 28 
degrees of freedom.
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Figure S5: Relationship between a) allelic richness (AR), b) observed heterozygosity (HO), c) expected 
heterozygosity (HE) and d) the inbreeding coe&cient (FIS) and the probability of occurrence of lowland 
populations (black circle), alpine populations (grey circle) and northern populations (open circle) of 
P. major. Regression lines are shown for signi"cant relationships. $e F value is based on 1 and 29 
degrees of freedom.
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Abstract
Adaptation might be important for some species to persist in a rapidly 

changing climate. To investigate patterns of local adaptation at high elevation 
and latitude, we collected seeds of six ruderal plant species (Plantago major, P. 
lanceolata, Senecio vulgaris, S. viscosus, Lotus corniculatus and Medicago lupulina) 
from populations at the centre of their range and at two types of range margins 
(high elevation and latitude). We planted these seeds into common gardens 
located along an elevational gradient in Switzerland and a latitudinal gradient 
from Switzerland to Norway, including sites beyond the range margin of three of 
the species.

For the two Plantago species, we found higher "tness for the local populations 
at high elevation compared to the non-local populations, but not at high latitude. 
In contrast, for the two Senecio and the two Fabaceae species we found that any 
"tness di#erences at the transplant sites were mainly environmentally determined. 
Our data suggest that the degree of local adaptation may vary within a species’ 
range. For example, the responses of populations to similar changes in temperature 
at high elevation and latitude might be di#erent, complicating predictions about 
how they might react to a changing climate.
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Introduction
Shi!s in species range due to climate change, for example towards high 

elevation or latitude, are to a large extent driven by responses of populations at the 
range margin. $ese responses include extinction, which would lead to contraction 
of the range, and colonization, leading to range expansion (Davis & Shaw, 2001; 
$omas et al., 2004; Brook et al., 2008; Anderson et al., 2009). Understanding 
the processes constraining species at range margins thus underpins our ability 
to predict responses to climate change, though our knowledge about these 
constraints remains limited (Gaston, 2003; Kawecki, 2008; Sexton et al., 2009; 
Ho#man & Sgro, 2011).

Ultimately, range margins represent the failure of species to adapt to the 
conditions beyond the margin (Gaston, 2003). At the population level, species 
may adapt to local environmental conditions (Kawecki & Ebert, 2004; Hereford, 
2009). Such local adaption is in%uenced by many factors, but relies on the strength 
of selection, and the availability of genetic diversity on which selection can act 
(e.g. Ho#man & Sgro, 2011). In a period of rapid climate change, the ability of 
a population to adapt might be a selective advantage (Jump & Penuelas, 2005). 
However, other species may persist because of their high phenotypic plasticity, 
a trait that can also enable them to establish in novel environments (Matesanz et 
al., 2010). Indeed, just because plasticity allows plants to persist under changing 
conditions, it may also make local adaptation possible (Ghalambor et al., 2007).

$eory indicates that gene %ow can have contrasting e#ects upon local 
adaptation. By increasing genetic diversity upon which selection can act, gene %ow 
can favour local adaptation in marginal populations (Lenormand, 2002; Alleaume-
Benharira et al., 2006; Sexton et al., 2011). But gene %ow from central populations 
can also %ood such populations with maladapted alleles and therefore interfere 
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with adaptation (Kirkpatrick & Barton, 1997; Case & Taper, 2000; Lenormand, 
2002). Which of these two e#ects dominates, especially at the range margin, could 
a#ect the speed or extent to which a species responds to rapid climate change.

Local adaptation has o!en been studied along environmental gradients, such 
as those due to elevation (Kawecki & Ebert, 2004; Angert & Schemske, 2005; Byars 
et al., 2007; Gimenez-Benavides et al., 2008; Hereford, 2009) and latitude (Samis 
& Eckert, 2009; De Frenne et al., 2011). Temperature is thought to be a major 
range-limiting factor at high elevation and latitude (Körner, 1999; Normand et al., 
2009), and mean temperatures decline in a similar way along these gradients (see 
Fig. 1 in Halbritter et al., 2013, chapter 1). However, the spatial scale over which 
temperature declines, and spatial patterns in other factors such as day-length, 
UV-radiation and diurnal temperature %uctuations, vary di#erently along these 
gradients (Billings & Mooney, 1968, see climate graphs in Fig. 1). 

Elevational gradients have been proposed as a useful model system for 
studying species responses to climate more generally, for example along latitudinal 
gradients (Körner, 1999; Parmesan, 2006; Jump et al., 2009). To investigate the 
comparability of species climatic limits along these two types of gradient, we 
undertook a "eld survey of ruderal plant species along elevational and latitudinal 
gradients in Europe (Halbritter et al., 2013). While some species reached very 
similar low temperature limits along the two gradients (e.g. Plantago major, 
Senecio vulgaris), most species reached a lower limit along the elevational gradient 
(e.g. Plantago lanceolata, Medicago lupulina; see Fig. S1). Furthermore, we found 
that in two Plantago species, gene %ow and genetic diversity were higher along the 
elevational than along the latitudinal gradient (chapter 2). Together, these results 
suggest that species, and populations within species, might di#er in the extent to 
which they are locally adapted to conditions at the range margin. 
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$e observed lower temperature limits along the elevational gradient might 
partly be explained by shorter dispersal distances relative to the environmental 
gradient resulting in more pronounced source-sink dynamics (Pulliam, 1988). If 
so, we would expect high elevational populations to be poorly adapted to local 
conditions because of the in%ow of genes from lowland populations. Alternatively, 
higher gene %ow might promote adaptation in these populations compared to 
high latitude populations. Species that reach similar temperature limits along 
both gradients might display similar patterns of adaptation at the range margin, 
or rather show phenotypically plastic responses to environmental variation 
(Etterson, 2004; Byars et al., 2007; Gonzalo-Turpin & Hazard, 2009).

To investigate these possible patterns of local adaptation, we performed 
a reciprocal transplant experiment with seeds of six ruderal plant species 
collected from populations along an elevational and a latitudinal gradient. Such 
experiments are a powerful way to study local adaptation (Kawecki & Ebert, 2004; 
Hereford, 2009). Speci"cally, we compared central populations (low latitude and 
low elevation) with two di#erent types of marginal populations (high latitude and 
high elevation). In addition, three species were transplanted beyond their range 
margins to determine whether their current distributions are limited by climate. 

In the work described here we address the following questions: (1) are 
populations locally adapted to conditions at the range margin? (2) Does the extent 
of local adaptation within a species di#er between high elevation and high latitude 
populations? (3) Do the current range margins represent the climate limits of 
species?
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Methods
Study species

Seeds of six widespread ruderal plants species native to Europe were 
collected along an elevational gradient in Switzerland and a latitudinal gradient 
in Scandinavia (see Fig. 1). We selected three species pairs from the same genus 
or family. Senecio vulgaris and S. viscosus (Asteraceae) are annual, self-compatible 
weeds growing in anthropogenic habitats such as gravel pits and along roadsides. S. 
vulgaris is almost cosmopolitan, very fast growing and under favourable conditions 
can complete several life cycles in a year (Purbs & Kadereit, 1998). Both Senecio 
species are wind pollinated. Lotus corniculatus and Medicago lupulina (Fabaceae) 

Fig. 1: Map showing growing degree days above 5°C in a) Europe and b) Switzerland including the 
"ve transplant sites (grey symbol) and the populations of the six species used in the experiment: S. 
vulgaris (purple), S. viscosus (white), M. lupulina (red), L. corniculatus (black), P. major (green) and 
P. lanceolata (pink) from the latitudinal margin (squares), the lowland (circles) and the elevational 
margin (diamonds). For each transplant site there is a temperature diagram showing monthly 
minimum, mean and maximum temperature in the period of the seedling transplant experiment, 
starting in May 2011 until September 2012. $e temperature was measured 5cm above the ground.
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are perennial legumes that grow in meadows and wasteland and are mainly 
pollinated by insects. L. corniculatus is self-incompatible whereas M. lupulina 
has a mixed mating system. Plantago major and P. lanceolata (Plantaginaceae) are 
perennial herbs growing in dry sites on gravel, along roads and in meadows. $ey 
are wind pollinated, and while P. lanceolata is 99% self-incompatible (Sagar & 
Harper, 1964), P. major is mainly self-compatible.

Seeds of each species were collected from three populations from Scandinavia 
(latitudinal edge; herea!er northern populations), three from the lowland in 
Switzerland and southern Germany (centre; herea!er lowland populations), and 
three from the Swiss Alps (elevational edge; herea!er alpine populations, Fig. 1). 
For each population, seeds were collected from ten individuals not more than 1 
km apart in meadows or ruderal habitat. To exclude the in%uence of maternal 
e#ects (Kawecki & Ebert, 2004), plants were raised in a climate chamber in Zürich, 
Switzerland, to produced seeds that were then used for the transplant experiment. 
Because of di&culties in pollinating the two Fabaceae species very few seeds 
ripened, and we therefore used the "eld-collected seeds in the experiment.

Reciprocal transplant experiment
$e reciprocal transplant experiment was conducted at "ve di#erent sites 

located along elevational and latitudinal gradients. $ree sites were located 
at low latitude (c. 47°N), but di#erent elevations in Switzerland (500m Zurich, 
1400m Nesselboden and 2200m Nagens) and two at sea level but at high latitude 
in Norway (64°N Trondheim and 69°N Tromsø, Fig. 1). $e uppermost sites in 
Switzerland (2200m) and Norway (69°N) were beyond the distribution limit of 
three species, S. viscosus, M. lupulina and P. lanceolata. All sites were located in 
meadows and were unshaded. Both higher elevation sites (1400m and 2200m) 
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were south-facing and gently sloping. $e other sites were %at and situated close 
to settlements (c. 100 - 500 m to the next building). $e soil conditions (total 
N, P, pH and organic content) di#ered among all sites (see analysis and climate 
conditions in Appendix S2). Both sites at higher elevation contained high amounts 
of total N, P and organic matter. In contrast, the soil at the most northerly site (69° 
N) contained the least total N and organic matter, while the organic content was 
highest at 64°N.

In autumn 2011, seeds from each of nine populations of the six species were 
sown into "ve replicate plots of 30 x 30 cm, from which the top soil containing 
the roots of the native vegetation had been removed. Whenever possible 30 seeds 
were sown in each plot, but fewer seeds were available for some populations (P. 
lanceolata - 17 seeds of population N1; L. corniculatus - 14, 5 and 15 seeds of 
populations N1, N2 and N3, respectively). Each plot was separated by a 10 cm 
high plastic barrier to prevent the seeds from being washed into neighbouring 
plots by rain or snow.

In spring the germinated seedlings were recorded and most were removed, 
leaving six individuals, which were individually marked with small sticks. $e plots 
were examined again in summer and any seedlings that germinated later were also 
removed. For the six marked individuals, growth and "tness traits were measured 
at the end of the growing season. For each species we recorded whether a plant 
%owered, the number of %owering heads produced, the proportion setting seed, 
and the number of %ower heads with seeds. We harvested aboveground biomass, 
and collected ripe seed heads to determine reproductive output (i.e. total seed 
mass) as the number of %owers with seeds multiplied by the mean seed mass per 
head. We did not record number of %owers and heads with seeds for L. corniculatus 
and M. lupulina, and reproductive output was therefore not calculated for these 
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species. For S. vulgaris, the number of %owers was counted for three randomly 
chosen branches on "!y-two individuals. $e total number of %owering heads 
per plant was then predicted with a linear regression from biomass (R2= 0.73, F1,50 

= 142.1, P < 0.001), and the total number of heads with seeds was predicted from 
biomass using a cubic regression (R2= 0.63, F2,49 = 43.9, P < 0.001), which provided 
a better "t than the linear model. $ese traits were not recorded in Zurich and this 
site was therefore excluded from analyses of %owers and seeds.

For two of the perennial species, P. major and P. lanceolata, we set up a 
second transplant experiment to investigate responses in older, established 
plants. P. major was planted in 2011 and grown for two years, and P. lanceolata 
was planted in spring 2012 and grown for one growing season. We used the same 
populations, but used seedlings that had been germinated in a greenhouse and 
raised on compost for three weeks, before being re-potted into biodegradable ji#y 
pots (Ji#y International AS) and grown for another three weeks. For the last two 
weeks the seedlings were hardened o# outside before being transplanted with the 
ji#y pot into the "eld. $e seedlings were planted to the "eld between May and 
early July when the snow had melted and night frost was no longer expected. For 
each species, three blocks were established from which top soil (5 cm) containing 
the roots of the native vegetation had been removed. In each block, we planted 
three seedlings of every population, giving a total of 27 plants per block and 81 
plants per site and species. $e same growth and "tness traits were measured as 
for the "rst experiment (for detailed description of growing conditions, planting 
dates, experimental design and analysis see Appendix S2).

Temperature was monitored at each site using four iButtons (Maxim, San 
Jose, USA) randomly placed in the soil surface, and four Temperature/Light Data 
loggers (Hobo Pendant®, Onset, USA) on the soil surface.
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Statistical analyses
All analyses were performed in R (R Development Core Team, 2011) 

using the lme4 package (Bates et al., 2011). Linear mixed models (LMM) were 
used to "t a full model containing the "xed e#ects of transplant site and origin 
(elevational margin, centre or latitudinal margin) and their interaction. To 
account for the dependence of observations, we included population and block as 
random e#ects. $e response variables were biomass, number of %owering heads, 
probability of %owering, number of heads with seeds, seed set and reproductive 
output. Biomass and reproductive output were log transformed, and reproductive 
output for S. viscosus was square root transformed to meet the assumptions of 
normal distribution. If possible, count data was log transformed to obtain normal 
distributed data. When log transformation did not have the desired e#ect a 
generalized linear mixed model (GLMM) with poisson distribution was used. 
For the probability of %owering and seed set, GLMMs with binomial distribution 
were used. For the models with Poisson or binomial distribution we checked for 
over-dispersion. A negative-binomial distribution was used to account for over-
dispersion for number of heads with seeds. For L. corniculatus and M. lupulina 
we included initial size as a covariate to account for potential maternal e#ects (i.e. 
di#erences in maternal investment in seeds; Roach & Wul#, 1987). Initial size 
di#ered among origins and transplant sites for both species (L. corniculatus: F14, 750 
= 301.9, P < 0.001; M. lupulina: F14, 1144 = 292.5, P < 0.001).

$e germination rates of P. major, S. vulgaris and L. corniculatus were very 
low at 1400m (< 0.2%) and all analyses for the "rst two species and biomass for L. 
corniculatus were performed without this site. $e soil at this site dried out quickly 
and also we found evidence of mice (Halbritter, personal observation), both of 
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which might explain the low germination rate. Reproductive output for P. major 
was only analysed for the 500m site, for P. lanceolata for the 500 and 1400m sites, 
for S. vulgaris for both northern sites and for S. viscosus without 69°N, because the 
plants either failed to produce seeds at the other transplant sites or produced very 
few seeds and the models failed to converge when these were not excluded. For the 
analyses that included only a single site, the full model contained only origin and 
was compared to the reduced model without origin.

$e e#ects of site, origin and their interaction on plant traits were tested by 
comparing "ve models di#ering in their "xed e#ects using Akaike Information 
Criterion (AICc). $e full model containing both "xed e#ects (site and origin) and 
their interaction was compared with the four possible reduced models, including 
a intercept-only null model, based on their AICc scores ()i). All "ve models 
included the same random e#ects. We used AICc to correct for small sample size 
or QAICc for quasi-Poisson or binomial data (Bolker et al., 2009). $e model with 
the lowest AICc was selected as the minimum adequate model (MAM) compared 
to the competing models. A di#erence in AICc scores between the MAM and 
a poorer model within )i > 2 indicates strong support for the MAM (Burnham 
& Anderson, 2002). If two models di#ered by less then )i < 2, then the simpler 
model (with fewer parameters) was chosen. In addition, the Akaike weight (wi) 
was calculated for every model with )i < 5, which can be interpreted as probability 
that model i is the best model given the observed data (Johnson & Omland, 2004). 
$e individual Akaike weights (wi) for each term (wH) were summed across the 
models to estimate the support for the "xed e#ects and the interaction. $en the 
evidence ratio ER  was calculated for each term as (wH/(1- wH)) (Massol et al., 
2007), with a value of ER > 2.7 being taken to indicate strong support for a term.

To assess patterns of adaptation among plants from the elevational and 
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latitudinal range margins, the analyses were repeated excluding the lowland 
populations, but retaining all sites. In addition, t-tests were used to test whether 
biomass was higher within than beyond the range margin, and also whether 
biomass di#ered among high elevation and latitude of the more restricted species, 
S. viscosus, M. lupulina and P. lanceolata.

Results
Experiment 1: transplant of seeds
General patterns

Germination rates varied widely among species and origins (means per 
origin for L. corniculatus: alpine = 0.22, lowland = 0.44, north = 0.08; Medicago 
lupulina: alpine = 0.29, lowland = 0.51, north = 0.27; P. major: alpine = 0.25, 
lowland = 0.28, north = 0.22; P. lanceolata: alpine = 0.52, lowland = 0.54, north = 
0.51). Except at 2200m, the apparent germination rates of the two Senecio species 
were very low, mainly because many seeds germinated in autumn, which was not 
recorded. Germination rates also varied widely among the transplant sites (data 
not shown).

In general, the probability of %owering and seed set decreased with elevation 
and latitude for all species. Biomass production was also highest at 500m (low 
elevation and latitude) and 64°N (mid latitude) and decreased with elevation and 
latitude for all species, but was consistently larger at 69°N (high latitude) than 
at 2200m (high elevation) (Fig. 2-4). Most traits except reproductive output 
consistently showed site x origin interactions, indicating genetic di#erences in 
the responses of plants of di#erent origins to conditions in the transplant sites. 
$e patterns were very similar when only the alpine and northern plants were 
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included in the analysis (Table 1).

Senecio
S. vulgaris plants varied according to origin in seed set and biomass at the 

"ve transplant sites (site x origin interaction, herea!er abbreviated S x O; Table 
1a), but in no other traits. Generally, di#erences among sites were large (ERSite > 99; 
Fig. 2), except for reproductive output, for which none of the terms was important 
(ERSite = 0.51, EROrigin = 0.11, ERS x O = 0.002). $e proportion of %owering plants 
was generally high (64-100%), but lower at 2200m (22-31%), the only site where 
S. vulgaris failed to produce seeds (Fig. 2a). Plants of alpine and northern origins 
produced similar amounts of biomass at all transplant sites (ERSite > 99, EROrigin = 
1.51, ERS x O = 0.55; Fig. 2e).

S. viscosus plants di#ered according to origin in all traits except biomass 
production and reproductive output across sites, and showed the same pattern 
when only alpine and lowland populations were analysed (Table 1b). Most plants 
%owered and set seed at 500m and 64°N (95-100%), but only about half as many 
did so at 1400m (46-54%, Fig. 2b). In addition, alpine plants were 58% more likely 
to %ower beyond the latitudinal margin than northern plants, and none of the 
northern plants produced seeds at 69°N (ERS x O > 99). However, a single plant 
from the north managed to produce %owers beyond the high elevation margin. 
$e reproductive output varied among transplant sites (ERSite > 99; Fig. 2d). 

None of the marginal plants produced signi"cantly more biomass in the 
local habitat (ERS x O = 0.06; Fig. 2f). Biomass production beyond the high latitude 
margin was lower than within the range (t = 3.94, d.f. = 56.5, P < 0.001), and S. 
viscosus produced considerably less biomass beyond the elevational margin than 
beyond the latitudinal margin (t = -13.63, d.f. = 69, P < 0.001).
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Table 1: Results of model selection of growth and "tness traits for models including all origins, or only 
alpine and northern populations, for a) S. vulgaris, b) S.viscosus, c) M. lupulina, d) L. corniculatus, e) P. 
major and f) P. lanceolata. Shown are the "xed e#ects of all models within 5 AICc units of the best model 
()i < 5), including the Akaike weight (wi) of each model. * indicates reproductive output.

All origins Alpine and northern populations
Response Model #i wi Model #i wi
a) S. vulgaris
Flowering site 0.00 0.847 site 0.00 0.631

site + origin 3.53 0.145 site + origin 2.00 0.233
site x origin 3.07 0.136

Seed set site x origin 0.00 1.000 site x origin 0.00 0.705
site + origin 1.89 0.274

Rep. output* 0 0.00 0.595 0 0.00 0.484
site 1.35 0.304 site 1.32 0.250
origin 4.38 0.067 origin 2.10 0.169

site + origin 3.65 0.078
Biomass site x origin 0.00 0.707 site 0.00 0.398

site 2.31 0.223 site x origin 0.24 0.353
site + origin 4.62 0.070 site + origin 0.93 0.250

b) S. viscosus
Flowering site x origin 0.00 0.996 site x origin 0.00 1.000
Seed set site x origin 0.00 0.932 site x origin 0.00 1.000
Rep. output* site 0.00 0.948 site 0.00 0.915
Biomass site + origin 0.00 0.784 site + origin 0.00 0.604

site 2.70 0.203 site 1.14 0.342
site x origin 4.81 0.054

c) L. corniculatus
Flowering site x origin 0.00 1.000 site 0.00 0.614

site + origin 0.96 0.380
Seed set 0 0.00 0.521 origin 0.00 0.805

origin 0.17 0.479 0 2.83 0.195
Biomass site x origin 0.00 1.000 site x origin 0.00 0.959

Table 1 continued
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d) M. lupulina
Flowering site x origin 0.00 0.725 site 0.00 0.416

site 2.65 0.193 site + origin 0.05 0.407
site x origin 1.71 0.177

Seed set site x origin 0.00 1.000 site x origin 0.00 1.000
Biomass site x origin 0.00 0.969 site x origin 0.00 0.362

site 0.11 0.343
site + origin 0.42 0.294

e) P. major
Flowering site x origin 0.00 0.997 site x origin 0.00 1.000
Seed set site + origin 0.00 0.998 site + origin 0.00 0.957
Rep. output* origin* 0.00 0.684 0 0.00 0.737

0 1.55 0.316 origin 2.06 0.263
Biomass site x origin 0.00 1.000 site x origin 0.00 0.535

site 1.33 0.275
site + origin 2.07 0.19

f) P. lanceolata
Flowering site x origin 0.00 1.000 site x origin 0.00 0.942
Seed set site + origin 0.00 0.503 site 0.00 0.57

site 0.79 0.339 site + origin 0.59 0.423
site x origin 2.31 0.158

Rep. output* 0 0.00 0.981 0 0.00 0.905
origin 4.19 0.109 origin 4.50 0.095

Biomass site x origin 0.00 1.000 site x origin 0.00 1.000
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Figure 2: Results of the transplant experiment at "ve transplant sites in the order from decreasing 
elevation to increasing latitude for S. vulgaris (le!) and S. viscosus (right). Shown are the proportion of 
plants that %owered (transparent coloured bars) and seed set ("lled coloured bars with black border), 
log or square root transformed reproductive output, and log transformed biomass. $e origins of the 
populations are shown in di#erent colours: alpine (green), lowland (red) and northern (blue). $e 
dashed lines indicate the approximate range limit of the species. $e numbers indicates the evidence 
ratio (ER) for all three origins (all) and only for the alpine and northern populations (A +N) for site (S), 
origin (O) and the interaction (S x O). For panel a) and b) the upper evidence ratios are for proportion 
of %owering and the lower for proportion of seed set.
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Fabaceae
$e three origins of L. corniculatus di#ered across the "ve transplant sites in 

all traits except seed set (Table 1c). All origins of L. corniculatus produced %owers 
at 500m and 64°N and set seed at 500m (Fig. 3a), and the lowland populations 
always had the highest probability of %owering and seed set (ERS x O > 99). However, 
%owering and seed set did not vary among the marginal populations (ERS x O = 
0.01). $e lowland populations consistently had the highest biomass (Fig. 3c), and 
the alpine plants produced more biomass in the local habitat than the northern 
plants (ERS x O = 23.4).

Plants from the three origins of M. lupulina di#ered consistently in 
performance at the "ve transplant sites, as did the alpine and northern origins 
when analysed separately (Table 1d). $e proportion of %owering plants was 
highest at 500m and 64°N, where almost all plants %owered across all origins (85-
100%, Fig. 3b). M. lupulina produced %owers beyond both margins, but only the 
northern populations %owered at 2200m. In addition, twice as many plants from 
the northern populations %owered at 69°N compared to alpine populations. All 
populations set seed at 500m (between 89-98% across all origins). Of the marginal 
populations, only the northern populations produced seeds at a site other than 
500m, and only the lowland populations were able to produce seeds beyond the 
latitudinal margin (Fig. 3d). Biomass production was signi"cantly higher within 
than beyond the range margin (t = 13.3, d.f. = 202, P < 0.001), and higher beyond 
the latitudinal compared to the elevational margin (t = -11.27, d.f. = 258.9, P < 
0.001, Fig. 2c). However, biomass production did not di#er between plants from 
high elevation and high latitude (ERS x O = 0.57).
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Figure 3: Results of the transplant experiment at "ve transplant sites in the order from decreasing 
elevation to increasing latitude for L. corniculatus (le!) and M. lupulina (right). Shown are the 
proportion of plants that %owered (transparent coloured bars) and seed set ("lled coloured bars with 
black border) and log transformed biomass. $e origins of the populations are shown in di#erent 
colours: alpine (green), lowland (red) and northern (blue). $e dashed lines indicate the approximate 
range limit of the species. $e numbers indicates the evidence ratio (ER) for all three origins (all) and 
only for the alpine and northern populations (A +N) for site (S), origin (O) and the interaction (S x 
O). For panel a) and b) the upper evidence ratios are for proportion of %owering and the lower for 
proportion of seed set.
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Figure 4: Results of the transplant experiment at "ve transplant sites in the order from decreasing 
elevation to increasing latitude for P. major (le!) and P. lanceolata (right). Shown are the proportion of 
plants that %owered (transparent coloured bars) and seed set ("lled coloured bars with black border), 
log or square root transformed reproductive output, and log transformed biomass. $e origins of the 
populations are shown in di#erent colours: alpine (green), lowland (red) and northern (blue). $e 
dashed lines indicate the approximate range limit of the species. $e numbers indicates the evidence 
ratio (ER) for all three origins (all) and only for the alpine and northern populations (A +N) for site (S), 
origin (O) and the interaction (S x O). For panel a) and b) the upper evidence ratios are for proportion 
of %owering and the lower for proportion of seed set.
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Plantago
$e three origins of P. major di#ered in probability of %owering and biomass 

at the "ve transplant sites, but not in other traits (Table 1e). $e northern and 
alpine origins showed the same pattern. Plants of P. major only %owered at 
three sites (500m and the two northern sites; Fig. 4a), and fewer northern plants 
%owered than alpine and lowland plants (ERS x O > 99). P. major only produced 
seeds at 500m, showing di#erences among origins in seed set and reproductive 
output (seed set: EROrigin > 99; reproductive output: MAM origin wi = 0.684). 
$e lowland (98%) and alpine (100%) plants were more likely to set seeds than 
northern plants (71%). Additionally, the lowland populations had a signi"cantly 
higher reproductive output, but this trait did not di#er between the marginal plants 
(EROrigin = 0.36; Fig. 4c). $e lowland populations produced the most biomass at all 
sites except 2200m (ERS x O > 99; Fig. 4e), with this trait varying little among alpine 
and northern populations (ERS x O = 1.15).

P. lanceolata from the three origins di#ered for all traits except seed set 
and reproductive output across sites (Table 1f), and similar results were found 
when the marginal origins were analysed separately. All origins of P. lanceolata 
%owered beyond the latitudinal range margin, but none of them %owered beyond 
the elevational margin (Fig. 4b). In addition, none of the northern populations 
%owered at 1400m. $e lowland populations had the highest proportion of 
%owering plants at all sites (ERS x O > 99). In addition, the northern populations 
had a higher proportion of %owering plants beyond the latitudinal margin than 
alpine populations (origin: wi = 0.411). All populations of P. lanceolata set seed at 
500m, and two lowland plants also set seed at 1400m. However, the probability of 
setting seed and reproductive output did not di#er across origins (ERS x O = 0.19; 
Fig. 4d). Biomass production was lowest at 2200m and the northern populations 
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produced less biomass at both high elevation sites (ERS x O > 99; Fig. 4f). In addition, 
biomass production was larger within the species range than beyond its margins (t 
= 12.04, d.f. = 230.3, P < 0.001), and larger beyond the latitudinal margin than the 
elevational margin (t = -19.25, d.f. = 266.7, P < 0.001).

Experiment 2: transplant of seedlings
Plants of P. major showed a similar pattern in the seedling transplant 

experiment as in the experiment using seeds. In contrast to the "rst experiment, 
however, all origins varied consistently in seed set and reproductive output across 
the "ve transplant sites a!er two years (site x origin interaction, Table S3a), 
though not when only the alpine and northern origins were compared. However, 
the support for the MAM was weak and site had the strongest e#ect (ERSite = 4.75, 
EROrigin = 1.79, ERS x O = 0.27) for reproductive output in the comparison of the 
marginal plants.

In contrast to experiment 1, all P. major plants produced %owers and seeds at 
all sites in the second season (Fig. 5a). Although the probability of %owering was 
lower in northern plants than in alpine plants (ERS x O = 13.29), this di#erence 
was mainly due to the low proportion %owering at 2200m. Only alpine plants were 
able to set seeds at 2200m and signi"cantly fewer of the northern plants set seed 
at 69°N compared to plants of alpine and lowland origin (EROrigin > 99). Seed 
set and reproductive output were highest for the local origins at 2200m and 500m 
(ERS x O > 99), and the northern plants had the highest reproductive output at 
64°N (Fig. 5c). However, reproductive output at 69°N was low and similar for all 
origins, suggesting little or no local adaptation in northern plants. In addition, P. 
major showed large di#erences in biomass production across the transplant sites 
(ERS x O > 99; Fig. 5e). Both marginal origins had a higher biomass production in 
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the local site compared to the non-local marginal plants (ERS x O = 13.29).
P. lanceolata showed similar patterns to the "rst experiment in which seeds 

were used, though the three origins now varied signi"cantly in "tness, measured 
as reproductive output, across transplant sites (Table S3b). In contrast to the "rst 
experiment, P. lanceolata produced %owers beyond both range margins, but none 
of the northern populations %owered at 2200m (Fig. 5b). In addition, the alpine 
plants had a consistently higher probability of %owering at both high elevation 
sites compared to the northern populations (EROrigin = 75.9). All plants were able 
to set seed at 1400m, but none at 64°N or beyond the margins (ERSite > 99). Also, 
the alpine plants had a signi"cantly higher probability of setting seed at 1400m, 
compared to the northern plants (EROrigin > 99; ERSite > 99). Reproductive output in 
P. lanceolata varied consistently among all origins (ERS x O > 99; Fig. 5d), also when 
only the marginal populations were compared (ERS x O = 40.7). Similar to the "rst 
experiment, biomass di#ered among origins across sites, but local plants did not 
produce more biomass than non-local plants (ERS x O > 99; Fig. 5f).
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P. major P. lanceolata
ER:            all / A + N
S:           > 99 / > 99
O:          > 99 / > 99
S x O:   11.7 / 13.3

ER:         all / A + N
S:         > 99 / > 99
O:         > 99/ > 49
S x O:  > 99 / 0.8

ER:      all / A + N
S:       > 99 / 4.8
O:       > 99 / 1.8
S x O: > 99 / 0.3

ER:        all / A + N
S:         > 99 / > 99
O:        > 99 / > 99
S x O: > 99 / > 99

ER:            all / A + N
S:           > 99 / > 99
O:          > 99 / > 75.9
S x O:    29.3 / 1.6

ER:            all / A + N
S:           > 99 / > 99
O:          > 99 / > 99
S + O:   13.1 / 4.0

ER:      all / A + N
S:      > 99 / 99
O:      75.9 / 75.9
S x O:   49 / 40.7

ER:        all / A + N
S:         > 99 / > 99
O:            49 / > 99
S x O:     49 / > 99

Figure 5: Results of the experiment 2 (transplant of seedlings) at the "ve transplant sites in the order 
from decreasing elevation to increasing latitude for P. major (le!) and P. lanceolata (right). Shown are 
the proportion of plants that %owered (transparent coloured bars) and seed set ("lled coloured bars with 
black border), log or square root transformed reproductive output, and log transformed biomass. $e 
origins of the populations are shown in di#erent colours: alpine (green), lowland (red) and northern 
(blue). $e dashed lines indicate the approximate range limit of the species. $e numbers indicates the 
evidence ratio (ER) for all three origins (all) and only for the alpine and northern populations (A +N) 
for site (S), origin (O) and the interaction (S x O). For panel a) and b) the le! evidence ratios are for 
proportion of %owering and the right for proportion of seed set.
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Discussion
Our experiments were designed to investigate whether lowland (centre), 

high elevational and high latitudinal (margin) populations of six species are locally 
adapted, and whether their distributions are in climatic equilibrium. We recorded 
large di#erences in performance among species, and among origins within 
species, but no common patterns of local adaptation. Evidence for adaptation was 
strongest in P. major and P. lanceolata, whilst responses to climate were almost 
entirely plastic in S. vulgaris and S. viscosus. In addition, the two Plantago species 
showed evidence of local adaptation at high elevation but not at high latitude.

Local adaptation
Both Plantago species showed indications of local adaptation, but not 

across all origins. In terms of seed production, alpine and lowland populations 
of P. major performed best at sites corresponding to their origin. However, the 
northern populations did not perform better than non-local populations at high 
latitude. Despite this apparent lack of local adaptation, the northern populations 
performed best at mid-latitude (64°N), suggesting some adaptation to conditions 
in Scandinavia. Similarly, we found local adaptation in lowland and alpine 
populations of P. lanceolata in terms of probability of setting seed, but not of 
reproductive output. In a previous study of P. lanceolata, local adaptation was 
reported in populations from across Europe (Joshi et al., 2001), but these did not 
include populations from the range margin.

For both Plantago species, the evidence of local adaptation was clearest 
in the experiment using established plants, possibly because adaptation is more 
important in the reproductive stage. $is might explain also why L. corniculatus 
and M. lupulina, which are also perennial plants, showed no local adaptation. 
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$us, we found genetic di#erentiation in growth and "tness traits across the 
transplant sites for L. corniculatus and M. lupulina, which is a condition for 
local adaptation, but local plants did not perform better than non-local plants. 
Many plants managed to set seeds only at the warmest sites, remaining small at 
the marginal sites until the end of the growing season. $e "tness advantages for 
local genotypes might have been more apparent had plants been given more time 
to develop, especially since the degree of local adaptation can vary across years 
(Hereford & Winn, 2008; Ågren & Schemske, 2012).

In general, all species performed better at high latitude than at high 
elevation. Mean annual temperature and the mean temperature of the warmest 
quarter measured in 2012 were very similar between the two marginal sites (Fig. 1, 
Appendix S2 and S4). In contrast, growing degree days calculated for the past (1950 
- 2000) were twice as large at the northern margin, and the temperature amplitude 
(day-night di#erence) at high elevation was twice as high for air temperature and 
three times as high for soil temperature, due to the shorter photoperiod compared 
to at high latitude. $is suggests that the conditions at high elevation are more 
severe than at high latitude, which may explain why plants generally performed 
better at high latitude. A!er two growing seasons, however, the performance of 
the species was more similar between the margins (Fig. 5a), which is consistent 
with the similar mean annual temperatures. $e soil conditions do not seem to 
have in%uenced the results signi"cantly, because they show di#erences among 
sites that are not consistent with the performance of the plants (Appendix S2). 
However, alpine soils are generally shallow and poor in soil organic matter as a 
consequence of low temperature and reduced plant cover and growth (Gaston, 
2003), which could have reduced plant growth at the high elevation site.

Interestingly, the alpine populations of both Plantago species, when 
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transplanted to the northern margin, performed equally well as the northern 
populations, in terms of biomass and %owering; in contrast, the northern 
populations performed less well at high elevation. Basically, adaptation to high 
elevation allows plants to grow at high latitude but not vice versa. $is disparity 
can be caused by a harsher climate (see above), or higher levels of UV radiation, 
or because certain developmental cues are not met at high elevation. For example, 
photoperiodic and temperature requirements can interact ($omas & Vince-Prue, 
1997), and %owering might be inhibited in certain genotypes of long-day species, 
such as Plantago (Snyder, 1948; Hawthorn, 1974), if conditions are also too cold. 

In general, the lowland populations performed best at all transplant sites. One 
reason could be higher genetic diversity in central than in marginal populations; if 
this diversity is positively correlated with "tness (Reed & Frankham, 2003), then 
central populations might better cope with harsher environmental conditions. 
Another reason could be that adaptation is variable among years (Galloway & 
Fenster, 2000; Ågren & Schemske, 2012), because selection pressures are not 
equally strong each year (Hereford & Winn, 2008). In a year when conditions 
are more favourable at the margin, therefore, central populations could perform 
equally well compared to high elevational or latitudinal populations. In addition, 
adaptation to marginal habitats can be limited if "tness traits are negatively 
correlated (Antonovics, 1976; Angert et al., 2008; Anderson et al., 2011; Anderson 
et al., 2013). Similar performance of populations at the centre and margin of the 
range could indicate such a trade-o# in marginal populations.

Phenotypically plastic responses
In contrast to the two Plantago species, S. vulgaris and S. viscosus showed 

very little di#erences among the three origins in growth and "tness traits across 
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the transplant sites. Local adaptation might be hindered in dynamic environments, 
where the rate of colonization and extinction is high and therefore the time 
for adaptation to occur is short (Galloway & Fenster, 2000; North et al., 2011). 
Both Senecio species occur in highly dynamic habitats, such as along railway 
lines and on construction sites and ruderal areas, which might explain their 
plastic response. However, local adaptation has recently been demonstrated in 
Arabidopsis thaliana (Quèbre, 2012; Ågren & Schemske, 2012), which is a ruderal 
plant species occurring in similar habitats. In addition, Plantago major, and to a 
lesser extent P. lanceolata, are ruderal plants, suggesting that adaptive responses at 
the range margin are highly species speci"c. Our results do not suggest that local 
adaptation depends on life-history traits (Leimu & Fischer, 2008; Hereford, 2010), 
or on habitat preference, because the Plantago species have contrasting breeding 
systems and all species occur in similar habitats.

Range margins represent climate limits
We observed lower temperature limits along the elevational gradient (chapter 

1), suggesting that the species studied might not be in climatic equilibrium. P. 
lanceolata was unable to set seed beyond the range margins and for S. viscosus 
only non-local populations produced seeds at high latitude. $is suggests that 
the range limits of P. lanceolata represent the climate limits at high latitude and 
that the species is constrained by some other mechanism at high elevation (see 
below). Similarly, S. viscosus is likely to be in equilibrium with climate at both 
range margins.

Implications for adaptation at the range margin
Our data show that populations can di#er in their degree of local adaptation 
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along di#erent range margins. In the case of elevational and latitudinal gradients, 
this could be because dispersal processes, selection pressures (chapter 1) and genetic 
diversity (chapter 2) vary di#erently along these gradients. Closer adaptation in 
the alpine populations of both Plantago species compared to northern populations 
might be explained by larger amounts of genetic diversity available for selection. 
Indeed, our results show that local adaptation can occur despite considerable 
gene %ow along the elevational gradient (chapter 2; Alleaume-Benharira et al., 
2006; Gonzalo-Turpin & Hazard, 2009; Sexton et al., 2011). $e steepness of 
the elevational gradient might cause stronger selection pressure, favouring 
local genes more strongly. In contrast, along the latitudinal gradient, where the 
environmental gradient is less steep, selection against maladapted alleles might 
be less strong. $erefore the steepness of the environmental gradient might be 
crucial in determining whether or not selection can prevail against gene %ow. $e 
evidence for adaptation in both Plantago species suggest that the high elevational 
populations are not sink populations, and that the lower temperature limits of 
P. lanceolata along this gradient (Halbritter et al., 2013) re%ect local adaptation. 
P. major and both Senecio species reach similar temperature limits along both 
gradients and seem mainly to be limited by climate.

$e prevalence of local adaptation suggests that evolutionary e#ects might 
be involved in species’ responses to rapid climate change, though the extent 
to which rapid evolutionary adjustment is possible remains largely unknown 
(Ho#man & Sgro, 2011). In cases where adaptation is essential for a species to 
persist or extend its range, responses to similar changes in temperature might 
di#er among range margins, which could complicate predictions of range shi!s. 
For plastic plant species, the response to climate change at high elevation and 
latitude can be expected to be more similar. A better understanding of the degree 
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to which populations are adapted to local climatic conditions will be essential for 
predicting species’ responses to future climate change.
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Figure S1: Comparison of minimal growing degree days (GDD) along elevational and latitudinal 
gradients for all species from the "eld survey (chapter 1). High numbers of GDD represent low 
elevation and latitude and vice versa. $e dashed line shows the line of equality (x=y). $e black 
solid line shows the major axis (MA) regression line for all species. $e species used in the transplant 
experiment are indicated in red.
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Table S2: Climate and soil characters of the "ve transplant sites. Shown are mean annual 
temperature (October 2011 – September 2012), mean temperature of the warmest quarter (June 
– September 2012), temperature amplitude of the warmest quarter (day-night di#erence) of air 
and soil measured with data loggers in the "eld, growing degree days from the period 1961 - 1990 
(Zimmermann & Kienast, 1999; Tveito et al., 2001), mean values of total N and total P in mg/g, pH 
and organic content from soil samples. F value and level of signi"cance (P < 0.001) of the ANOVA 
are indicated with asterisk.
Climate and soil 
characters 2200m 1400m 500m/

47°N 64°N 69°N F4,20

Mean annual 
temperature in °C 4.5 9.2 11.8 6.5 4.4 -
Mean temperature 
of warmest quarter 
in °C

12.0 18.8 20.7 13.7 11.5 -

Temperature 
amplitude air in °C 24.2 31.0 19.5 14.1 12.8 -
Temperature 
amplitude soil in °C 16.6 13.1 8.9 5.9 4.8 -

Growing degree days 236 756 1706 949 587 -

Total N 5.27 7.75 1.60 3.97 1.58 19.43***

Total P 1.37 1.17 0.70 0.83 1.31 12.50***

pH 4.61 6.48 6.38 5.08 4.81 94.06***

Organic content in % 16.80 19.82 6.10 20.43 5.84 16.82***
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Table S3: Results of model selection of number of %owering heads (“Flower”) and number of heads 
with seeds (“Seeds”) for models including all origins, or only alpine and northern populations, for 
four study species. Shown are the "xed e#ects of all models within 5 AICc units of the best model ()i 
< 5), including the Akaike weight (wi) of each model.

All origins Alpine and northern populations
Response Model #i wi Model #i wi
a) S. vulgaris
Flowers site x origin 0.00 1.000 site x origin 0.00 1.000
Seeds site x origin 0.00 1.000 site x origin 0.00 0.964

b) S. viscosus
Flowers site x origin 0.00 1.000 site x origin 0.00 1.000
Seeds site x origin 0.00 1.000 site x origin 0.00 1.000

e) P. major
Flowers site x origin 0.00 1.000 site x origin 0.00 1.000
Seeds site + origin 0.00 0.998 site + origin 0.00 0.954

f) P. lanceolata
Flowers site x origin 0.00 0.997 site 0.00 0.592

site + origin 1.09 0.343
site x origin 4.44 0.064

Seeds site x origin 0.00 1.000 0 0.00 0.738
origin 2.07 0.262
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Appendix S3: Supplementary methods of the reciprocal transplant experiment for P. 
major and P. lanceolata with seedlings

In 2011 seedlings of P. major were planted and data was recorded for two 
years. For P. lanceolata seedlings were planted in 2012 and data was recorded for 
one year. Seeds of nine populations (the same populations as in the experiment 
using seeds, Fig. 1) of both species were sown into 4.5 cm diameter pots containing 
compost (Bio-Universalerde from Ökohum GmbH in Switzerland and LOG 
Gartnerjord from Tjerbo Torvfabrikk AS in Norway) and germinated in three 
di#erent greenhouses (Zürich, Trondheim and Tromsø). A!er two weeks the plants 
were thinned and one week later repotted to 11cm ji#y pots (Ji#y International 
AS) where they grew for another three weeks. For the last two weeks the seedlings 
were hardened o# outside before being reciprocally transplanted into the "eld. 
$e seedlings were planted with the Ji#y pot into the native soil to give them more 
similar starting conditions in the "eld. In a greenhouse experiment with P. major, 
the compost used in Switzerland enhanced biomass production by 28% relative to 
the compost used in Norway (F11,48 = 7.611, P < 0.001). However, in the "eld the 
biomass production showed the opposite pattern. $erefore it is unlikely that the 
type of compost in%uenced the results.

In Zürich we planted the seedlings of P. major on 9 May 2011 and one 
week later at 1400m. $ree weeks later the seedlings were planted in both sites 
in Norway and 5 weeks later, on the 16 June at 2200m in Switzerland. In 2012 
seedlings of P. lanceolata were planted in Zürich on 8 May, 3 weeks later at 1400m, 
four weeks later at both sites in Norway and 7 weeks later at 2200m due to late 
snow. $e plants were planted when the snow was melted and no night frost was 
expected anymore.

For each species three blocks were established and the top soil (5 cm) 
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containing the roots of the native vegetation was removed. In each block, we 
planted three seedling of every population, giving a total of twenty-seven plants 
per block and eighty-one plants per site and species. $e seedlings were randomly 
assigned to a position in a grid with plants being separated from each other by 15 
cm to avoid competition. $e plants were watered and treated with slug pellets 
to promote establishment. Each site was protected against livestock with a fence. 
During the two weeks a!er planting the plants were watered if necessary and 
replaced if they died, which occurred very rarely.

At planting the initial size of the plants (P. major: number of leafs and P. 
lanceolata: longest leaf) was measured to account for di#erences between sites in 
the starting conditions that the plants experienced (e.g. due to sowing at di#erent 
times and in di#erent greenhouses) (P. major: F14,390 = 94.87, P < 0.001, P. lanceolata: 
F14,325 = 15.56, P < 0.001). 

To assess "tness within each site we measured the same growth and "tness 
traits as for experiment 1, and the data were analysed in the same way. Biomass, 
reproductive output and count data were log transformed. For P. major we only 
show the results for 2012, because the outcome in the two years was the same 
except for reproductive output, which showed the same trend in 2011 but the 
interaction of site and origin was not the best model. Initial size was used as a "xed 
factor in all statistical models to control for variable starting conditions between 
the sites.
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Table S4: Results of models selection "tted to all origins and only to alpine and northern populations 
separately for the seedling experiment for a) P. major and b) P. lanceolata. Shown are the measured 
growth and "tness traits, the "xed e#ect of all models with )i < 5, included the di#erence in AICc 
scores )i from the minimum adequate model and relative weights (wi) of each model.
# number of heads with seeds; * reproductive output.

All origins Alpine and northern populations
Response Model #i wi Model #i wi

a) P. major
Biomass site x origin 0.00 1.000 site x origin* 0.00 1.000
Nr. of %owers site x origin 0.00 1.000 site x origin 0.00 1.000
Flowering site x origin 0.00 0.921 site x origin 0.00 0.615

site + origin 4.92 0.079 site + origin 1.01 0.372
Nr. heads seeds# site x origin 0.00 1.000 site x origin 0.00 0.944
Seed set site x origin 0.00 1.000 site + origin 0.00 0.560

site x origin 4.89 0.438
Rep. output* site x origin 0.00 1.000 site + origin 0.00 0.321

site 0.17 0.294
site x origin 0.84 0.211
origin 2.14 0.110
0 3.22 0.064

b) P. lanceolata
Biomass site x origin 0.00 0.998 site x origin 0.00 1.000
Nr. of %owers site x origin 0.00 0.998 site x origin 0.00 1.000
Flowering site x origin 0.00 0.967 site x origin 0.00 0.633

site + origin 1.15 0.356
Nr. heads seeds# site x origin 0.00 1.000 site x origin 0.00 1.000
Seed set site + origin 0.00 0.929 site + origin 0.00 0.801

site x origin 2.84 0.193
Rep. output* site x origin 0.00 0.988 site x origin 0.00 0.976
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Figure S1: Soil temperature for each transplant site showing monthly minimum, maximum (dashed 
lines) and mean (continuous line) temperature in the period of the seedling transplant experiment, 
starting in May 2011 until September 2012. $e temperature was measured 5 cm below the ground 
using iButtons.
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$e aim of this thesis was to study factors that determine distributions of 
ruderal plant species along elevational and latitudinal gradients and to investigate 
the extent to which species are locally adapted. To my knowledge, this is the 
"rst study to compare ecological and evolutionary processes along both types 
of gradient in the "eld. $is comparative approach provides insights into the 
importance of di#erent range limiting factors at both high elevation and latitude. 
In addition, combining ecological and genetic studies is important because 
processes at the range margin operate at di#erent spatial scales (Galen et al., 1991; 
Gonzalo-Turpin & Hazard, 2009; Anderson & Geber, 2010).

Lessons learnt for elevational and latitudinal range margins
A major "nding of this thesis is that many ecological and evolutionary 

processes a#ecting ruderal plant species di#er along elevational and latitudinal 
gradients. As hypothesized, a crucial factor a#ecting these processes turns out 
to be the steepness of the environmental gradient, which di#ers greatly along 
the two kinds of gradient. $us, a similar physical distance along each of these 
gradients corresponds to a much larger climate di#erence along an elevational 
than along a latitudinal gradient, with consequences for dispersal processes 
and patterns of abundance (chapter 1). A short dispersal distance relative to the 
environmental gradient is associated with an abrupt range margin, whereas a long 
relative dispersal distance is more likely to cause a more gradual decline in species 
abundance (Lennon et al., 1997; Phillips, 2012). As a consequence, populations at 
high elevation are more likely to be sinks compared to populations at high latitude. 
In contrast, species might be dispersal limited along the latitudinal gradient 
(Skov & Svenning, 2004; Svenning et al., 2008). In my study, however, dispersal 



Chapter 4

146

limitation did not seem to be important (chapter 3), most likely because of the 
high dispersal ability of ruderal plants. For plants with lower dispersal ability, the 
results might have been di#erent. 

Dispersal processes are likely to in%uence a species’ response to rapid climate 
change, with di#ering consequences along elevational and latitudinal gradients. 
For example if species at high elevation already occur beyond their climate limits 
due to source-sink dynamics, these populations might not have to move or adapt 
to new climate. In contrast, if species at high latitude are not yet in equilibrium 
with the current climate, they might face a more pronounced contraction of their 
range (Svenning et al., 2008) and stronger selection pressure with future climate 
change. 

$e steepness of the environmental gradient can also in%uence the genetic 
structure of populations (chapter 2). We found that genetic diversity was 
positively related to probability of occurrence along both gradients, suggesting a 
link between abundance and genetic diversity. $e steepness of the environmental 
gradient also in%uences the amount of gene %ow along these gradients and is likely 
to be higher along the elevational gradient (Bridle et al., 2009). $is may also 
have consequences for local adaptation (chapter 3). For example, populations of 
the two Plantago species were locally adapted to high elevation but not to high 
latitude. 

Di#erence in genetic composition along elevational and latitudinal gradients 
imply di#ering responses to climate change, including the ability of species to 
track rapid climate change or to adapt to novel conditions. For example Chen 
et al (2011) estimated recent range shi!s of di#erent plant and animal species 
and found that most of them were able to track climate along the latitudinal 
gradient but lagged behind along the elevational gradient. $erefore, it is crucial 
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to distinguish between elevational and latitudinal gradients for future predictions 
of range shi!s. 

$e importance of temperature
In spite of manifold di#erences in environmental conditions along 

elevational and latitudinal gradients, our results show that climate is an important 
range-limiting factor along both gradients (Billings & Mooney, 1968; Körner, 
1999; Normand et al., 2009). Even though the climate limits of several species 
di#ered along elevational and latitudinal gradients, many others reached similar 
low temperature limits, indicating the importance of this factor. For example, 
both Senecio species reached similar low temperature limits along both gradients 
(Halbritter et al., 2013) and performed poorly when planted beyond the range 
margin. In addition, their plastic behaviour indicates that both Senecios can grow 
within a certain temperature range but not beyond.

High elevational populations of Plantago major contained more genetic 
diversity than high latitude populations and were locally adapted. However, 
populations of P. major reached similar low temperature limits along both 
gradients (Halbritter et al., 2013), indicating that the amount of genetic diversity 
is not necessarily important, and that populations of P. major are unable to adapt 
to colder conditions.

Implications for plants in general
Ruderal plants di#er in important ways from other ecological plant groups, 

being characterized by low competitive ability, high dispersal ability and high 
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population turnover. $erefore, other species might di#er in factors that constrain 
their range margins. For example habitat fragmentation, dispersal ability and 
microclimate might be more important in determining range margins of habitat 
specialist, such as alpine species, forest herbs and wetland plants. However, 
temperature is also likely to be an important range-limiting factor at high elevation 
and latitude for other species (Billings & Mooney, 1968; Körner, 1999; Normand 
et al., 2009). Additionally, the steepness of the environmental gradient may also 
in%uence the capacity of other species to disperse. In conclusion, compared with 
ruderal plant species, the range limits and abundance of other species groups, as 
well as the genetic structure of their populations, could show di#erent patterns 
along these gradients.

Another group of species for which the "ndings of this thesis could be 
important, are alien plants. Many alien species are ruderal plants and both the 
Senecio and Plantago species have been widely introduced around the world (Purbs 
& Kadereit, 1998; Seipel, 2011). $erefore, if the steepness of the gradient drives 
patterns of abundance and local adaptation of ruderal plant species, this might be 
important for plant invasion and in particular for plant invasion to mountains. For 
example, if source-sink dynamics are more likely to occur along the elevational 
gradient, invaders might reach lower temperatures in the mountains than would 
be expected from their native range. But, this would not be expected in the north, 
where sink populations are less likely. Generally, non-native species appear to 
conserve their niches in the new range, but the data to demonstrate this remain 
limited (Alexander & Edwards, 2010). $e e#ect of gene %ow is less predictable, 
but we have shown that gene %ow and genetic diversity can be higher along the 
elevational gradient. $erefore, alien populations at high elevation might contain 
more genetic diversity than populations at high latitude, which could allow 
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adaptation and facilitate spread. But, it is also possible that these populations are 
swamped by maladapted gene %ow, which prevents adaptation. $ese alternatives 
should be considered, when predicting potential spread of invasive plants.

Limitations of this thesis
A limitation of this thesis is that the transplant experiment was carried out 

only for a single growing season. As noted earlier (chapter 3), adaptation can vary 
between years, and any local adaptation might have become more apparent if 
the plants had had more time to develop. In addition, to assess the generality of 
these results, it would be interesting to repeat the "eld survey in a di#erent region, 
such as a mountain range in Southern Europe or a latitudinal gradient in Eastern 
Europe. Last, molecular genetic analyses for both Senecio and Fabaceae species 
would be helpful to understand the role of gene %ow and genetic diversity, as for 
the two Plantago species.

Outlook and future research
Overall, our results show that elevational and latitudinal gradients di#er in 

abiotic factors, dispersal related processes and genetic patterns. As others have 
also pointed out, therefore, caution is needed when using elevation as a proxy for 
latitude (Parmesan, 2006; Jump et al., 2009; Hill et al., 2011). To avoid missing 
important di#erences, future studies should distinguish between processes along 
elevational and latitudinal gradients. Understanding to what extent species will 
be able to adapt to rapid climate change at di#erent types of range margins will 
be helpful to predict future range shi!s and to decide if marginal populations are 
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valuable for conservation (Lesica & Allendorf, 1995). We found that most species 
reach lower temperature limits along the elevational compared to the latitudinal 
gradient. $is could mean that ruderal plants generally di#er in their adaptive 
potential along these gradients, as was found for P. lanceolata, but this idea needs 
to be tested across a wider range of taxa.

Responses to climate change are far from being well understood and we 
are still in a phase of developing general ideas about how species may respond 
(Kawecki, 2008; Ho#man & Sgro, 2011; O’Connor et al., 2012). Similar studies 
for other ecological plant groups would help understanding the importance of 
the steepness of the environmental gradient for processes such as dispersal and 
gene %ow. In addition, the role of gene %ow for adaptation is still widely unknown 
(Sexton et al., 2009; Ho#man & Sgro, 2011); to be able to predict how species 
ranges will change in the future we need a much better understanding of whether, 
and under what circumstances, gene %ow can promote or prevent adaptation at 
the margin.
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